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ABSTRACT The outer membrane of Gram-negative bacteria is of great scientific interest because it mediates the action of
antimicrobial agents. The membrane surface is composed of lipopolysaccharide (LPS) molecules with negatively charged oligo-
saccharide headgroups. To a certain fraction, LPSs additionally display linear polysaccharides termed O-side chains (OSCs).
Structural studies on bacterial outer surfaces models, based on LPS monolayers at air-water interfaces, have so far dealt only
with rough mutant LPSs lacking these OSCs. Here, we characterize monolayers of wild-type LPS from Escherichia coli O55:B5
featuring strain-specific OSCs in the presence of defined concentrations of monovalent and divalent ions. Pressure-area iso-
therms yield insight into in-plane molecular interactions and monolayer elastic moduli. Structural investigations by x-ray and
neutron reflectometry reveal the saccharide conformation and allow quantifying the area per molecule and the fraction of
LPS molecules carrying OSCs. The OSC conformation is satisfactorily described by the self-consistent field theory for end-
grafted polymer brushes. The monolayers exhibit a significant structural response to divalent cations, which goes beyond
generic electrostatic screening.
INTRODUCTION
Gram-negative bacteria are responsible for numerous harmful
infections and are able to develop multidrug resistance (1,2).
Thedefensemechanismofbacteria against antimicrobialmol-
ecules is thus of urgent relevance for drug development (3). A
key aspect in these efforts is the unique structure of the Gram-
negative bacterial outer membrane, which exhibits an asym-
metric composition. While its proximal leaflet is mainly
constituted by glycerophospholipids, the distal leaflet forming
the actual outer surface is predominantly composed of lipo-
polysaccharide (LPS) molecules (4–6), which cover more
than 75% percent of the surface area (7).

LPSs are amphiphilic molecules constituted of an acyl-
ated oligosaccharide (8) to which a long polysaccharide
chain may be attached. In Enterobacteriaceae, like Escheri-
chia coli, three fundamental building blocks can be
distinguished: 1) the lipid A, which consists of a 1,40-di-
phosphorylated b1.6-linked glucosamine disaccharide; 2)
the core oligosaccharide, composed of 12 to 13 sugar units
in wild-type bacteria; and 3) a strain-specific O-polysaccha-
ride (O-antigen or O-side chain (OSC)), a structurally highly
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variable polysaccharide often built from a repetitive oligo-
saccharide motif. This kind of LPS is called ‘‘S-form’’ or
‘‘smooth’’ LPS. However, a significant fraction of LPS pre-
pared from S-form LPSs lacks these OSCs, and it is referred
to as ‘‘R-form’’ or ‘‘rough’’ LPS. Mutant bacteria that are
unable to synthesize or attach an O-antigen are called rough
mutants. Lipid A and the core are negatively charged
because of the presence of two 3-deoxy-D-manno-oct-2-
ulosonic acids in the inner core, phosphate, or galacturonic
acid substitutions. However, net charge and distribution of
the LPS charges are subject to modifications because of
the removal of phosphate or addition of ethanolamine,
glucosamine (GlcN), or 4-aminoarabinose. Such structural
modifications, including the attachment of an O-polysac-
charide, are associated with an increased resistance (e.g.,
against antimicrobial peptides or serum) (1). Fig. 1 schemat-
ically illustrates the structure of LPS molecules from E. coli
serotype O55:B5. Further details on the chemical structure
are given in the Materials. E. coli owes its relevance as
part of the microbiota of the digestive system of mammals
and to its emerging application as a biosensor for moni-
toring several cellular processes (9). Despite the harmless
character of most of its strains, some serotypes are respon-
sible for dangerous sepsis (10).

Apart from their structural role, LPS surfaces likely act as
protection against harmful molecules. It has been proposed
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FIGURE 1 Chemical structure of wild-type li-

popolysaccharides (LPSs) from E. coli serotype

O55:B5 used in this study. The dotted line indi-

cates the two possible structural variants of

E. coli R3 inner core: the GlcN side-chain

modification of the heptose (�30%) is only

present when the phosphate at the second Hep

residues is absent. P and C denote phosphate

and carboxylate groups, respectively, carrying

negative charges at pH ¼ 7. Col, colitose; Gal,

galactose; GalNAc, N-acetylgalactosamine; Glc,

glucose; GlcNAc, N-acetylglucosamine; Hep,

L- glycero-D-manno-heptoseketo-deoxyoctulos-

onate; Kdo, 3-deoxy-D-manno-2-octulosonic

acid; PEtN, phosphorylethanolamine. To see

this figure in color, go online.
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that the reduced influx and uptake of antibiotics at the base
of bacterial resistance is a direct consequence of the low
permeability barrier provided by LPSs (3), forming a very
dense structure, which limits the diffusion of both hydro-
philic and hydrophobic molecules to the periplasmic space
(5,11,12). Several in vivo studies showed that the sensitivity
of Gram-negative bacteria to cationic antimicrobial peptides
is reduced in the presence of divalent cations like Ca2þ or
Mg2þ. The presence of negative charges of phosphate and
carboxylate groups in the core oligosaccharide drives the
condensation of divalent ions and their characteristic
cross-bridging between adjacent LPS molecules (13,14).
Their crucial role is further corroborated by the observation
that chemical agents disrupting such cross-binding are able
to permeabilize the outer membrane (15). Computer simula-
tions involving cationic antimicrobial peptides suggested
that divalent cations can suppress the penetration of the pep-
tides into the LPS layers and therefore reduce antimicrobial
activity (16). A more recent simulation study further indi-
cated that divalent cations rigidify the outer membrane
(17), which was later confirmed experimentally using inter-
facial shear rheometry on LPS monolayers (18).

