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ABSTRACT The cell membrane comprises numerous protein and lipid molecules capable of asymmetric organization between
leaflets and liquid-liquid phase separation. We use single supported lipid bilayers (SLBs) to model cell membranes, and study how
cholesterol and asymmetrically oriented ganglioside receptor Gy4 affect membrane structure using synchrotron x-ray reflectivity.
Using mixtures of cholesterol, sphingomyelin, and 1,2-dioleoyl-sn-glycero-3-phosphocholine, we characterize the structure of
liquid-ordered and liquid-disordered SLBs in terms of acyl-chain density, headgroup size, and leaflet thickness. SLBs modeling
the liquid-ordered phase are 10 A thicker and have a higher acyl-chain electron density ({pchain) = 0.33 € ~/A%) compared to SLBs
modeling the liquid-disordered phase, or pure phosphatidylcholine SLBs ({pchain) = 0.28 € /A3) Incorporating Gy into the distal
bilayer leaflet results in membrane asymmetry and thickening of the leaflet of 4—9 A. The structural effect of Gim1 is more complexin
SLBs of cholesterol/sphingomyelin/1,2-dioleoyl-sn-glycero-3-phosphocholine, where the distal chains show a high electron
density ({pchainy = 0.33 € /A3) and the lipid diffusion constant is reduced by ~50%, as measured by fluorescence microscopy.
These results give quantitative information about the leaflet asymmetry and electron density changes induced by receptor

molecules that penetrate a single lipid bilayer.

INTRODUCTION

Cell membranes are highly heterogeneous structures with
numerous lipid and protein species. This heterogeneity is
reflected in asymmetric lipid compositions in the inner and
outer leaflets of the plasma membrane. Within mammalian
membrane leaflets, the degree of saturation and the length of
the lipid acyl chains vary among molecules and can locally
affect the membrane thickness and induce lateral heteroge-
neity (1). The major constituents of the outer membrane
leaflet of mammalian cells (phospholipids, sphingomyelin,
and cholesterol) are capable of phase separation due to at-
tractive interactions between cholesterol and sphingomyelin
(2-4). Cholesterol preferentially localizes to the vicinity of
sphingomyelin due to hydrogen-bonding between the hy-
droxyl group of the sphingosine backbone and the polar
moiety of the sterol (5,6). The relatively rigid structure of
cholesterol and its ability to fit into the interstitial space be-
tween the saturated acyl chains of sphingomyelin tighten
lipid packing and result in a cholesterol-enriched liquid-
ordered phase (L,) (6), in coexistence with a cholesterol-
depleted liquid-disordered phase (L4) containing mainly
unsaturated phospholipids. L, domains, commonly referred
to as lipid rafts (2), are thought to play a role in membrane
organization by concentrating different receptor molecules
into certain lipid environments (7).
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The monosialoganglioside Gy is the receptor for cholera
toxin entering the cell through the endocytic pathway and has
been shown to localize to raft domains in the outer membrane
leaflet (8). The asymmetric localization of receptors within L,
or Ly phases is governed by intermolecular interactions
within the membrane. For most natural gangliosides (human,
bovine), the high level of saturation of the ceramide moiety
may determine the preference of Gy,; to partition into the L,
phase, although specific interactions of its large oligosaccharide
headgroup with nearby sphingomyelin and phosphocholine
headgroups may also play arole (7). The leaflet asymmetry of
Gy may also induce an asymmetric distribution of choles-
terol, whose exact transbilayer distribution is not known (6).

The complex structure of cell membranes often inhibits
discrete experimental studies of lipid-lipid interactions.
Successful efforts to systematically study intermolecular in-
teractions have been made using simplified biomimetic
membranes, which can be engineered with multiple compo-
nents and lipid asymmetry among the leaflets, mimicking the
structure and function of cell membranes. A special class of
biomimetic membranes are solid supported lipid bilayers
(SLBs), which have proven particularly useful for the ap-
plication of surface sensitive techniques, such as atomic force
microscopy (AFM) (9), x-ray and neutron diffraction (10—
13), and methods based on fluorescence microscopy (14,15).

Measuring the height profiles of SLBs with AFM has
provided information about lipid bilayer structure and the
dimensions of Gy in the membrane. AFM experiments in-
dicate that L, domains are condensed and have a lipid
packing distinct from L4 domains; a relative increase in the
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height of the L, phase of 8 A with respect to the surrounding
L4 phase has been reported (16). In SLBs containing model
Ly/L4y domains and in addition symmetrically distributed
Gmi, a height difference of 20 A between Gyy-enriched
L,-domains and the surrounding bilayer has been found (17).
These AFM studies, however, do not permit conclusions
about the absolute thicknesses and densities of the SLBs, and
the effect of GM1 on the internal structure of lipid mem-
branes remains unclear.

