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Lipid Lateral Organization on Giant Unilamellar Vesicles Containing
Lipopolysaccharides
Jakubs Kubiak,†‡ Jonathan Brewer,†§ Søren Hansen,{ and Luis A. Bagatolli†§*
†Membrane Biophysics and Biophotonics Group/MEMPHYS-Center for Biomembrane Physics, ‡Department of Physics and Chemistry,
§Department of Biochemistry and Molecular Biology, and {Department of Cancer and Inflammation Research,
University of Southern Denmark, Odense, Denmark
ABSTRACT We developed a new (to our knowledge) protocol to generate giant unilamellar vesicles (GUVs) composed of
mixtures of single lipopolysaccharide (LPS) species and Escherichia coli polar lipid extracts. Four different LPSs that differed
in the size of the polar headgroup (i.e., LPS smooth > LPS-Ra > LPS-Rc > LPS-Rd) were selected to generate GUVs
composed of different LPS/E. coli polar lipid mixtures. Our procedure consists of two main steps: 1), generation and purification
of oligolamellar liposomes containing LPSs; and 2), electroformation of GUVs using the LPS-containing oligolamellar vesicles at
physiological salt and pH conditions. Analysis of LPS incorporation into the membrane models (both oligolamellar vesicles and
GUVs) shows that the final concentration of LPS is lower than that expected from the initial E. coli lipids/LPS mixture. In partic-
ular, our protocol allows incorporation of no more than 15 mol % for LPS-smooth and LPS-Ra, and up to 25 mol % for LPS-Rc
and LPS-Rd (with respect to total lipids). We used the GUVs to evaluate the impact of different LPS species on the lateral struc-
ture of the host membrane (i.e., E. coli polar lipid extract). Rhodamine-DPPE-labeled GUVs show the presence of elongated
micrometer-sized lipid domains for GUVs containing either LPS-Rc or LPS-Rd above 10 mol %. Laurdan GP images confirm
this finding and show that this particular lateral scenario corresponds to the coexistence of fluid disordered and gel (LPS-
enriched)-like micron-sized domains, in similarity to what is observed when LPS is replaced with lipid A. For LPSs containing
the more bulky polar headgroup (i.e., LPS-smooth and LPS-Ra), an absence of micrometer-sized domains is observed for all
LPS concentrations explored in the GUVs (up to ~15 mol %). However, fluorescence correlation spectroscopy (using fluores-
cently labeled LPS) and Laurdan GP experiments in these microscopically homogeneous membranes suggests the presence
of LPS clusters with dimensions below our microscope’s resolution (~380 nm radial). Our results indicate that LPSs can cluster
into gel-like domains in these bacterial model membranes, and that the size of these domains depends on the chemical structure
and concentration of the LPSs.
INTRODUCTION
Lipopolysaccharides (LPSs) are critical components of
the outer membrane of Gram-negative bacteria (e.g.,
Escherichia coli and Salmonella enterica). LPS lipids are
part of a specialized barrier against macromolecules (e.g.,
lysozyme and antimicrobial peptide), hydrophobic
compounds (e.g., antibiotics and bile salts), and other chem-
ical agents that causes stress toGram-negative bacterial cells.
The negative charge contributed by LPSs and their associa-
tion with divalent cations help to maintain the structural
integrity of the overall outer bacterial membrane (1,2). In
addition to their importance in the structure ofGram-negative
bacterial cell’s membranes, LPSs are important toxic agents
in normal animal immune systems; for example, LPSs act as
pyrogenic endotoxins that generate massive inflammatory
responses by activatingmacrophages and other cell types (1).

The outer membrane of Gram-negative bacteria is highly
asymmetric and the outer leaflet contains a high percentage
of LPSs (covering ~75% of the Gram-negative surface) (1).
LPSs represent a group of complex amphiphilic molecules
composed of a lipophilic part called lipid A, which anchors
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LPS molecules to the membrane, and a poly- or oligosac-
charide portion that may extend up to 10 nm outside of
the bacterial membrane surface. The lipid A structure
consists of a biphosphorylated b-(1/6)-linked glucos-
amine disaccharide substituted with fatty acid ester linkages
at positions 3 and 30, and amide linked at positions 2 and 20.
The total amount of acyl groups per lipid A varies from 4 to
6, and generally comprises C10–C16 acyl chains (hydroxyl-
ated or unhydroxylated fatty acids), although longer chains
can occur depending on the bacteria class (2) (see Fig. 1).