The great biomedical relevance of Gram-negative bacte-
rial membranes and their interactions with ions and antimi-
crobial molecules has motivated numerous experimental
studies on LPS layers, which are well defined and meaning-
ful model systems of the membrane outer surface. To this
end, LPS monolayers at the air-water interface have been
investigated intensively by x-ray and neutron scattering tech-
niques, which are able to reveal the molecular-scale struc-
tural information required for a mechanistic understanding
of the interactions at the base of many processes of biological
and technological interest. Grazing-incidence x-ray diffrac-
tion showed the in-plane ordering of such monolayers in
the presence and absence of divalent cations or during expo-
sure to antimicrobial peptides (19–21). Complementary
x-ray reflectometry (XRR) and neutron reflectometry (NR)
measurements further revealed the density profiles perpen-
dicular to the interface under various ion conditions
(20–22). Finally, grazing-incidence x-ray fluorescence re-
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vealed excess ion amounts and distributions in LPS mono-
layers (14). Importantly, all these structural studies have
used rough mutant LPS, which is reasoned by the ease of pu-
rification and handling compared to wild-type extracts (11)
but potentially of limited biomedical relevance. To the best
of our knowledge, the only study on wild-type LPS mono-
layers featuring the strain-specific OSCs focused on pres-
sure-area isotherms but did not investigate structural details
(23). On the other hand, the only structural characterizations
of wild-type LPS layers have so far been conducted after
immobilization at solid-liquid interfaces (24,25). However,
for a number of reasons, the structure of wild-type LPS
monolayers at air-water interfaces is of particular interest.
At first, this versatile sample architecture is commonly
used for structural, thermodynamic, rheological, and spectro-
scopic investigations of monolayers under various conditions
and during exposure to antimicrobial molecules (for
instance, the determination of peptide secondary structures
from the amide I/II ratio (26–28)). Most of these investiga-
tions cannot be carried out with solid-supported monolayers.
Secondly, LPS monolayers at air-water interfaces constitute
a preparation step for the creation of more complex sample
architectures on solid supports, as in the case of Langmuir-
Blodgett and Langmuir-Schaefer transfer techniques
(22,25,29). Finally, structural investigations by XRR and
NR of LPS layers supported by hydrophobized solid sub-
strates are often insensitive to the characteristics of the fatty
acid tail layer (25), whereas there is no such limitation for
monolayers at air-water interfaces.

In this work, monolayers of wild-type LPS from E. coli
serotype O55:B5 (see Fig. 1) at air-water interfaces are
investigated with pressure-area isotherms and structurally
characterized by combined XRR and NR with contrast vari-
ation. Comprehensive structural insight is obtained from the
complementarity of XRR and NR: while XRR offers good
contrast between air and the fatty acid chains, NR is able
to distinguish between water and hydrated saccharides. To
investigate the influence of cations on the monolayer orga-
nization, experiments are performed at different concentra-
tions of monovalent and divalent cations in the water
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subphase. The isotherms confirm the formation of Lang-
muir-type monolayers, in agreement with previous findings
(23), and reveal a significant influence of divalent ions on
molecular packing density and in-plane compressibility.
The reflectometry measurements reveal the amount and dis-
tribution of fatty acids, core saccharides, and OSCs with
subnanometer spatial resolution in the direction perpendic-
ular to the interface. In agreement with earlier studies on
solid-supported LPS monolayers (25), the saccharide pro-
files are seen to be bimodal, with dense inner oligosaccha-
rides (IOSs) and more dilute, extended OSCs. The ion
valency is found to have a considerable influence on the
monolayer structure and molecular density.

The use of wild-type LPS for structural studies has been
questioned because of the hypothesis of a preferential exclu-
sion of S-form LPS molecules from the interface into the
aqueous medium over time (11). To this end, our results
indicate that the fraction of S-form LPS molecules in the
monolayers is conserved over timescales of several hours.
MATERIALS AND METHODS

Materials

Wild-type LPS from E. coli serotype O55:B5, HEPES, NaCl, CaCl2, and

D2O were purchased from Sigma Aldrich (Saint-Quentin, France). The

Milli-Q water (termed H2O in the text) was obtained using a Merck Milli-

pore purification system (Molsheim, France). All the chemicals were used

as received without any further purification.

The chemical structure of the wild-type LPS molecules is schematically

illustrated in Fig. 1. The lipid A has six hydrocarbon chains (HCs), four

C14-b-hydroxy acyl chains attached to the GlcN sugars and two acyl

chains, C14 and C12, attached to the b-hydroxy group (12). It includes

two GlcNs with phosphate groups. The core saccharide (type R3)

(30–32) is constituted by 12 monosaccharides and carries four negative

charges at pH¼ 7. The inner part has two 3-deoxy-D-manno-2-octulosonic

acid, three L-glycero-D-manno-heptose, and one phosphorylethanolamine.

Noteworthy, a minor fraction (z30%) of E. coli R3 core is a structural

variant containing a GlcN substitution of the side-chain heptose (Fig. 1,

dotted line) (33). The biosynthetic pathway for the GlcN modification re-

quires the removal of the phosphate on the second heptose by a phosphatase

(32). The outer part is formed by one N-acetylglucosamine, three glucose,

and one galactose unit. The last domain, the OSC, is a polydisperse polymer

of an uncharged linear pentasaccharide (34). The repeating unit is

composed of one N-acetylglucosamine unit, two galactose units, one

N-acetylgalactosamine, and one colitose unit.

For the analysis of the reflectivity profiles, the LPS structure was conve-

niently divided into three regions (see Fig. 1): 1) the HCs; 2) the IOS

formed by the two phosphorylated GlcN moieties of lipid A and the core

saccharide of rough mutant LPS; and 3) the strain-specific OSC.
Sample preparation

Aqueous subphases for Langmuir isotherms and XRR experiments were

prepared from 10 mM HEPES in Milli-Q water (18 MU cm) solution at

pH 7.4. For NR experiments, the buffer was prepared either in D2O or in

an H2O-D2O mixture termed air contrast matched water (ACMW;

92:8 H2O-D2O v/v). From the buffer solution, termed low-salt subphase,

two additional subphases were prepared: a Ca2þ-free subphase by addition

of 100 mMNaCl and a Ca2þ-loaded subphase by addition of 100 mM NaCl

and 20 mM CaCl2. LPS solutions were prepared according to a procedure
reported by Katsaras and co-workers (23): liquid phenol, chloroform, and

petroleum ether were mixed at the volume ratio (2:5:8), in which LPS

was dissolved for a final concentration of 1 mg/mL. The solution was stored

at �20�C and sonicated for 10 min at room temperature before use.
Pressure-area isotherms

Pressure-area isotherms were measured on a Nima 1212D Langmuir trough

(Nima Technology, Coventry, UK) available at the Partnership for Soft

Condensed Matter (Grenoble, France). In the first step, 450 mL of LPS so-

lution was spread onto an aqueous subphase at an initial area of 1120 cm2.