A method of determining whether membrane receptors
prefer condensed lipid environments is to use fluorescence
microscopy to assess the partitioning behavior of their la-
beled conjugates into microscopic L./L4 phases (14,18,19) or
through detection of changes in the emission spectra of the
dye depending on its localization in either the L, or L4 phase
(15,20). In such experiments, however, it is not easily pos-
sible to distinguish whether the fluorescence intensity of
the labeled conjugate was emitted from the inner or outer
membrane leaflet.

Another common technique to indirectly study the struc-
tural properties of lipid bilayers is to assess the lateral motion
of the dye molecules in a SLB using fluorescence recovery
after photobleaching (FRAP) (21), continuous bleaching
(22), or fluorescence correlation spectroscopy (FCS) (16).
With these measurements, lipid diffusion in the bilayer is
quantified, providing information about the fluidity of the
lipids. Recent FCS studies in model lipid raft SLBs on mica
show that lipid diffusion is more than tenfold slower in L,
domains compared to Ly domains (16), suggesting that lipid
rafts are condensed entities (3). Membrane receptors have
also been shown to influence lipid mobility: FRAP studies on
SLBs with Gy;; symmetrically distributed among the leaflets
demonstrate that Gy, decreases the mobility of surrounding
lipids (23), particularly if the surrounding lipids are near a gel
phase transition (24). Possible mechanisms of lipid fluidity
moderation by Gy are lateral condensation of lipid mole-
cules (25) or local lipid immobilization due to a disruption
of lipid headgroup packing, as reported for lipid monolayer
systems (26). To characterize the packing of cholesterol
and receptor molecules in the bilayer, and to assess leaflet
asymmetry, molecular-level structural methods on single
lipid bilayers are necessary.

Such a direct method to examine lipid bilayer structure is
x-ray surface diffraction; in principle, the high sensitivity of
x rays to the electron density distribution within SLBs should
allow the electron densities and thicknesses of the individual
lipid bilayer leaflets to be determined. X-ray reflectivity at
solid-liquid interfaces has been used to study the structure of
SLBs with subnanometer resolution (10,12,27) and there has
been progress toward understanding heterogeneous lipid
mixtures using this technique (11). The structural differences
between gel and fluid lipid bilayers have been characterized
in terms of electron density and leaflet thickness. However,
an important question remains how L, bilayers containing
cholesterol are structurally distinct from fluid Ly bilayers.
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In this work, we directly measure how ovine Gy, impacts
the structure of model lipid bilayers. We characterize single
SLBs at the solid-liquid interface with x-ray reflectivity using
a microfluidic sample chamber described in previous work
(12,27,28). First, a one-component SLB in the fluid phase is
characterized and lipid packing modifications after asym-
metric insertion of Gy, are analyzed. We also identify the
structural characteristics of SLBs representing either con-
densed L, or fluid L4 bilayers; for this, we estimate the lipid
compositions based on the corresponding pure L, and pure
L4 phases in the phase diagram of giant unilamellar vesicles
of ternary mixtures of cholesterol, sphingomyelin, and 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) (29,30). Fi-
nally, a series of SLBs from ternary lipid mixtures capable of
Lo/Lq phase separation are investigated and the structural
modifications of these SLBs upon asymmetric Gyy; insertion
are analyzed in terms of acyl-chain density and leaflet thick-
ness. These structural x-ray studies are complemented by
fluorescence microscopy and continuous bleaching on the
same samples. We investigate lipid dynamics by measuring
lipid diffusion before and after incorporation of Gyy; into the
bilayers.

MATERIALS AND METHODS
Chemicals

The lipids 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), brain sphingomyelin (bSM),
cholesterol, and the ovine brain ganglioside Gy, are purchased from Avanti
Polar Lipids (Alabaster, AL). Cholera toxin subunit B, labeled with Alexa
Fluor 488 (Alexa488-CTB), and Texas Red labeled 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine, triethylammonium salt (TR-DPPE) are
purchased from Invitrogen (Karlsruhe, Germany). HPLC-grade chloroform,
acetone, isopropanol, and ethanol are obtained from Carl Roth (Karlsruhe,
Germany). Reagent-grade NH,OH, HCI (37%), and H,O, are purchased
from Sigma (St. Louis, MO). NaCl, CaCl,, MgCl,, phosphate-buffered sa-
line, and HEPES are also from Sigma. Buffer I is composed of 10 mM
HEPES, 100 mM NaCl, 2 mM CaCl,, 2 mM MgCl, at pH = 7.4 and buffer IT
is composed of 138 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 2 mM
KH,PO,4 at pH = 7.4 (0.01 M phosphate-buffered saline). Buffers are pre-
pared in deionized (DI) water from Millipore (Billerica, MA).