Gram-negative bacterial cells contain a diverse selection
of LPSs that differ in the length of their polysaccharides.
The polysaccharide core is divided into three parts: the inner
core, the outer core, and an O-specific chain (known as
O-antigen polysaccharide groups; Fig. 1). The complete
LPS molecules (containing the inner and outer cores plus
the O-specific chain) that are present in wild-type strains
are generally called smooth LPSs. Typical LPS core struc-
tures (inner and outer) for enteric bacterial LPSs consist of
eight to twelve, often branched, sugars (2), and the sugar at
the reducing end is always a-3-deoxy-D-manno-oct-2-ulo-
sonic acid (also known as keto-deoxyoctulosonate or Kdo)
(2/6) linked to the glucosamine of lipid A. Other sugars
present in the core include L-glycero-D-manno-heptose resi-
dues, such as glucose, galactose, and their derivatives (2).
doi: 10.1016/j.bpj.2011.01.012
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FIGURE 1 Molecular structure of LPS-Re of E. coli (left). Schematic

representation of the different LPSs used in this work (right). Gal, galactopyr-

anose; Glc, glucopyranose; GlcN, 2-amino-2-deoxyglucopyranose; Hep,

L-glycero-a-D-manno-heptopyranose; Kdo, 3-deoxy-a-D-manno-oct-2-ulo-

pyranosonic acid; P, phosphate. Formore details, see Caroff andKaribian (2).
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Rough-chemotype LPSs are mutant LPS molecules and
are named according to the size of the oligosaccharide
domain. Ra, Rb, Rc, Rd, and Re correspond to the first,
second, third, fourth, and fifth degrees of polysaccharide
chain length in order of decreasing domain size (3) (see
Fig. 1). One can obtain a variety of rough mutants that
produce LPS lacking the sections of polysaccharide group
(LPS-Ra to Re) by blocking steps in the LPS synthetic
pathway. For example, minimal E. coli LPS (termed LPS-
Re) consists of lipid A linking two Kdo residues. In general,
rough mutants are more sensitive to hydrophobic agents
such as antibiotics, detergents, and mutagens. They are
also less virulent and more prone to detection by immune
systems (4).

Most LPS-related studies to date have focused on two
main aspects: 1), the structure/behavior of LPS-containing
membranes (see below); and 2), interactions of LPS with
relevant components of the mammalian immune system.
LPSs act on the immune system when they are released
from bacterial cells. Small amounts of LPS are released
during cell division, but massive LPS release can occur
when bacteria are killed by antibiotics or the immune
system of the host organism (1). Activation of the immune
system is mainly due to the interaction with macrophages;
therefore, it is important to understand the interaction of
LPS with macrophage membranes. To study this process
(and also to test the use of LPS-containing liposomes as
a potential vaccine), Dijkstra et al. (5) developed LPS-con-
taining model membrane systems and successfully applied
them to various LPS strains (5–7). Certain protocols for
LPS incorporation in membranes used PC/PS/cholesterol
lipid mixtures (which mimic eukaryotic membrane) as
host membranes. Such LPS-containing liposomal formula-
tions are generally less toxic than free LPSs (5,7). Giant
unilamellar vesicle (GUV) models were further developed
to study LPS partition in lipid mixtures that exhibit the
coexistence of solid ordered/liquid disordered phases (i.e.,
DPPC/DOPC) (8).

Various studies have examined the structural and physical
properties, including phase behavior and aggregation prop-
erties, of LPS-containing membranes (3,9–13). Different
supramolecular assemblies (e.g., spherical (normal or in-
verted micelles), lamellar, tubular (normal or inverted HI

and HII), and cubic assemblies) have been observed in
samples of pure LPS above the critical micellar concentra-
tion (CMC). The structural characteristics of these assem-
blies depend on the molecular geometry of the monomeric
LPS as well as environmental conditions such as hydration,
temperature, and ion content (3). Accordingly, the phase
behavior of pure LPS-containing membranes is also
extremely dependent on the aforementioned factors. For
example, it has been reported that the main phase transition
temperature (Tm from ordered to disordered-like phases) for
fully hydrated smooth E. coli LPS is 37�C. It has been
shown that this Tm decreases by shortening the polysaccha-
ride group. However, lipid A, which lacks the polysaccha-
ride group, has a larger Tm of 45�C (9). It has also been
reported that the transition temperatures dramatically
increase in presence of divalent ions. For example, in a study
using isolated LPS lipids from E. coli in the presence of
Mg2þ no thermal transition was observed up to 75�C (14).
Furthermore, thermal transitions associated with LPS were
not observed up to ~60�C (where proteins denaturate) in
E. coli intact cells, suggesting that LPS can display gel-
like organization in bacterial outer membranes at physiolog-
ical temperatures (14). Furthermore, the existence of cardi-
olipin or LPS-rich membrane domains and their role in the
action of antimicrobial peptides was recently reported (15).