To promote the formation of a monolayer at the air-water interface, after the

complete evaporation of the organic solvent, the area was reduced by mov-

ing a polytetrafluoroethylene barrier at a constant speed of 30 cm2/min until

reaching a surface pressure of P ¼ 45 mN/m. Subsequent compression-

expansion cycles were run at the same barrier speed. The monolayer stabil-

ity was investigated by measuring the change of surface pressure p as a

function of time for two selected, fixed pressures of 15 and 30 mN/m while

the barrier position was kept constant. The surface pressure was determined

by a filter-paper Wilhelmy plate monitoring the force applied on the

partially submerged plate. This force is then converted into surface tension

g (mN/m). The corresponding surface pressure isP ¼ g0 � g, where g0 is

the surface tension of the bare air-water interface, and g is the surface ten-

sion in the presence of the monolayer at a given accessible area.
XRR and NR

XRR experiments were performed with an Empyrean diffractometer from

Malvern Panalytical (Limeil-Brevannes, France) with a PIXcel3D scintil-

lator detector. The experiments were performed in q/2q geometry, where

the incident angle q was varied from 0.025� to 3� in steps of 0.005� or

0.01�. The monochromatic x-ray source was a Cu anode emitting Ka radi-

ation (wavelength l ¼ 1.54 Å). On the incoming beam side, a divergence

slit of 1/32�, parafocusing optics, and antiscatter slit of 1/16� were used. Be-
tween mirror and antiscatter slit, a Soller slit of 0.04� was used to reduce the
horizontal beam divergence. On the detector site, an antiscatter slit and a

receiving slit of 1/32� were used.
NR experiments (35) were performed at the time-of-flight reflectometer

FIGARO (36) at the Institut Laue-Langevin (Grenoble, France) with a

wavelength range of 2.5 Å < l < 16 Å. Two fixed angles of incidence,

q ¼ 0.62� and 3.78�, were selected. The experimental resolution in qz,

(Dqz/qz), defined as the full width at half maximum, was z9%.

Irrespective of the type of radiation used (x-rays or neutrons), the reflectiv-

ity, R, that is, the reflected intensity relative to the intensity of the incident

beam, is recorded as a function of the component of the scattering vector

perpendicular to the interface, qz ¼ (4p/l)sinq. The reflectivity curve RðqzÞ
depends on the depth profile of the scattering length density (SLD), rðzÞ,
across the interface between two bulkmedia (air and water in the experiments

described here). For each chemical component, the s-ray SLD is proportional

to the electron density, whereas the neutron SLD is a function of the number

density of the constituting nuclides and of their coherent scattering length bi,

ri ¼
X�ni

n

�
bi; (1)

where ni is the number of nuclides i per molecule and n the molecular

volume. With that, the distributions of all components, with characteristic

SLDs, can be reconstructed from RðqzÞ. To avoid ambiguities in this pro-

cedure and to enhance the accuracy in the determination of the location

of the chemical components of interest, XRR and NR are combined, and

contrast variation in NR is employed: by exploiting the large difference

in the scattering lengths of the hydrogen isotopes H and D, the SLD of

the aqueous medium is varied in this study using either D2O (rD2O ¼
6.36 � 10-6Å-2) or ACMW (rACMW ¼ rair ¼ 0).
Biophysical Journal 116, 1259–1269, April 2, 2019 1261
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For the reflectivity experiments, a solution of LPS was spread onto a

Ca2þ-free or Ca2þ-loaded subphase (see Sample Preparation). The amount

of material needed to reach a surface pressure of P ¼ 15 mN/m, as moti-

vated in the Results and Discussion, was deposited onto the aqueous sur-

face. For NR experiments, buffer solutions based on D2O and on ACMW

were used.
b

FIGURE 2 (a) Schematic representation of a wild-type LPS monolayer

at an air-water interface. (b) An illustration of the theoretical model used

to interpret the experimental reflectivity data is shown. The model is based

on the volume fraction profiles of the chemical components perpendicular

to the interface. The components are hydrocarbon chains (HCs), inner oli-

gosaccharides (IOSs) and O-side chains (OSCs); the air and the liquid sub-

phase constitute the bulk media. The dotted line traces the position of the

HC-IOS interface, that is, the hydrophobic-hydrophilic interface. To see

this figure in color, go online.
Reflectivity data analysis

The model used for reflectivity analysis is based on the volume fraction pro-

files, fiðzÞ, of all chemical components perpendicular to the interface (37)

and for each sample simultaneously describes the NR curves in both D2O

buffer and ACMW buffer contrasts and the x-ray reflectivity curve in

H2O buffer. The components considered in the model are HCs (i ¼ HC),

IOSs (i ¼ IOS), OSCs (i ¼ OSC), and water (i ¼ W). The SLD profile

for each condition is then as follows:

rðx;nÞðzÞ ¼ fHCðzÞrðx;nÞHC þ fIOSðzÞrðx;nÞIOS þ fOSCðzÞrðx;nÞOSC

þ fWðzÞrðx;nÞW : (2)

The distance measured perpendicular to the surface is denoted with z,

where z ¼ 0 is arbitrarily taken at the interface between air and the HCs.

The x-ray and neutron SLDs of the i-th component are denoted with rxi
and rni , respectively. For the HCs, rxHC ¼ 8.0 � 10-6 Å-2 and

rnHC ¼ �0.4 � 10-6 Å-2 are assumed (29,38,39). The SLDs of IOS and

OSC were estimated from the molecular volumes and from the atomic-iso-

topic composition (25). For x-rays, the values of rxIOS ¼ 15.2� 10-6 Å-2 and

rxOSC ¼ 14.2 � 10-6 Å-2 are obtained. Because of the dynamic exchange of

labile hydrogens with the solvent, the neutron SLDs of IOS and OSC

depend on the H2O-D2O ratio of their aqueous environment (with SLD

rnW), which leads to the relation rnIOS ¼ 2.08 � 10-6 Å-2 þ 0.41rnW and

rnOSC ¼ 1.77 � 10-6 Å-2 þ 0.34rnW.