Substrate treatment

Polished 6” silicon wafers with a 100-nm thermal oxide layer are cut into
small pieces of size 20 X 15 mm? (Crystec, Berlin, Germany). The average
surface roughness of the polished wafers is 3 A, as indicated by the manu-
facturer and verified in our lab using x-ray reflectivity. Before experiments,
the substrates are cleaned by sonication in isopropanol for 10 min followed
by rinsing with DI water. Afterwards, a three-stage chemical cleaning
treatment is applied: first, the substrates are boiled in acetone for 10 min, then
in 1:1:5 H,O,/HCI/H,0 by volume for 15 min at 150°C, then in 1:1:5 H,O,/
NH4OH/H,O for another 15 min at 150°C. After each step, the substrates are
rinsed thoroughly with DI water. The substrates are stored in DI water until
further use.

Sample chamber assembly

Plastic sample chambers (u-Slide I) are purchased from Ibidi (Miinchen,
Germany) and are modified to embed the silicon wafer pieces (27). The clean
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SiO, substrates are affixed to the base of the chamber. The substrates are
dried with a nitrogen stream and immediately glued into the chambers using
two-component epoxy glue that hardens in 5 min (UHU, Biihl, Germany).
After allowing the epoxy glue to dry for 30 min, the chambers with glued-in
substrates are placed under vacuum for 6 h for final hardening. The micro-
fluidic channel inside the sample chamber is then filled with buffer I.

Preparation of large unilamellar vesicles

All lipid mixtures are prepared in HPLC-grade chloroform in clean glass
vials, except for TR-DPPE, which is prepared in a 1:1 mixture by volume of
chloroform and methanol. The chloroform is first evaporated from each vial
in a nitrogen stream followed by 8 h evacuation in a vacuum chamber to
completely remove the solvent. The dry lipid film in the vials is suspended in
buffer I at a final concentration of 1 mg/mL and heated to 50°C for 1 h. The
extrusion method (31) is used to prepare large unilamellar vesicles (LUVs)
for experiments. The lipid suspension is vortexed and then passed 11 times
through a polycarbonate filter with uniform 100 nm pores (Avanti Polar
Lipids). For compositions of cholesterol/DOPC/bSM, lipids are extruded at a
temperature above the lipid phase transition temperature, Ty,, using the lipid
phase diagram of giant unilamellar vesicles (GUVs) for these lipid compo-
sitions as a reference to determine T, (32).

Vesicle fusion via osmotic rupture

The LUVs are used to form SLBs on the freshly prepared substrates in the
sample chambers via vesicle fusion (33): the LUVs are injected into cham-
bers prewetted with buffer I and incubated for 3 h, allowing the LUVs to
adhere on the substrate. The temperature of the LUVs is kept above T,
during incubation. The chamber is then flushed with DI water at room
temperature to assist the rupture of the LUVs due to osmotic stress, forming a
continuous lipid bilayer on the substrate. The surface area coverage is
complete as verified by fluorescence microscopy. After formation of the
continuous supported bilayer, the samples are kept above T, for another 4 h
and then slowly cooled down to room temperature. The samples are flushed
several times with buffer IT before the measurements to remove unruptured
vesicles.

G incorporation into SLBs

Buffer II is added to Gyy; in powder form at a concentration of 1 mg/mL and
the solution is stored at 4°C. Gy, in such aqueous solutions can aggregate
and form micelles (34) and this Gyy; concentration of 640 uM is well above
the critical micelle concentration of 3.32 uM (35). Sample chambers with
SLB-coated substrates are rinsed with buffer II, then filled with 100 wL of the
Gy solution and left to incubate for 4 h. Gy can spontaneously partition
into the outer leaflet of lipid bilayers up to concentrations of 30% (36) due to
its amphiphilic character (37,38) and cone-shaped structure (39).

X-ray reflectivity measurements

The samples are prepared and measured at the undulator beamline IDO1 at
the European Synchrotron Radiation Facility in Grenoble, France. For
x-ray reflectivity, the sample chamber and beamline setup previously
described (27) is used. A schematic is shown in Fig. 1. The x-ray energy is
19.5 keV (A = 0.623 A) and sample chambers are mounted in horizontal
scattering geometry. The incidental beam cross section is 20 X 200 um?
(vertical X horizontal). A small vertical post-sample aperture suppresses
reflectivity from the thin top foil of the sample chamber. Air scattering is
minimized by evacuated beam guides with Kapton windows positioned close
to the sample chamber. The intensity is collected with a Nal detector. All
reflectivity data are measured at room temperature and for each sample at
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FIGURE 1 Schematic of the microfluidic sample chamber used for x-ray
and fluorescence microscopy experiments.

least three different spots on the sample are recorded. Each spot is first
characterized before reflectivity by fluorescence microscopy to verify com-
plete surface coverage, removal of all unruptured vesicles, and homogeneity
across the cross section area of the x-ray beam. Repeated reflectivity mea-
surements on previously illuminated spots are avoided. In most cases, no
variation is observed among the different spots. The oxide layer on top of the
silicon substrate can give an additional contribution to the scattering contrast
in the reflectivity, in particular for high resolution measurements with many
data points. This contribution is suppressed by choosing a well-defined step
width for the recorded data points (see Supplementary Material, Data S1).
The presented reflectivity data are corrected for background, sample illu-
mination (footprint), and normalized to the Fresnel reflectivity (R/Rg), where

2

1—1/1-(4./q.)
Ry = . (1)

L+4/1—(q./9.)"