In this work, we focused on investigating the physical
properties of LPS/E. coli lipid-containing membranes.
Although these model systems lack lipid asymmetry, they
have previously been used as models mimicking bacterial
membranes (mixtures containing LPS plus PE/PG or LPS
plus E. coli lipid extracts (PE/PG/cardiolipin ~81:17:2
molar)) (12,16,18). We developed a modified protocol to
generate GUVs containing LPSs under physiological salt
and pH conditions. We then sought to ascertain the effi-
ciency of LPS incorporation into model membranes at
high LPS/phospholipid (or E. coli lipids) ratios, since such
information is generally lacking in the literature. Finally,
we used GUVs to evaluate the impact of different LPS
species on the lateral structure of these bacterial model
membranes. By using multiphoton excitation fluorescence
microscopy-based techniques, we were able to obtain
Biophysical Journal 100(4) 978–986
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spatially resolved information (i.e., lateral structure and
dynamics) at the level of single vesicles as a function of
the concentration of different LPS species.
MATERIALS AND METHODS

Materials

E. coli polar lipid extract (hereafter referred to as E. coli lipids) was

purchased from Avanti Polar Lipids (Alabaster, AL). LPS from E. coli

O55:B5 (LPS-smooth), LPS E. coli O55:B5 fluorescein isothiocyanate

conjugate (LPS-FITC), E. coli EH-100 (LPS-Ra mutant), E. coli J5

(LPS-Rc mutant), E. coli F-583 (LPS-Rd mutant), and lipid A monophos-

phoryl from E. coli F583 (Rd mutant) were obtained from Sigma-Aldrich

(St. Louis, MO). We purchased 6-dodecanoyl-2-dimethylaminonaphtha-

lene (Laurdan), Lissamine-rhodamine B 1,2-dihexadecanoyl-sn-glycero-

3-phosphoethanolamine, triethylammonium salt (rhodamine-DHPE),

and Alexa Fluor 488 hydrazide sodium salt from Molecular Probes

(Eugene, OR).
Methods

Labeling LPS with Alexa Fluor 488 hydrazide

LPS from E. coli O55:B5 (smooth) was labeled with Alexa Fluor 488

hydrazide according to a protocol described by Luk et al. (19) with modi-

fications (see section 1 in the Supporting Material).

Incorporation of LPS into oligolamellar vesicles

To incorporate LPS into the liposomal membrane, we used the dehydration-

rehydration method proposed by Dijkstra et al. (5) with some modifications.

The dehydration-rehydration method is more efficient for incorporating

LPS into liposomal membranes (particularly those containing negative

charges) compared with prolonged sonication methods (tested in this study)

(5). The phospholipid vesicles were prepared from stocks of E. coli polar

lipid extracts mixed with fluorescent probes (either rhodamine-DHPE or

Laurdan) in chloroform/methanol 2:1 (vol). Briefly, organic stocks of fluo-

rescently labeled E. coli lipids were deposited in borosilicate glass vials in

various amounts (to obtain various LPS/E. coli lipid ratios), dried under an

N2 stream, and exposed to low pressure in a desiccator for at least 2 h. The

lipid films were hydrated in 0.4–0.5 mM LPS (LPS-smooth, LPS-Ra, LPS-

Rc, or LPS-Rd) water solutions at 55�C for 20 min with continuous vortex-

ing (Eppendorf Thermomixer Comfort R, Eppendorf–Netheler-Himz

GmbH, Hamburg, Germany). The samples were further sonicated in

a bath sonicator (Branson 1510; Branson Ultrasonic, Danbury, CT) at

55�C for 20 min, frozen in liquid nitrogen, and lyophilized for 5 h. The

dried samples were resuspended in 150 mM NaCl to a final phospholipid

concentrations of 2 mM, vortexed, and further sonicated in a bath sonicator

(Branson 1510) at 55�C for 20 min. The LPS-containing liposomes were

separated from nonincorporated LPS (both aggregates and monomers) by

size exclusion chromatography (Sephacryl S-400, Promega, Glostrup,

Denmark). We evaluated the separation of LPS-containing liposomes

from LPS monomers and aggregates by using controls with fluorescently

labeled liposomes and LPS (i.e., the liposomal fraction was detected in

the column void volume and LPS was eluted later; see Fig. S1). We then

obtained the liposomal fraction for further analysis and used it to prepare

GUVs. The total phospholipid concentration and LPS concentration in

these samples were determined by means of an inorganic phosphate assay

(20) and a Kdo assay (21), respectively. Oligolamellar vesicles containing

lipid A were prepared by mixing E. coli polar lipid extract with lipid A

in chloroform/methanol 2:1 (vol), followed by removal of the organic

solvent, hydration with 10 mM phosphate buffer (150 mM NaCl,

pH 7.4), and sonication at 55�C as indicated above.
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Preparation of GUVs

GUVs were prepared from LPS-containing liposomes according to a recently

reportedprotocol (22).Briefly, 0.1mMsolutionofLPS-containingoligolamel-

lar vesiclesweredepositedon thePt electrodes (1ml per electrode)of a custom-

built electroformation chamber (23) and dried under vacuum for 10 min. This

procedure was repeated three to four times before electroformation was per-

formed. After final deposition of the oligolamellar vesicles on the Pt wires,

500 mL of 10 mM phosphate buffer (150 mM NaCl, pH 7.4) was added to

the electroformation chamber and an alternate electric field was applied (Dig-

imessFg100, Fürth,Germany) in three steps: 1), freq. 500Hz, amp. 35V/mfor

5 min; 2), freq. 500 Hz, amp. 313 V/m for 20 min; and 3), freq. 500 Hz, amp.