In the theoretical volume fraction profile (Fig. 2), the distributions of HC

and IOS, fHCðzÞ and fIOSðzÞ, respectively, are represented as adjacent ho-

mogeneous slabs modulated by error functions with adjustable roughness

parameters xA=HC, xHC=IOS, and xIOS=OSC, where the latter accounts for the

roughness of the interface between the IOS layer and the aqueous medium

accommodating the OSC. The layer thicknesses dHC and dIOS are adjustable
parameters. The water fraction in the IOS layer, fIOS

W , is also an adjustable

parameter, whereas the hydrophobic HC layer is assumed to be water free.

Instead, the model accounts for a fraction of free ‘‘cavities’’ or ‘‘voids’’

(fHC
FV ) in the HC layer. Based on the results of a previous study (25), the

OSC profile is modeled with a stretched exponential function,

fOSCðzÞ ¼ IðzÞf0exp
�jz=L j n ; (3)

where f0 is the maximal OSC volume fraction at the interface with the IOS

layer, and L represents the OSC extension. The value of the stretching

exponent n further affects the shape of the profile, so that Eq. 3 allows

describing a wide range of shapes with only fewmodel parameters. The fac-

tor IðzÞ is characterized by the parameter xIOS=OSC (as mentioned above) and

describes the roughness of the IOS layer outer surface, to which the OSCs

are ‘‘grafted.’’

The amount of each chemical component is expressed in volume per sur-

face area and calculated by integrating the volume fraction distribution of

the i-th component over the z axis,

Di ¼
Z þN

�N

fiðzÞdz: (4)

Here, Di has the unit of a linear dimension and corresponds to the thick-

ness of an equivalent layer composed entirely of component i, where

fi(z)¼ 1. The use of this quantity enables comparison between the amounts
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of different chemical components irrespective of the details of their interfa-

cial distribution.

For a given IOS amount per unit area, DIOS, the water fraction inside the

layer, fIOS
W , is not an independent parameter but follows from dIOS and the

normalization condition expressed in Eq. 4. Namely, DIOS ¼RþN
�N fIOSðzÞdz ¼ ð1� fIOS

W Þ dIOS, so that fIOS
W ¼ 1� DIOS/dIOS. Similarly,

fHC
FV is dictated by DHC and DHC, whereas f

OSC
0 is dictated by DOSC, L, and

n. Finally, DIOS and DHC are coupled by an adjustable proportionality fac-

tor, which is common to all subphases and reflects the fixed stoichiometry

of HC and IOS moieties.

As in earlier studies (37,40), ideal mixing of all components is assumed,

such that the sum of all volume fractions in the model is equal to 1 at each z-

position: X
fiðzÞh1: (5)

Water is required to occupy the space free of the other components, and

fWðzÞ directly follows from Eq. 5.

A fit of the theoretical model to the experimental reflectivity curves, ob-

tained by the optimization of the adjustable parameters, is performed as fol-

lows: sets of initial parameters are chosen to calculate the corresponding

x-ray SLD profile rxðzÞ and the neutron SLD profiles rnðzÞ for D2O and

ACMW contrasts. The profiles are then discretized into hundreds of thin

slabs of 1 Å thickness with constant SLD, and the corresponding
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qz-dependent reflectivity curves are calculated from the Fresnel reflection

laws at each slab-slab interface using the iterative recipe of Parratt (41).

To account for the finite experimental qz resolution, all the theoretical re-

flectivity curves calculated for infinite resolution are convoluted with

Gaussian functions representing the experimental resolution. All parame-

ters are varied until the best simultaneous agreement with all experimental

data is reached by c2 minimization. To give x-ray and neutron reflectivity

curves comparable weights in the fit, the c2 value associated with the

neutron data, which have fewer data points and larger statistical errors,

was multiplied by an amplification factor. Although the choice of this factor

is not unique, it was aimed at achieving equally good simultaneous agree-

ment of the model with x-ray and neutron data and thus at obtaining the

most robust possible results. Purely statistical error estimates, which are

strictly valid only within the framework of a ‘‘perfect model,’’ typically un-

derestimate the real parameter uncertainties due to systematic errors. For

this reason, we provide more conservative error estimates that approxi-

mately also reflect the variation of the obtained parameters with respect

to variations in the model parametrization. As pointed out earlier (40),

we consider these larger error estimates more meaningful.
FIGURE 3 Langmuir isotherms of wild-type LPS on low-salt, Ca2þ-free,
and Ca2þ-loaded subphases. The bottom abscissa represents the surface

area normalized by the amount of the spread LPS, whereas the top abscissa

is the area per molecule as estimated by reflectometry (see Results and Dis-

cussion). To see this figure in color, go online.
RESULTS AND DISCUSSION

The LPS monolayers are investigated on three different
aqueous subphases: the low-salt subphase containing
10 mM HEPES buffer (see Sample Preparation), the
Ca2þ-free subphase with additional 100 mM of monovalent
salt NaCl to obtain approximately physiological ionic
strength, and the Ca2þ-loaded subphase containing 20 mM
CaCl2 on top of the monovalent salt to investigate the influ-
ence of divalent cations. This calcium concentration lies
well above the physiological concentration of around
1–2 mM (42) but allows for a better comparability with
earlier studies that commonly involved elevated calcium
concentrations (20,21,25).
LPS in-plane interactions and monolayer stability

A pressure-area isotherm is a representation of the mono-
layer pressure p as a function of the molecular area A.
Fig. 3 shows isotherms upon the first compression of LPS
monolayers on low-salt, Ca2þ-free, and Ca2þ-loaded sub-
phases. Because the ratio of R-form and S-form LPS mole-
cules in the monolayer, and thus also the average molecular
mass, are unknown, the surface area is normalized by the
LPS spread mass rather than by the number of molecules.
The top abscissa reporting the area per molecule ALPS is
based on the reflectivity analysis (see text further below).