The momentum transfer normal to the interface is denoted as ¢, and the
momentum transfer at the critical angle of total reflection is ¢.. It should be
noted that x-ray reflectivity laterally averages the electron density within the
illuminated surface area. Thus these measurements do not distinguish
between discrete and laterally segregated microscopic phases. In our exper-
imental configuration, the x-ray beam impinges on the surface with typical
grazing angles between 0.02° and 1.5° and therefore illuminates large surface
areas. In the vicinity of the first characteristic minima of most of our
reflectivity data, the typical illuminated surface area of 2 mm X 0.2 mm
corresponds to an incidence angle of 0.57°. At small angles (¢, < 0.1 A™"),
the illuminated area exceeds the effective sample surface and the reflectivity
signal can contain contributions from the glue/silicon interface at the sample
edges (see Data S1).

X-ray data evaluation
Starting models

Before data analysis, we calculated model density profiles for all samples,
based on previously reported and/or calculated electron densities and
thicknesses for the lipid components (10,11,40—44). The headgroups of the
lipids in this study consist of a glycerol or sphingosine backbone and a
phosphate group with a choline moiety. This chemical structure is modeled
with two slabs to account for a possible asymmetry in the electron density
distribution of the headgroups. The hydrophobic core of a lipid bilayer is
modeled using two slabs for the opposing lipid chains and a slab for the
region where the chains meet. Additional slabs are introduced to account for
the presence of extended headgroups, as is the case in measurements with
G- The calculated slabs are used as the initial model to fit the reflectivity
data using the dynamical theory of Parratt (45).
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Data fitting

Starting from the calculated slab models, the data are fit using least-squares
optimization. The electron densities and thicknesses of the slabs are varied
independently for > minimization, with an interface roughness of 3 A. This
value accounts for the roughness of the substrate. The roughness of a well-
defined, supported lipid bilayer is expected to correlate to this interface
roughness due to the strong physisorption to the substrate. Upper and lower
boundaries for the electron densities are 0.2 and 0.34 ¢ /A for the lipid acyl
chains, and 0.3 and 0.55 e /A for the headgroup regions, based on literature
values. The y’-minimization is done by taking advantage of the full mo-
mentum transfer range of the data. This allows us to fit the data without
imposing further constraints on the model.

Precision of electron density distributions

To judge the accuracy of our modeling, we estimate the intrinsic spatial
resolution as 77/¢gmax ~ 6 A, based on the dynamic range of our reflectivity
data which extends up to gpax = 0.5-0.6 A" (46). Each slab is defined by its
electron density p, thickness d, and roughness o. These parameters are
correlated, and for the n™ slab in a model profile, the specific values p,, d,,,
and o, carry direct physical information only if o, < d,, (47,48). In this case,
the slab can be related to a distinct region in the lipid bilayer. Its electron
density distribution p,(z) is then represented by two error functions, which
smear the corresponding slab p, at both interfaces (z,, z, + d,) with a
Gaussian roughness o,

=gl

«Pn l_enc<2<zn+dn>)} )
2 \/20'

The distance from the substrate along the bilayer normal is denoted as z.

Here, the roughness is uniform, o, = o = 3 A. For o < d,,, the number of

electrons per volume is conserved after smearing the slab. This is verified by

integrating p, (z) along z and by comparing the result with p, - d,. In this

study, we consider a maximum relative error

- / Pu(2)dz/ (pyd)

as the limiting value for each p, (z)-distribution. For all samples in this study,
the slabs representing the lipid acyl-chain regions match the criteria
established by Eq. 3. For slabs with o < d,,, the error becomes & > 10>
and Eq. 2 cannot be applied to model the electron density distribution. For
most samples in this study, this is the case for the lipid headgroup slabs.
While slabs with o < d,, cannot be interpreted physically, the smeared
overall profile is still a physically valid display of the lipid bilayer, and
structural details can be extracted as subsequently described.