870 V/m for 90 min. Electroformation was performed at 55�C. The GUVs

were directly visualized in the GUV electroformation chamber (23). For the

microscopy experiments, ~25 vesicles per sample were analyzed.

Laurdan GP function and two-photon excitation Laurdan
GP measurements

The Laurdan GP function is sensitive to membrane lateral packing (24–28).

The spatially resolved GP information obtained from two-photon excitation

microscopy allows one to infer the local membrane phase state at the level

of single vesicles under equilibrium conditions (27). Information regarding

the definition of the GP function and technical aspects of the two-photon

excitation microscope experimental setup (including data analysis) is given

in section 2 of the Supporting Material.

Fluorescence correlation spectroscopy of Alexa Fluor
488-labeled LPS

Fluorescence correlation spectroscopy (FCS) was performed on a custom-

built, two-photon excitation fluorescence microscope as previously

described (28). We obtained measurements using the SimFCS software

package and globally fitted the fluorescence fluctuation data using the

Globals for Spectroscopy software package (both software packages devel-

oped at the Laboratory for Fluorescence Dynamics, University of Califor-

nia, Irvine, CA (29)). For details regarding the FCS experiments, see

section 3 in the Supporting Material.
RESULTS

Our preparation procedure for GUVs containing LPS
rendered a good yield of GUVs with an average diameter
of 20 mm. The most laborious part of this protocol was the
optimization of LPS incorporation into oligolamellar
vesicles and further purification of these vesicles from the
remaining LPS monomers and self-aggregates. Of impor-
tance, we observed that for values above 30 mol % of
LPS with respect to total lipids in the initial LPS/E. coli
lipids mixtures, the formation of GUVs from the purified
lipid dispersions was completely impaired. Therefore, we
decided to characterize samples containing an initial LPS
concentration below 30 mol % with respect to total lipid.

Quantification of LPS concentration in oligolamellar
vesicles containing LPS showed that not all of the LPS
was incorporated into the oligolamellar vesicles, in
agreement with previous observations (5). In Fig. 2, the final
concentration of LPS incorporated into the oligolamellar
vesicles is compared with the initial concentration of LPS
used to prepare the different LPS/E. coli lipids mixtures.
The results show that concentrations of no more than
15 mol % for LPS-smooth and LPS-Ra, and up to



FIGURE 2 Summary of the LPS incorporation procedure for four studied

LPS strains. The x axis represents the starting LPS concentration as a frac-

tion of the total amount of lipids in the sample. The y axis shows the concen-

tration of LPS in the oligolamellar vesicles as a fraction of the total amount

of lipids in the samples after completion of the purification procedure. The

solid black line indicates an ideal 100% incorporation efficiency. These

vesicles were used to form GUVs. The efficiency of LPS incorporation

increases as the length of the polysaccharide decreases. Error bars are

standard deviations.
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25 mol % for LPS-Rc and LPS-Rd (with respect to total E.
coli lipids), are present in the oligolamellar vesicles.

To ascertain whether the incorporation of LPS in the
GUVs was the same as that in the oligolamellar vesicles,
we performed LPS incorporation using fluorescently labeled
LPS-FITC (corresponding to LPS-smooth) in membranes
composed of E. coli lipids labeled with rhodamine-DHPE.
We chose to use an LPS-smooth analog because this
lipid (together with LPS-Ra) shows a lower incorporation
efficiency in the host membrane (see Fig. 2). The rhoda-
mine-DHPE/LPS-FITC fluorescence emission intensity
ratio obtained in oligolamellar vesicle solution was compa-
rable with that obtained in single GUVexperiments (0.675
0.02 and 0.72 5 0.09, respectively), showing that the lipid
composition in both model membranes is very similar. This
result is in agreement with previous findings for GUVs
composed of binary and ternary lipid mixtures, in which
the lipid composition before and after GUVs electroforma-
tion was invariable (30,31). Another indication of LPS
incorporation in the host membrane is shown in Fig. S2
(fluorescence images obtained with LPS-Alexa 488). To
further validate our protocol, we explored other lipid
compositions (at physiological conditions in the presence
and absence of divalent cations, e.g., Caþ2 up to 2 mM)
such as PE/PG-containing mixtures or single PC species
such as POPC. In all cases, the formation of GUVs was
successfully achieved at LPS concentrations similar to those
observed for E. coli lipids (data not shown).
After we quantitatively determined LPS incorporation in
the host E. coli lipid bilayer membranes, we explored the
impact of the different LPS species on the lateral structure
of these membranes using GUV/fluorescence microscopy-
related techniques.Our results canbe divided into twogroups:
1), GUVs containing either LPS-smooth or LPS-Ra; and 2),
GUVs containing LPS-Rc or LPS-Rd (as well as lipid A).
GUVs composed of E. coli lipid mixtures
containing LPS-smooth and LPS-Ra