As seen in the plot, the pressure increases monotonically
with decreasing surface area up to P ¼ 45 mN/m without
any evidence of monolayer collapse. An indicator of the
range of the in-plane molecular interactions is the onset of
the pressure increase, which we define as the specific area
at which P reaches 2.0 mN/m, noting that this definition is
not unique. This specific area at onset decreases from
z1.35 cm2/mg on low-salt subphase to z1.25 cm2/mg on
Ca2þ-free subphase to z0.80 cm2/mg on Ca2þ-loaded sub-
phase,meaning that repulsivemolecular interactions become
more short range by the addition of 100 mMmonovalent salt
and even more by further adding 20 mM divalent cations.
Given the LPS chemical composition (Fig. 1), one can
consider the molecular interactions as a combination of elec-
trostatic repulsion between the charged sugar units in IOS,
steric repulsion between adjacent charge-neutral OSCs, and
finally the interaction between alkyl chains. The pronounced
influence of the added ions on the specific area at onset and on
the isotherms in general demonstrates that the electrostatic
repulsion between the charged moieties is more important
than the salt-independent steric repulsion between the
charge-neutral OSC. The fact that the curves do not converge
even at high pressures further indicates that the interaction is
never fully dominated by the steric interaction between the
alkyl chains but reflects electrostatic repulsion at least on
low-salt and Ca2þ-free subphases. This result is consistent
with the density reduction reported earlier when solid-sup-
ported LPS monolayers were subject to calcium depletion
(25). The specific surface areas reached at P ¼ 45 mN/m
are 0.68, 0.66, and 0.44 cm2/mg on low-salt, Ca2þ-free, and
Ca2þ-loaded subphases, respectively. Again, the presence
of 100mMmonovalent ions in the subphase has only aminor
influence; in contrast, when 20 mM divalent cations are
added, a significantly smaller specific area can be achieved
at a given pressure, in good agreement with previous reports
on monolayers of R-form and S-form LPS (18,21,23). These
results are a qualitative indication that the influence of ions on
the monolayer structure is more dependent on the nature of
the ion species than on the ionic strength alone.
Biophysical Journal 116, 1259–1269, April 2, 2019 1263



Micciulla et al.
To further quantify the effect of ions on the electrostatic
repulsion, we calculate the generic electrostatic screening
in terms of the Debye length k�1 of the three subphases, re-
sulting in k�1 ¼ 22 Å, k�1 ¼ 9 Å, and k�1 ¼ 8 Å for low-
salt, Ca2þ-free, and Ca2þ-loaded subphases, respectively.
Interestingly, for the higher increment of electrostatic
screening (Dk�1z 13 Å upon addition of 100 mM monova-
lent salt), only a small change in the isotherm is observed,
whereas with a minor screening increment (Dk�1z 1 Å
upon further addition of 20 mM calcium ions), the range
of the intermolecular repulsion is drastically reduced. This
apparent mismatch clearly suggests that the influence of
Ca2þ goes beyond generic electrostatic screening, and it
has to be attributed to ion-specific bridging with negatively
charged phosphate and carboxylate groups (43). This is in
agreement with the results of Jeworrek et al. (21) for
R-form LPS, where the binding of calcium to phosphate
and carboxylate induces a smaller lateral domain size and
drives the upright orientation of the sugar moieties.

Divalent cations have also been reported to affect the rigid-
ity of LPS monolayers in terms of the surface compressive
modulus (21) and the shear elastic modulus (18), albeit the
latter for R-form LPS only. In the following, we calculate
the surface compressive modulus, ES (23,44), for wild-type
LPS monolayers on Ca2þ-free and Ca2þ-loaded subphases:

Es ¼ �A
dp

dA
: (6)

Given this definition of ES, the modulus is higher for
more rigid monolayers. The obtained values for low (P z
1 mN/m), intermediate (P z 15 mN/m), and high (P z
30 mN/m) surface pressures are reported in Table 1. Besides
the enhanced monolayer rigidity expected under increasing
confinement, there is a clear increase in ES when divalent
cations interact with the sugar units. Interestingly, the values
of ES at high compression are about two times higher than
those reported for deep rough mutant LPS Re from Salmo-
nella minnesota (21) but about two times lower than those
obtained for wild-type LPS from Pseudomonas aeruginosa
(23). Because all these monolayers comprise a similar core
saccharide structure (45,46) but differ with respect to the
OSC, this observation suggests that the OSCs have a signif-
icant influence on the monolayer rigidity.

Despite their biological relevance as bacterial outer sur-
face models, LPS monolayers comprising S-form LPS mol-
TABLE 1 Surface Compressive Moduli Es for Wild-Type LPS

Monolayers on Ca2D-Free and Ca2D-Loaded Subphases at

P z 1 mN/m, P z 15 mN/m, and P z 30 mN/m, Denoted as

Low, Intermediate, and High Surface Pressure, Respectively

LPS Subphase

ES (mN/m)

Low p Intermediate p High p

Ca2þ-free 2 58 80

Ca2þ-loaded 14 61 99
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ecules have been used only in very few studies (24,25,47)
because of the comparatively more difficult handling than
that of rough mutant LPS. In fact, the stability of LPS mono-
layers including OSC-bearing S-form species at air-water
interfaces has previously been questioned (11) and is ad-
dressed in this work, given that the interfacial mass conser-
vation over long timescales is a fundamental requirement
for many types of experiments. As shown in Fig. 4 a for
LPS on Ca2þ-loaded subphase, subsequent cycles present
two common features: 1) a hysteresis between each
compression and retraction cycle (blue versus red traces),
and 2) a minor mass loss (z3 and 1% for Ca2þ-free and
Ca2þ-loaded LPSs, respectively) between each subsequent
cycle. The kinetics of the area reduction exhibits a depen-
dence on the applied lateral pressure (Fig. 4, b and c): at
an initial pressure of P ¼ 15 mN/m and constant
surface area, the pressure decreases with dP=dtz
0.05 mN/m-1 min-1, whereas for initial P ¼ 30 mN/m, the
pressure decreases about two times as fast (dP=dtz
0.1 mN/m-1 min-1). A key question at this point is whether
the observed pressure decrease indicates a preferential
exclusion of S-form LPS from the interface toward the
aqueous phase. Langmuir isotherms alone cannot clarify
this aspect, which can be instead resolved from the reflectiv-
ity data discussed in the next section.
Monolayer structure and LPS conformation