6= =107, (3)

Extracting bilayer parameters

We proceed as follows: first, the slabs representing the acyl chains, fulfilling
Eq. 3, are smeared according to Eq. 2. The procedure is exemplified in Fig. 3,
where the electron density distributions of the acyl chains, ., (z) (Without
the region between the leaflets), are depicted as green curves. The smeared
contributions of the acyl chains (P, (2)), and the water and silicon oxide
(Pwater (2), Psi(z)) (black curves), are then subtracted from the smeared
overall electron density profile. We assign the remaining electron density
distribution to the lipid headgroups, py..q(z), and the region where the acyl
chains meet, Pooper (2) (blue curves in Fig. 3 b). The characteristic width of a
headgroup region, byc.q, is derived from the full width at half-maximum of its
Phead (z)-distribution (Fig. 3 a). Then, average electron densities for each
region are determined by
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1
<phead> = 7/ i)head(z) dz. (4)

b head

The physical width of the acyl chains, including the terminal acyl groups in
the center of the bilayer, is calculated separately for each leaflet as

b center
bchain = Uchain + 2t b (5)

where dgpain 1 the thickness of the smeared chain slab and by, is the full
width at half-maximum of the region where the acyl chains meet. The
average electron density for the separate acyl chains is determined by

= ﬁ |:/ pchain<z) dZ + %/ﬁcemer(z) dZ:| . (6)

Using this decomposition, the parameters {ppeaq)s Phead> {Pehainy> A1d Denain
for both the proximal and distal leaflets of the membrane are determined.

<p chain>

Fluorescence microscopy

Fluorescence microscopy is performed on-site at the European Synchrotron
Radiation Facility using a transportable Axiotech Vario microscope from
Carl Zeiss (Oberkochen, Germany), equipped with 10X (NA 0.3) and long
distance 63X (NA 0.75) Plan-Neofluar objectives. The uniform oxide layer
(100 nm) on the silicon substrate inhibits fluorescence quenching of dye
molecules and allows for fluorescence microscopy measurements (49). Im-
ages are captured with an ORCA C4742-95 12NR charge-coupled device
camera and WASABI imaging software from Hamamatsu Photonics
(Tutzing, Germany). Lateral diffusion coefficients of the supported lipid
bilayers are determined using continuous bleaching (22); the experimental
technique and the procedure for data evaluation is described elsewhere in
detail (12,28). For these experiments, a mercury lamp is aligned to ensure
homogeneous illumination of the sample. Continuous bleaching data are
analyzed using MATLAB software from The MathWorks (Natick, MA).

RESULTS AND DISCUSSION

Structural impact of Gy, insertion into single
component SLBs

The simplest model for the cell membrane is a single lipid
bilayer of only one lipid component. A fluid lipid bilayer of
1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine  (SOPC,
melting temperature 6°C) provides a well-defined interface
for characterizing the structural influence of Gy;. The acyl
chains of synthetic SOPC (18:0-18:1, 100%) are structurally
similar to the ceramide distribution of natural ovine Gy
(Avanti Polar Lipids) (acyl-chain abundance: 18:0-18:1,
70%; 20:1-18:0, 25%; and 18:1-20:0, 5%). Thus, the in-
sertion of ovine Gy into an SOPC bilayer should not in-
troduce additional saturated moieties the membrane. Fig. 2 a
shows the reflectivity of a lipid bilayer of 99.5 mol % SOPC
and 0.5 mol % of the fluorescent probe TR-DPPE; the data
curve is characteristic for a single lipid bilayer above a solid
support (10,27). After incubation for 4 h with excess Gy, we
again measure the reflectivity and small but significant
changes in the reflectivity are apparent as seen in the nor-
malized scan presented in Fig. 2 b. The downward shift in the
positions of the minima, from ¢, ~ 0.2 to 0.18 A~! and from
0.34 to 0.3 A~!, qualitatively indicates a thickening of the
bilayer.
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normalized reflectivity (R/Rg)

q,[A7]

FIGURE 2 Normalized reflectivity scans with fits (solid lines) for SOPC
before (@) and after (b) incubation with excess Gyy. Sketches illustrate the
bilayer structure and asymmetric incorporation of Gyy; into the distal leaflet.

The discrepancy between the raw data and the fitted curve at
the lower ¢, limit in Fig. 2 b is due to edge effects: in the limit
oflow g,, the microfluidic chamber is illuminated along the full
width by the x-ray beam and additional scattering from the
glue at the chamber edge can be observed (see Data S1).
The electron density profiles are presented as red curves in
Fig. 3, a and b. The headgroup regions (p..q(z)), the acyl
chains (P (2)), and the region where the proximal and distal
acyl chains meet (P, (z)) are separately indicated. The ex-
tracted structural parameters with errors for bep,inmeag Of =1 A
and for (pepainead) Of =0.01 e /A% are listed in Table 1.