GUVs containing LPS-smooth or LPS-Ra show a homoge-
neous distribution of Laurdan or rhodamine-DHPE probes
at all of the LPS concentrations explored (up to
~15 mol %; Fig. 3, A and B). However, further analysis of
the Laurdan emission signals using the Laurdan GP function
(in both GUVs and oligolamellar vesicles) shows an
increase in the GP function values as the concentration of
LPS in the GUVs is increased (Fig. 4, A and B), in similarity
to what was observed for GUVs containing LPS-Rc and
LPS-Rd below 10 mol % (see below). To more closely eval-
uate this phenomenon, we performed FCS measurements
using fluorescently labeled LPS. These experiments eval-
uate the diffusion coefficient (D) of fluorescently labeled
LPS on the membranes as a function of LPS concentration.
The diffusion coefficient shows a ~5-fold decrease when
the LPS (LPS-smooth or LPS-Ra) concentration reaches
the maximum attainable in our model systems (~15 mol %
with respect to total lipids; Fig. 5). The behavior observed
in thesemixtures for the FCS and LaurdanGP data is attribut-
able to the formation of LPS lipid clusters with sizes below
the resolution of our microscope images.
GUVs composed of E. coli lipid mixtures
containing LPS-Rc and LPS-Rd

Compared with the results obtained in LPS-smooth (or LPS-
Ra), we observed a different LPS concentration-dependent
effect on the lateral structure of the LPS-Rc- and LPS-Rd-
containing GUVs. Using rhodamine-DHPE (or Laurdan)
as fluorescent markers, we observed the coexistence of
distinct elongated micrometer-sized lipid domains only for
LPS concentrations above 10 mol % (Fig. 3, C and D).
Below a concentration of 10 mol % LPS, a homogeneous
distribution of the probes was detected in our fluorescence
images (data not shown).

The micrometer-sized lipid domains observed for LPS-
Rc and LPS-Rd above 10 mol % very much resemble those
shown in Fig. 3 E for lipid A (lacking the inner and outer
core sugars; see Fig. 1). However, the presence of domain
coexistence in GUVs containing lipid A is observed at lower
lipid A molar fractions (i.e., 5 mol %). Analysis of Laurdan
images using the Laurdan GP function provided additional
information about the local packing of these distinct
membrane regions. By taking into account the measured
Biophysical Journal 100(4) 978–986



FIGURE 3 Representative images of GUVs (false color representation) composed of E. coli polar lipid extract and LPSs: (A) LPS-smooth, (B) LPS-Ra, (C)

LPS-Rc (above 10 mol %), (D) LPS-Rd (above 10 mol %), and (E) lipid A (above 5 mol %). The upper row shows fluorescence images (false color repre-

sentation) of GUVs labeled with rhodamine-DHPE. The bottom row displays Laurdan GP images of the GUVs. For LPS-smooth (A) and LPS-Ra (B), no

visible phase separation can be seen in the GUVs at any of the explored concentrations (up to 15 mol %). For deep rough LPS strains (Rc (C) and Rd (D)), the

coexistence of domains of high GP values (close to 0.6 indicating presence of a gel-like structure) is observed above 10 mol %. Scale bars are 10 mm.
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GPvalue for these elongated domains (~0.55; see Fig. 4,C–E)
and the GP of the surroundings (slightly below 0.2), we
conclude that this scenario corresponds to a gel/liquid-disor-
dered-like phase coexistence, where the elongated gel-like
domains are enriched in LPS (or lipid A). This conclusion is
supported by a comparison of the GP differences between
the coexisting domains in our LPS-containing samples with
those previously reported for phospholipid samples display-
ing gel/liquid-disordered phase coexistence (GP values for
gel andfluid phases, i.e.,>0.5 and<0.2, respectively) (32,33).

Although micrometer-sized domains are not observed
below 10 mol % of LPS-Rc and LPS-Rd, the GP values
measured in the GUVs increase to some extent relative to
the GP measured in absence of LPS (Fig. 4, C and D).
This behavior is also observed in the oligolamellar vesicles
used to prepare the GUVs. These observations indicate an
overall increase in membrane packing in the presence of
these two LPSs before the occurrence of micrometer-sized
lipid domains. In similarity to the results obtained for
LPS-smooth or LPS-Ra, this observation can be explained
by assuming LPS clustering in the membranes below the
resolution of our microscope. Notice that this effect is not
observed for GUVs containing lipid A, where the GP values
for the fluid and gel-like phases are constant and indepen-
dent of the lipid A concentration in the mixture (Fig. 4 E).
DISCUSSION