XRR and NR experiments were performed to characterize
the internal structure of the LPS monolayers on Ca2þ-free
and Ca2þ-loaded subphases. Because of the slower pres-
sure decrease over time at lower initial pressures (see pre-
vious section), the reflectivity curves were recorded at
P z 15 mN/m, noting that this value is somewhat lower
than the consensus lateral pressure in cell membranes
(20–30 mN/m) (11,44). The combined use of XRR and
NR as complementary probes is crucial for a comprehen-
sive structural characterization: while XRR offers good
contrast between air and the fatty acid chains, NR is better
suited to distinguish between water and hydrated saccha-
rides. The reflectivity curves are shown in Fig. 5 for all
contrast conditions, that is, D2O and ACMW (Fig. 5, c
and d) and x-ray (Fig. 5, e and f). Solid lines indicate
the simulated reflectivity curves according to the best-
matching parameters of the common volume fraction
profile model (see Materials and Methods). The relevant
features in the D2O contrast are highlighted in the plot
by dividing the experimental and simulated reflectivity
curves by the Fresnel reflectivity RF of an ideal air-D2O
interface (48). The reflectivity oscillations around
0.02 Å-1<qz < 0.06 Å-1 in both neutron contrasts are
mainly due to the SLD variations associated with the hy-
drated extended saccharide layers. The reflectivity minima
at around 0.15 Å-1<qz < 0.20 Å-1 in the x-ray contrast are
caused by the less hydrated LPS moieties, especially by



a b c

FIGURE 4 (a) Repeating compression (blue solid lines) and retraction (red dotted lines) cycles of wild-type LPS monolayers on a Ca2þ-loaded subphase.
The arrow indicates the direction of subsequent compression-retraction cycles, from first to fourth. Similarly, the color intensity from light to dark corre-

sponds to the increasing cycle number from first to fourth. (b and c) The evolution of surface pressure over time at a constant area starting with an initial

surface pressure of z15 mN/m (b) and z30 mN/m (c) is shown. To see this figure in color, go online.
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the dense HC layer. The shift upon calcium addition in the
position of the minimum in the x-ray intensity from qzz
0.16 Å-1 to qzz 0.20 Å-1 reflects a calcium-induced thin-
ning of the alkyl chains region, to which the x-rays have
the highest sensitivity.
a b

c d

e f

FIGURE 5 (a and b) Volume fraction profiles of chemical components in

wild-type LPS monolayers on Ca2þ-free (a) and Ca2þ-loaded (b) subphases
according to the best-matching parameters in the model simultaneously

fitted to the neutron and x-ray reflectivity curves. (c and d) Neutron reflec-

tivity curves in D2O (top) and ACMW (bottom) contrast under Ca2þ-free (c)
and Ca2þ-loaded (d) conditions. For clarity, the D2O reflectivity curves are

normalized by the Fresnel reflectivity RF of an ideal air-D2O interface (see

main text). (e and f) X-ray reflectivity curves under Ca2þ-free (e) and Ca2þ-
loaded (f) conditions are shown. Solid lines in (c)–(f) indicate the simulated

reflectivity curves according the profiles shown in (a) and (b). To see this

figure in color, go online.
Fig. 5, a and b show the volume fraction profiles of HC,
IOS, OSC, and water corresponding to the best-matching
model parameters for LPS monolayers on Ca2þ-free and
Ca2þ-loaded subphases. For both subphases, the profiles ev-
idence a defined HC layer and a bimodal saccharide distri-
bution with a dense IOS and a more dilute, extended OSC
distribution. The obtained model parameters are summa-
rized in Table 2. The roughness of the air-HC interface
is z3 Å for both Ca2þ-free and Ca2þ-loaded subphases,
in good agreement with capillary wave theory and previous
x-ray reflectivity experiments (49). The thicknesses of the
HC layer, dHCz 20 Å and dHCz 15 Å on Ca2þ-free and
Ca2þ-loaded subphases, respectively, are similar to those re-
ported for rough mutant LPS (14–18 Å) (29). However,
the comparatively high thickness value on Ca2þ-free
subphase and the considerable cavity fraction of z30%
(see Fig. 5 a) suggest that the chain layer is not compact
but fairly disordered so that the projection on the surface
normal results in a thicker layer (higher d). In contrast,
when calcium ions are present, a more ordered, void-free
state is established, whose effective projection results in a
thinner layer (lower d) and compact chain configuration.
This result is qualitatively different from the observation
that rough mutant LPS monolayers are usually thicker under
laterally more densely packed conditions (21,25) and must
be attributed to the unusual structure of the LPS molecules
studied here, with their bulky charged IOSs and long OSCs.
With dIOSz 20 Å and dIOSz 17 Å on Ca2þ-free and Ca2þ-
loaded subphases, respectively, the IOS layer exhibits thin-
ning upon calcium addition and consequent roughness
increment at the IOS-water interface. This result is in agree-
ment with earlier reports (20,25), but the IOS thickness is
significantly thinner than literature values (28–38 Å)
(22,25). This difference must be attributed to the lower
lateral density in this study (P z15 mN/m) with respect
to earlier studies (P > 30 mN/m). The lateral density can
be quantified according to Eq. 4, in terms of the IOS amount
per unit area, DIOS, as it was established earlier for solid-
supported LPS monolayers (25). DIOS increases upon
Biophysical Journal 116, 1259–1269, April 2, 2019 1265



TABLE 2 Best-Matching Model Parameters for Wild-Type LPS Monolayers on Ca2D-Free and Ca2D-Loaded Subphases at P ¼
15 mN/m

Subphase dHC (Å) dIOS (Å) xIOS=W (Å) LOSC (Å) H0
OSC (Å) n DIOS (Å) DOSC (Å) ALPS (Å2)

Ca2þ-free 20 (1) 20 (1) 7 (2) 119 (10) 150 (15) 1.4 (0.1) 10 (1) 15 (2) 300 (30)

Ca2þ-loaded 15 (1) 17 (2) 14 (2) 130 (10) 163 (15) 1.3 (0.1) 12 (1) 18 (2) 250 (30)

Parameters and associated errors (given in parentheses) are described in the main text.
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addition of calcium (from z10 to z12 Å), as previously
observed for solid-supported LPS monolayers, and is quali-
tatively consistent with the higher lateral density on Ca2þ-
loaded subphase, as shown in the isotherms in Fig. 3. The
absolute values are, however, much lower than those re-
ported for solid-supported LPS monolayers of the same bac-
terial origin at a transfer pressure of 35 mN/m (DIOS ¼ 17 Å
and DIOS ¼ 20 Å in the presence and absence of calcium,
respectively) (25).