It is well established that water can penetrate into the lipid
headgroups (51), which may complicate an exact definition
of bilayer thickness based on x-ray data. However, we esti-
mate this value from the p,4(z) distribution corresponding
to the distal headgroup, where we define the half-maximum
position at the outermost slope as bilayer thickness, as shown
in Fig. 3. Using this analysis, the SOPC bilayer has an overall
thickness of 48 A and appears highly symmetric. The
thicknesses of the proximal and distal leaflets (headgroups
and acyl chains) are 23 Aand 25 A, respectively, and byeaq 1S
10 A for both headgroups. Upon insertion of Gy, however,
the bilayer structure is significantly thickened (59 A) and
becomes asymmetric (Fig. 3 b). The thickening is marginal in
the proximal leaflet (26 A), whereas the distal leaflet thick-
ness is 33 A. This increase in thickness of the distal leaflet can
be attributed to the headgroup region, where a significant
increase in electron density is observed upon Gy,; insertion.

By comparing the thicknesses of the distal leaflet before
25*1 A) and after (33 = 1 A) Gy insertion, we find that
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FIGURE 3 Electron density profiles (red curves) corresponding to the
data in Fig. 2. (a) The SOPC bilayer appears highly symmetric with a
thickness of 48 A. (b) After incorporation of Gyyy, the bilayer thickness is
increased to 59 A, predominantly due to a thickening of the distal leaflet. The
profiles are decomposed to separately characterize the py.,q(z) electron
density distributions of different bilayer regions, as described in Materials
and Methods. The extracted thicknesses bpeaq and bepain are indicated by
arrows for each leaflet in panel a, and the electron densities P, (z) (green
curves), and Poner(z) (blue curves) are indicated in panel b. The contribu-
tions from the substrate pg;(z) and the water p,,,.,(z) are also shown (black
curves). The fitted slab models are represented as dotted lines.

the Gyy; headgroup protrudes a distance of 8 = 2 A above the
bilayer surface. Protrusion of the Gy, above the bilayer has
been observed previously both with AFM (25) and x-ray
diffraction (44), where it was shown that Gy, extends up to
12 A above the surface of membranes in osmotically
stretched stacked multibilayers. In the latter work, a full ex-
tension of the Gy, headgroup from the bilayer is reported,
based on a comparison of the relative dimensions of Gyy; and
phosphatidylcholine headgroups. Assuming that Gy, head-
groups in their fully extended conformation normal to the
bilayer surface are 12 A in height (44), our protrusion length
of 8 + 2 A corresponds to an average headgroup tilt of 48 +
12° with respect to the bilayer normal.
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TABLE 1 Parameters extracted from analysis of the x-ray reflectivity data
L (+ N (+ —/A3 + + —/A3
beain (£1 A) {Penain) (£0.01 e7/A%) bhead (21 A) (Pread) (£0.01 ¢ /A7) SLB thickness
Proximal Distal Proximal Distal Proximal Distal Proximal Distal (=1 A)

SOPC 13 15 0.28 0.28 10 10 0.42 0.46 48
SOPC/Gyy 16 15 0.28 0.28 10 18 0.42 0.50 59
LD 14 14 0.28 0.28 11 15 0.43 0.44 54
LO 18 18 0.33 0.33 13 15 0.46 0.48 64
20 chol 17 16 0.33 0.33 12 13 0.42 0.43 58
20 chol + Gy, 16 16 0.33 0.33 12 17 0.42 0.43 61
30 chol 13 14 0.30 0.30 12 17 0.45 0.41 56
30 chol + Gy, 15 18 0.31 0.33 11 21 0.48 0.48 65
40 chol 14 14 0.29 0.29 12 16 0.46 0.40 56
40 chol + Gyyy 14 17 0.30 0.33 11 22 0.48 0.49 64

The errors on the chain thickness b, and average chain electron density {p.pqin) are estimated from the change in the corresponding slab parameters (p and
d) necessary to increase the Xz of the fit by 20% or more. These errors are also assumed to apply to the headgroup parameters bpeaq and {ppeaq), since the
precision of the py.,q(z)-distributions is correlated to the precision of the acyl chains.

The similarity of the profiles for SOPC and SOPC/Gy,; in
the proximal leaflet (Fig. 3) shows that Gy, insertion only
negligibly modifies the electron density of the proximal
leaflet. This result suggests that Gy, inserts only into the
distal leaflet of these supported membranes and does not flip
into the bottom leaflet. By repeating our measurement of the
reflectivity of the SOPC/Gy;; membranes after three days, we
verify that Gy, remains in the distal leaflet, as the reflectivity
does not change over this timescale.

The electron density profiles further show that the head-
groups are close to the substrate, and we do not observe the
presence of a lubricating water layer separating the mem-
brane from the substrate within our experimental resolution
of 6 A. Recent x-ray reflectivity experiments on single lipid
bilayers report water layers of 4 A (10) and 4.3 A (11).
However, a water layer of this size is difficult to define,
considering the van der Waals diameter of a single water
molecule of 2.75 A (52), which is also similar to the typical
length of a hydrogen bond. We suggest that there are indi-
vidual water molecules bound to the polar lipid heads;
however, we cannot isolate water molecules from the elec-
tron density of the headgroups.