In this work, we successfully extended the formation of
GUVs under physiological conditions (22) (with somemodi-
fications; see Materials and Methods) to different composi-
tionally complex LPS/E. coli polar lipid mixtures. This new
(to our knowledge) protocol offers an interesting alternative
Biophysical Journal 100(4) 978–986
for these lipid mixtures because it enables the preparation
of appropriate freestanding bilayer model systems (i.e.,
GUVs) and thus paves the way for new studies using fluores-
cence microscopy-related techniques. Additionally, we care-
fully characterized our model system to obtain quantitative
information on the amount of LPS incorporated into the
model bilayer membrane (E. coli lipid extract in this case).
The LPS molar fraction in the final model membrane is an
important parameter not only in terms of this study but also
because it has been reported that incorporation of LPS into
bilayers models is generally not straightforward (5). A major
consequence of this problem is that the LPS concentration in
the GUVmembrane can be overestimated, particularly if the
initial concentration of LPS is assumed to be unchanged
during the whole formation process. In fact, for all LPSs
explored in our work, we found lower LPS concentrations
in the final membrane preparations with respect to that antic-
ipated from the initial E. coli lipid/LPS mixtures. This obser-
vation is in line with previous findings by Dijkstra et al. (5),
who reported a similar situation for the incorporation of
Salmonella minnesota wild-type LPS in PS/PC/cholesterol
mixtures. By systematically exploring the incorporation of
different LPSs at different concentrations, we were able to
attain concentrations of no more than 15 mol % for LPS-
smooth and LPS-Ra, and up to 25 mol % for LPS-Rc and
LPS-Rd (with respect to total lipids) in our bilayer systems.
These concentration ranges are broader than those observed
in particular LPSs in previous studies on small unilamellar
or multilamellar vesicles, which reported a maximum incor-
poration of ~2 mol % (5,6).

The efficiency of LPS incorporation is also relevant in the
context of GUVelectroformation. We noticed that when we
used initial concentrations above 30 mol % of LPS with



FIGURE 5 FCS experiments performed in GUVs containing LPS-

smooth and LPS-Ra, respectively, doped with fluorescently labeled Alexa

488 LPS-smooth (0.001 mol % with respect to total lipids). The figure

shows the corresponding LPS diffusion coefficient measured in GUVs

(each point is an average of 15–20 separate vesicles; error bars are standard

deviations). No microscopic phase separation was seen in these samples

with either Laurdan GP or rhodamine-DHPE.

FIGURE 4 Laurdan GP values of LPSs containing membranes as a func-

tion of LPS concentration: (A) LPS-smooth, (B) LPS-Ra, (C) LPS-Rc, (D)

LPS-Rd, and (E) lipid A. (B and C) Laurdan GP values calculated from

GUVs. Double points at high LPS concentration for C–E represent visible

phase separation GUVs. These Laurdan GP values were calculated sepa-

rately for each domain, liquid-like (B) and gel-like (C). Each point repre-

sents an average of 15–25 separate vesicles; error bars are standard

deviations. (D) Laurdan GP values from the oligolamellar vesicles used

to form GUVs (measured in a fluorometer in the concentration range where

domains are not observed in the GUVs).
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respect to total lipids, the electroformation of GUVs was
impaired. This situation may be connected to a decrease
in the tendency to form lamellar structures at higher LPS
concentrations for each particular LPS/E.coli lipid mixture.
In fact, the formation of nonlamellar phases (cubic phases)
was previously reported for high concentrations of a deep
rough LPS mutant in mixtures of DPPE/DPPG (12). In our
mixtures, the potential existence of nonlamellar structures
can also be sustained with the decrease of LPS incorporation
as a function of LPS polar headgroup size (particularly at
high LPS concentrations; see Fig. 1 to compare the different
LPS structures). This tendency can be rationalized by consid-
ering the influence of the critical packing parameter on the
final membrane structure. For example, different supramo-
lecular assemblies, including spherical (normal or inverted
micelles), tubular (normal or inverted HI and HII), and cubic
assemblies, have been observed in samples of pure LPS
above their CMC. The characteristics of these assemblies
largely depend on the molecular geometry of monomeric
LPS and environmental conditions such as hydration,
temperature, and ion content (3,34).
In a previous study, Henning et al. (8) formed GUVs
containing DOPC/DPPC/LPS (LPS-FITC from E. coli
0111:B4; Sigma Chemical) mixtures in a 1:1:1 mol ratio
using an electroformation-based method. They compared
the effect of Triton X-100 on DOPC/DPPC/LPS membrane
and the impact of LPS on the lipid lateral organization with
the DOPC/DPPC/cholesterol 1:1:1 mol mixture (8). From
amethodological standpoint, we notice twomain differences
with our method: 1), in their study the deposition of the lipid
mixture on the Ptwireswasmade directly fromCHCl3 (in our
case, we used a suspension of oligolamellar vesicles contain-
ing a known concentration of LPS); and 2), they performed
the electroformation ofGUVs under nonphysiological condi-
tions (1mMTris buffer, pH 8.0) by applying an alternate field
with a frequency of 10 Hz, whereas we used 500 Hz (23).
Unfortunately, Henning et al. (8) did not report the final
amount of LPS in the DOPC/DPPC/LPS membrane (they
assumed that all of the LPS used in the initial mixture was
incorporated into the GUVS), which hampers a final compar-
ison with our method. In any case, we believe that our
protocol offers an improved way to generate GUVs contain-
ing LPS, for three main reasons: 1), it is difficult (if not
impossible) to achieve proper solubilization of LPS (particu-
larly the more-complex species, i.e., smooth LPS) in CHCl3;
2), our method provides quantitative information about the
incorporation of LPS into the final membrane model; and
3), physiological conditions are attained.
Impact of different LPS on the lateral structure
of E. coli lipid bilayers