The area per LPS molecule can be deduced from the rela-
tion ALPS ¼ VIOS=DIOS, where VIOSz 3000 Å3 is the IOS
molecular volume (25). The resulting values are ALPSz
300 Å2 and ALPSz 250 Å2 on Ca2þ-free and Ca2þ-loaded
subphases, respectively. Within the experimental uncer-
tainty, the relative difference of z20% in ALPS is roughly
consistent with the relative difference of z30% in the spe-
cific area at P ¼ 15 mN/m for the two subphases in the
isotherm in Fig. 3. ALPS as obtained by reflectometry can
thus be used for an approximate calibration of the abscissa
in Fig. 3. The corresponding average molecular mass is
(2.2 5 0.3) � 104 g/mol. Importantly, the area per LPS
molecule at the maximal compression (P ¼ 45 mN/m)
can be reconstructed, and we obtain ALPSz 240 Å2 and
ALPSz 160 Å2 on Ca2þ-free and Ca2þ-loaded subphases,
respectively, where the latter is similar to the molecular
areas reported for rough mutant LPS bilayers at high lateral
compression (ALPSz 160 Å2) (5,13). The relative difference
in ALPS between Ca2þ-free and Ca2þ-loaded conditions
(z50%) must be attributed to electrostatic repulsion.

The ratios of the OSC and IOS amounts per unit area,
DOSC=DIOS, obtained on Ca2þ-free and Ca2þ-loaded sub-
phases, are z1.5 and z1.6, respectively, and self-consis-
tent within the experimental uncertainty. These values
obtained with monolayers of an �1 h age agree with those
reported for solid-supported LPS monolayers of the same
origin, which were transferred to the solid surface right after
monolayer preparation and for which DOSC=DIOSz 1.3–1.5
(25). This result suggests that the fraction of S-form LPSs is
a conserved quantity on the timescale of several hours. With
that, the decrease in the lateral pressure over time discussed
above (see Fig. 4) does not seem to reflect the preferential
exclusion of S-form LPS molecules (11), but other pro-
cesses, such as solubilization of non-LPS impurities, the sol-
ubilization of aggregates comprising R-form and S-form
LPSs at representative stoichiometry, or rearrangements
without material loss. In view of the great variability of
the OSC chemistry, including neutral and charged oligosac-
1266 Biophysical Journal 116, 1259–1269, April 2, 2019
charides (24), we, however, refrain from generalizing this
conclusion to all types of wild-type LPSs.

The OSC conformations are characterized by the volume
fraction profiles in Fig. 5, a and b and the associated parame-
ters L and n (Eq. 3), reported in Table 2. The obtained OSC
extensions in terms of the decay lengths are Lz 120 Å and
Lz 130 Å on Ca2þ-free and Ca2þ-loaded subphases, respec-
tively. The equivalent maximal brush extensions
H0 ¼ L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e�1

p
(50) correspond to H0z 150 Å and H0z

163 Å. It is seen that the OSC conformation is similar on the
two subphases, which is not surprising because of the absence
of charges on OSC units. The slightly larger extension on the
Ca2þ-loaded subphase can be considered an effect of the
higher lateral density and can be rationalizedwithin the frame-
work of the self-consistent field (SCF) theory (51), which
strictly holds for dense, monodisperse polymer brushes:

H0ðs;NÞ ¼ aN

�
8pt

p2

�1=3�
a2s

�1=3
; (7)

where s is the grafting density, az 5.9 Å the linear dimen-
sion of a sugar monomer (25), N ¼ 5 m the number of sugar
monomers per chain (see Fig. 1), and ptz 1 (25). Impor-
tantly, H0fs1=3fA

�1=3
LPS . Accordingly, a 6% increase in H0

(�10 Å) is expected upon lateral compression from
ALPS ¼ 300 Å2 to ALPS ¼ 250 Å2, in good agreement with
the obtained values. The same reasoning also holds for the
comparison with the larger OSC extension (H0z 180 Å) ob-
tained at the solid-liquid interface in presence of calcium for
higher lateral densities (ALPS z 160 Å2) (25), where Eq. 7
predicts a difference in H0 of �25 Å, in rough agreement
with the obtained difference of 17 Å. In summary, the
conformation of uncharged OSCs appears to be reasonably
well described by the SCF theory for polymer brushes.

Coming back to the scenario of preferential exclusion of
S-form LPS molecules from the monolayer over time, we
notice that the free energy associated with this process is a
balance between the OSC conformational free energy per
molecule, Fconf , favoring exclusion, and the alkyl chain sol-
vation free energy per molecule, Fsolv, opposing it. The
former can be estimated as follows (52):

Fconf

kBT
z

h2

2a2N
þ nN2~s

2ha2
; (8)

where h is the stretched polymer height (with hzH0),
~s ¼ sa2 the reduced grafting density, N z 90 the number
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of monomer units (25), and n ¼ a3ð1� 2cÞ, with cz 0.4
for a good solvent. For the given OSC grafting densities,
we obtain Fconfz 10 kJ/mol (or 4 kBT), irrespective of the
subphase. Fsolv can be roughly estimated by considering
the solvation free energy per CH2 in water, DG0