We further investigate possible structural modifications in
G enriched lipid bilayers upon binding of cholera toxin.
Cholera toxin can bind five Gy receptors with its B subunit
(CTB) and the resulting complex becomes the entry point for
cholera toxin to enter the cell (8). Binding of a fluorescent
conjugate of CTB (Alexa488 dye) to the membrane is evi-
denced by fluorescence microscopy, as the membrane surface
after incubation with CTB shows bright homogeneous fluo-
rescence (see Data S1). We verify with fluorescence mi-
croscopy that there is no nonspecific binding of CTB to
SOPC bilayers lacking Gy, in a control experiment (data not
shown). We find that the reflectivity of a SOPC/Gy,; bilayer
is not significantly changed and does not indicate the pres-
ence of an additional protein layer after incubation with CTB
(Fig. 4). Thus, the formation of a CTB layer above the bilayer
surface cannot be resolved with our reflectivity experiments.
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We also do not detect modification of the lipid bilayer
structure upon CTB binding, in contrast to previous reports of
lipid monolayer systems (26). In general, lipid bilayers are
more stable than monolayers and can resist collapse upon
binding of large molecules to the membrane surface (12).
CTB lacks the large subunit A of cholera toxin and it has a
relatively hollow ring structure which can be easily pene-
trated by water (53-55). Here, we suggest that a water-filled
CTB layer on the membrane does not provide enough elec-
tron density contrast with respect to the excess water above
the membrane.

Characterization of liquid-ordered and
liquid-disordered SLBs

We next characterize the more complex system of lipid bi-
layers with multiple components capable of phase separation.
Mixtures of cholesterol/DOPC/bSM can phase separate into
fluid liquid-disordered (L4) and condensed liquid-ordered
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FIGURE 4 No measurable changes in the reflectivity of SOPC/Gy,; SLBs
before (top) and after (bottom) incubation with CTB. The lines connecting
the data points are drawn for clarity of presentation and do not represent a fit
to the data.
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(L,) phases, modeling lipid rafts in cell membranes (15). This
phase separation is readily observed with fluorescence mi-
croscopy in fluid lipid bilayer vesicles (15,29). We choose
two lipid compositions corresponding to pure Ly and pure L,
phases in the lipid phase diagram established for giant uni-
lamellar vesicles (GUVs) of cholesterol, DOPC, and sphin-
gomyelin (29). We estimate these mixtures based on a tie-line
approximated from the similar GUV phase diagram of 1:1
DOPC/DPPC and 30 mol % cholesterol (30). According to
our estimation, the fluid Ly phase has an approximate com-
position of 15:65:20 (cholesterol/DOPC/bSM) and the L,
phase has an approximate composition of 29:6:65 (choles-
terol/DOPC/bSM).

To elucidate structural differences between the fluid L4 and
the condensed L, phase, we prepare separate SLBs with
compositions of 15:65:19.5:0.5 (referred to as LD) and
29:6:64.5:0.5 (referred to as LO) mol % cholesterol/DOPC/
bSM/TR-DPPE and measure them with reflectivity. The re-
flectivity data are shown in Fig. 5, the corresponding electron
density profiles are plotted in Fig. 6, and the parameters ex-
tracted from fitting the data are summarized in Table 1. The
electron density profile of LD shows similarities to the profile
of a fluid SOPC bilayer (compare Fig. 3 a and Fig. 6 a). The
acyl-chain thickness, bopain, for both leaflets is 14 A and the
electron density {pehainy is 0.28 € /A3, For the LO composi-
tion, the bilayer structure changes significantly. The LO bi-
layer is 10 A thicker than the LD bilayer, as shown in Fig. 6 b.
Our measured height difference is consistent with AFM ex-
periments, where a relative height difference between L, and
Lq phases of 8 A has been measured on SLBs of molar
composition 0.67:1:1 (cholesterol/DOPC/SM) (16). For the
LO bilayer, we measure a higher chain density {pcpainy of 0.33
ef/A3 for both leaflets, as compared to 0.28 ef/A3 for the LD
bilayer. In both cases, the py,q(z)-distribution of the distal
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FIGURE 5 Normalized x-ray reflectivity of SLBs with compositions of
15:65:20 mol % (LD) and 29:6:65 mol % (LO) cholesterol/DOPC/bSM.
Solid lines represent fits to the data.
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FIGURE 6 Electron density profiles of samples (a) LD and (b) LO (solid
lines). The individual contributions to the profile, puyin(Z), Pheaa(2); and
Peenter (2), are plotted as shaded dotted lines. The headgroup electron densities
Phead (z) are additionally marked with an asterisk (*). Sketches represent the
molar compositions of cholesterol (solid), DOPC (dark shaded), and bSM
(light shaded) in the LD and LO bilayers and illustrate the differences in
bilayer condensation and thickness.

headgroups is broadened compared to the p,,q(z)-distribu-
tion of the proximal headgroups, indicating that the mem-
brane surface facing the water is not as uniform as the
opposite surface facing the substrate. The variety of lipid
constituents with different chain length in natural brain
sphingomyelin may additionally contribute to this broaden-
ing of the headgroups.