The successful preparation of GUVs containing LPS al-
lowed us to evaluate the spatial distribution of particular
fluorescent parameters (e.g., Laurdan GP) at the level of
Biophysical Journal 100(4) 978–986



FIGURE 6 Sketch representing the different LPS-rich domain sizes

observed in our experiments. LPS chemotypes (A: LPS-smooth and LPS-

Ra; B: Rc and Rd2 (deep rough chemotypes of LPS)) are inserted into

the lipid membrane (PE and PG, cardiolipin not shown). (A) The lateral

organization of LPS-smooth (valid also for LPS-Ra) is represented for

a low concentration of this lipid (the LPS domains in the sketch correspond

to a diffusion twofold lower than that of the single LPS and are nanoscopic;

see section 3 of the Supporting Material). (B) Formation of large membrane

platforms (micrometer-sized) for the rough LPS chemotypes above

10 mol % LPS concentration.
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single vesicles. This experimental approach, which is very
useful for studying the lateral structure of membranes of
diverse composition (27), was applied to evaluate the effect
of LPS in GUVs composed of E. coli lipids/LPSs at different
LPS compositions.

The Laurdan GP values measured in E. coli lipid
membranes in the absence of LPS (Figs. 4 and 5) suggest
that under our experimental conditions (i.e., room tempera-
ture, excess of water, and high ionic strength), the observed
lamellar structures display a liquid-disordered phase (La),
in agreement with previous observations for phospholipid
membranes (33). This conclusion is supported by measure-
ments of the diffusion coefficient of fluorescently labeled
LPS at very low concentrations in E. coli lipid membranes
(0.001 mol % with respect to total lipid, D ¼ 5.58 5
0.62mm2 s�1), resembling thosemeasured from various fluo-
rescent probes in phospholipid membranes displaying
a single liquid-disordered phase (35). When LPS concentra-
tion is increased in the membrane, the impact of LPS on the
lateral structure of E. coli lipid membranes is apparent (Figs.
3–5). From our observations, we conclude that LPSs show
a tendency to cluster into gel-like domains in the model
mixtures explored, and that the size of these lipid domains
depends on the chemical structure of the LPSs as well as their
concentration. This conclusion is supported by the presence
of micrometer-sized gel-like domains (for LPS-RC- and
LPS-RD-containing membranes above 10 mol % of LPS),
by the increase in the Laurdan GP values (below 10 mol %
for LPS-Rc and LPS-Rd and up to 15 mol % for LPS-smooth
and LPS-Ra), and by the fivefold decrease in the diffusion
coefficient of fluorescently labeled LPS (up to 15 mol %
for LPS-smooth- and LPS-Ra-containing membranes) under
conditions in which lipid domains are not visible in the
GUVs. To obtain further information about these submicro-
scopic domains, we employed our diffusion data to compute
the domain size (and number of molecules) using the Saff-
man-Delbrückmodel (36). From our calculations (see section
4 of the Supporting Material), we found that that a fivefold
reduction in the diffusion coefficient (in interfaces containing
LPS-smooth or LPS-Ra) implies a clustering of ~10,000 LPS
molecules per leaflet (assuming that the domains span the
bilayer). Taking into account the resolution of ourmicroscope
(~380 nm in the radial direction), we estimate that a clustering
of >1 � 106 LPS molecules per leaflet (assuming that the
molecular area of LPS is ~1.5 nm2 (37)) is needed to directly
observe the domains under the microscope. This result is in
line with our microscopy data. Additionally, using the same
model, we estimate that the diffusion of micrometer-sized
domains is ~2 orders of magnitude lower than that of single
LPS molecules (data not shown). The slow diffusion values
for the LPS micrometer-sized domains are in line with the
diffusion coefficient of lipid domains measured in GUVs
composed of ternary mixtures containing cholesterol (38).