CH2
z

2.8 kJ/mol (53). Assuming that only half of the CH2 units
of a molecule are exposed to water, we obtain Fsolvz
100 kJ/mol (or 40 kBT), meaning that the LPS solvation
has a high energetic cost. An alternative, consistent estimate
approximates the chain region as a spherical oil droplet of
volume V ¼ dHCALPSz 3900 Å3 and radius z 9 Å, whose
interface with the aqueous medium has a tension somewhat
below the 56 mN/m reported for macroscopic interfaces
(54,55) because of the subnanometer radius (56). Although
these estimates neglect the effect of aggregate formation,
which can considerably reduce the solvation free energy
per molecule, the magnitude of Fsolv will likely remain
much higher than that of Fconf so that a predominance of
the conformational free energy, and thus preferential solubi-
lization of S-form LPS molecules, appears to be unlikely, in
agreement with our experimental observations.
CONCLUSIONS

We have comprehensively characterized wild-type LPS
monolayers at the interface between air and aqueous solu-
tions containing various defined concentrations of monova-
lent and divalent cations. Pressure-area isotherms yield
insight into the contributions of electrostatic and OSC-
induced (polymer-steric) forces on the in-plane molecular
interactions and monolayer elastic moduli. The influence
of divalent cations is found to go beyond generic electro-
static screening and thus to involve ion-specific bridging
with negatively charged phosphate and carboxylate groups,
in agreement with earlier studies on rough mutant LPS.

The structural characterization of the LPS monolayers
by combined XRR and NR confirms the bimodal saccha-
ride distribution expected from the LPS chemical struc-
ture: a dense and compact layer accommodating the
negatively charged IOS and a more dilute, extended re-
gion accommodating the OSC bound to the S-form LPS
molecules. The monolayers exhibit a significant structural
response to the presence of divalent cations, which mostly
affect the dense HC and IOS layers but indirectly also the
OSC distribution via a change in the area per LPS mole-
cule. Importantly, reflectometry allows directly quanti-
fying the area per molecule and the fraction of S-form
LPS molecules. These quantities are found to be consis-
tent with an earlier study on LPS monolayers from the
same strain at a solid-liquid interface and indicate that
on experimental timescales, there is no significant prefer-
ential exclusion of S-form LPS molecules from mono-
layers at air-water interfaces, at least for the investigated
LPS type. Comparison between reflectivity measurements
at different areas per molecule reveals that the conforma-
tion of the uncharged OSC is satisfactorily described by
the SCF theory for end-grafted polymer brushes.
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3. Zgurskaya, H. I., C. A. Löpez, and S. Gnanakaran. 2015. Permeability
barrier of gram-negative cell envelopes and approaches to bypass it.
ACS Infect. Dis. 1:512–522.

4. Silhavy, T. J., D. Kahne, and S. Walker. 2010. The bacterial cell enve-
lope. Cold Spring Harb. Perspect. Biol. 2:a000414.

5. Snyder, D. S., and T. J. McIntosh. 2000. The lipopolysaccharide bar-
rier: correlation of antibiotic susceptibility with antibiotic perme-
ability and fluorescent probe binding kinetics. Biochemistry.
39:11777–11787.

6. L€uderitz, O., M. A. Freudenberg, ., D. H. Shaw. 1982. Lipopolysac-
charides of gram-negative bacteria. In Membrane Lipids of Prokary-
otes. Current Topics in Membranes and Transport F. Bronner and
A. Kleinteller, eds. . Academic Press, pp. 79–151.

7. Papo, N., and Y. Shai. 2005. A molecular mechanism for lipopolysac-
charide protection of Gram-negative bacteria from antimicrobial pep-
tides. J. Biol. Chem. 280:10378–10387.

8. Amor, K., D. E. Heinrichs,., C. Whitfield. 2000. Distribution of core
oligosaccharide types in lipopolysaccharides from Escherichia coli.
Infect. Immun. 68:1116–1124.
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Wild-type LPS monolayer stability on Ca2+-free subphase

Figure S1a shows the pressure versus area isotherms for subsequent compression/expansion

cycles of a wild-type LPS monolayer spread onto Ca2+-free subphase. Similar to the be-

havior of this monolayer onto Ca2+-loaded subphase reported in the manuscript, there is a

clear evidence of hysteresis at each cycle, with a relative reduction of the speci�c area at the

highest pressure (π = 45 mN/M) per cycle between ≈ 3% and ≈ 8%.

As for Ca2+-loaded LPS, the kinetics of the area reduction shows a dependence on the

applied lateral pressure (Figure S1b and c): at an initial pressure of π = 15 mN/m and con-

stant surface area, the pressure decreases with dΠ/dt ≈ 0.04 mN/(m min), while for initial

π = 30 mN/m, the pressure decreases about four times as fast (dΠ/dt ≈ 0.16 mN/(m min)).
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Figure S1: (a): Repeating compression cycles of wild-type LPS monolayers on Ca2+-free

subphase. (b, c): Evolution of surface pressure over time at constant area starting with an
initial surface pressure of about 15 mN/m (b) and about 30 mN/m (c).
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Table S1: Best-�t parameters obtained from the analysis of the re�ectivity data. The rough-
ness σ for the HC refers to the air/HC interface, while the value for IOS refers to the
IOS/water interface. The symbols n,x indicate the di�erent contrasts (neutron and X-ray);
the symbols f,l represent the free and loaded subphase, respectively.

Parameter HC IOS OSC

ρn,D2O
i,f [Å−2] 0.4 x 10−6 2.60 x 10−6 2.16 x 10−6

ρn,D2O
i,l [Å−2] 0.4 x 10−6 2.56 x 10−6 2.12 x 10−6

ρn,ACMW
i,f [Å−2] 0.4 x 10−6 -0.041 x 10−6 -0.034 x 10−6

ρn,ACMW
i,l [Å−2] 0.4 x 10−6 -0.139 x 10−6 -0.011 x 10−6

ρxi [Å−2] 8.0x 10−6 15.2 x 10−6 14.2 x 10−6

df [Å] 20 (1) 20 (1) -

dl [Å] 15 (1) 17 (2) -

λf [Å] - - 119 (10)

λl [Å] - - 130 (10)

nf - - 1.4 (0.1)

nl - - 1.3 (0.1)

σf [Å] 3 (1) 7 (2) -

σl [Å] 3 (1) 14 (2) -
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