The observed dependence of domain size on the amount
and nature of the LPSs in our experiments (reflected in the
Biophysical Journal 100(4) 978–986
low concentration of lipid A with respect to LPS-Rc and
LPS-Rd observed to form micrometer-sized domains, and
the lack of this phenomenon in LPS-Ra and LPS-smooth
species; see Figs. 1 and 3–5) could be interpreted as an inter-
play among different interactions occurring at the level of
the LPS polar headgroup and those occurring among the
hydrophobic part of LPS molecules. Because in our experi-
ments the different LPS molecules all have the same hydro-
phobic part (i.e., all of our LPSs come from E. coli strains),
it is reasonable to assume that interactions occurring at the
level of the polar headgroup can regulate the dimension of
these gel-like domains. We speculate that a change in the
nature of the LPS polar headgroup can modulate supramo-
lecular interactions through steric effects, electrostatic
repulsions, or eventually changes in lipid miscibility. All
of these effects may compromise the size of LPS-enriched
domains in the plane of the membrane (see Fig. 6). In agree-
ment with our results, LPS clustering was previously
observed upon incorporation of LPS isolated from group
B Neisseria meningitidis strain B125 in mixtures of egg
PC/cholesterol at low LPS concentrations (39). Taking
into account the aforementioned results, we can hypothesize
that the clustering ability of LPS at low concentrations
would also be observed in compositional environments
that are representative of both mammalian and bacterial
membranes. Because our protocol for LPS incorporation
has been successfully extended to other lipid compositions
(e.g., POPC) at LPS concentration ranges similar to those
presented here, we believe that these model systems would
be useful for testing this hypothesis.
Are LPS-enriched gel-like domains relevant
in bacterial membranes?

Vanounou et al. (40) studied the phase behavior of intact bacte-
rial cell membranes using the fluorescent probes Laurdan and
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DPH in regular cuvette GP and anisotropy fluorescence spec-
troscopyexperiments.They interpreted their results in termsof
the existence of two phases of different polarity and packing
related to lipid-rich and protein-rich membranes, which is
consistent with the presence of outer and inner membranes
but is not related to gel-like enriched LPS domains. These
observations are in contrast to our results,whichwere obtained
with a similar approach (Laurdan GP function) and show
LPS-enriched gel-like domains in model membranes.

Conclusions drawn from Laurdan GP experiments in
cuvettes without further exploration of spatially resolved
information (available from fluorescence microscopy exper-
iments) can lead to a misinterpretation of the data. In other
words, the presence of gel phase-like domains cannot be
ruled out. As reported by Fidorra et al. (41), Laurdan GP
experiments in cuvettes (where solutions of liposomes are
used) using ceramide/POPC mixtures suggested the absence
of gel/liquid-disordered phase coexistence, a situation that is
in contrast to the data obtained from the same mixture using
Laurdan GP imaging microscopy (since the membrane
domains can be spatially resolved). As discussed in Fidorra
et al. (41), because of the additive property of the GP func-
tion, the detection of solid-ordered (gel)/liquid-disordered
phase coexistence by Laurdan GP measurements in cuvettes
requires a particular quantity of gel-like phase areas in the
membrane. This situation cannot be achieved with
ceramide-containing mixtures because a maximum of
~25 mol % of this lipid can be incorporated into the system,
which is comparable to the maximum amount of LPS incor-
porated into our model mixtures.

In line with our results, the possible existence of gel-like
LPS-enriched domains in bacterial membranes has been
addressed in previous publications; however, this remains
a matter of debate (see Nikaido (14) and references therein).
Nevertheless, there are some interesting arguments to support
this hypothesis. For example, the lack of sterols in bacterial
membranes (42) rules out the potential existence of liquid-
ordered-like domains (to our knowledge, there are not any
molecular species reported to exist in bacterial membranes
that can generate liquid-ordered phase in model membranes),
and instead favors the existence of gel-like domains promoted
particularly by lipidswith a high phase transition temperature,
such as LPSs. The existence of this type of membrane organi-
zation (gel-like) in bacterial membranes would raise inter-
esting questions about its function, especially as related to
the barrier properties of the bacterial outer membrane (14).
It has been proposed that a gel-like phase organization exists
in skin stratum corneum membranes (43), which would be
relevant for the barrier function of this tissue.
CONCLUSIONS

We have introduced a new (to our knowledge) protocol to
incorporate LPS into GUVs composed of E. coli lipids.
This method allows the incorporation of no more than
15 mol % for LPS-smooth and LPS-Ra, and up to 25 mol %
for LPS-Rc and LPS-Rd (with respect to total lipids). By
exploring the lateral structure of these membranes, we found
that LPSs tend to form gel-like lipid domains with sizes de-
pending on the chemical structure and concentration of the
LPSs. This phenomenonmay be relevant for the organization
and modulation of the outer membrane of Gram-negative
bacteria, and raises a question as towhether similar processes
might be connected to LPS partition in biological membranes
uponbacterial infection.We expect that themodels developed
here (GUVs) will be also useful for microscopically charac-
terizing the interactions of particular host molecules and anti-
microbial drugswithLPSs (experiments in progress). There is
a continuous call for new drug candidates that can target both
new and well-known microbial molecules. Such an approach
would be particularly relevant for multiresistant Gram-nega-
tive bacteria (e.g., methicillin-resistant Staphylococcus
aureus), which are becoming an increasing problem in hospi-
tals worldwide.
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