Combining these results, we can quantitatively describe
the differences between liquid-ordered and liquid-disordered
lipid bilayers in terms of the electron density and thickness of
the acyl chains. Here, both an electron density {pcpain) Of
0.28 + 0.01 e /A? and chain thickness by, Of 14 = 1 A are
characteristic of the LD, fluid-disordered bilayer leaflets,
whereas an electron density {pcnain) of 0.33 * 0.01 e /A% and
chain thickness bpai, 0f 17 = 1 A is representative of the LO,
condensed bilayer leaflets. The structural differences be-
tween these two phases are reflected in the corresponding
sketches of the bilayer structure in Fig. 6, showing the LO
bilayer as thickened with stretched and packed acyl chains as
compared to the LD bilayer.

Model lipid raft SLBs and the asymmetric
insertion of Gy

After separately characterizing LD and LO bilayers, we now
investigate SLBs with an equimolar lipid ratio of DOPC and
bSM and varying amount of cholesterol. Three SLBs of
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cholesterol/DOPC/bSM/TR-DPPE with molar percentages
20:40:39.5:0.5 (referred to as 20 chol), 30:35:34.5:0.5 (30
chol), and 40:30:29.5:0.5 (40 chol) are measured at room
temperature. Within the GUV phase diagram at room tem-
perature, 20 chol is clearly in the L,/L4 coexistence region,
while 30 chol is located at the onset of L,/L4 coexistence, and
40 chol is in the single phase region (32). The reflectivities of
these SLBs are presented in Fig. 7 a and the corresponding
profiles are presented in Fig. 8. Extracted parameters are
listed in Table 1. In mixture 20 chol, we observe a high chain
electron density (penain) of 0.33 ¢ /A® in both leaflets and a
bilayer thickness of 58 A. By contrast, mixtures 30 chol and
40 chol show lower electron densities of the chain regions
(0.30 and 0.29 e /A3, respectively), and both have a thick-
ness of 56 A. Comparing these samples to the LD and LO
reference samples, 20 chol shows strong structural similarity
to the LO bilayer, while the chain densities and bilayer
thicknesses of samples 30 chol and 40 chol are similar to the
fluid LD bilayer. We then use our protocol for asymmetric
Gyp; incorporation into SLBs to assess the structural effect of
G on the samples 20 chol, 30 chol, and 40 chol. After Gy,
insertion, these samples are subsequently referred to as 20
chol + Gy, 30 chol + Gy, and 40 chol + Gyyy. The re-
flectivity data are presented in Fig. 7 b and the electron
density profiles are plotted in Fig. 8. The electron density
profile of 20 chol + Gy shows only minimal changes
compared to 20 chol; namely, a slight increase in bilayer
thickness of 3 A due to a broader distal headgroup. The
electron density profiles of samples 30 chol + Gy, and 40
chol + Gy show a thickening of the SLBs of 9 and 8 A,
respectively, and a strong increase of {ppc.q) in the distal
headgroup region from 0.41 to 0.48 ¢ /A® and from 0.40 to
0.49 e /A?, respectively. Looking only at the acyl-chain re-
gion of the distal leaflet, there is an increase in thickness from
14 to 18 A for 30 chol + Gy and from 14 to 17 A for 40
chol + Gyy;. In this region, there is also an increase in elec-
tron density from 0.30 to 0.33 e~/A3 for 30 chol + Gy and
from 0.29 to 0.33 ¢ /A? for 40 chol + Gyy. The proximal
acyl chains remain relatively unaffected, although the elec-
tron density slightly increases from 0.30 to 0.31 e ~/A? for 30
chol + Gy and from 0.29 to 0.30 e /A for 40 chol + Gy,.

Although we cannot quantify the amount of Gy inserted
into the SLBs, or compare Gy, affinity among different
compositions, our results indicate that all three investigated
lipid mixtures containing cholesterol, DOPC, and bSM un-
dergo structural modifications upon Gy,; insertion. The most
prominent effect of Gy is observed for the 30 chol + Gy
and 40 chol + Gy, samples: the distal leaflets of 30 chol +
Gy and 40 chol + Gy have a structure similar to the leaflets
of the LO bilayer, while the proximal leaflets maintain
structural similarity to the LD bilayer. These results suggest
that Gy, can modify acyl-chain packing in leaflets containing
cholesterol differently than in leaflets lacking cholesterol,
such as SOPC. We do not expect the incorporation of ovine
G to increase the total fraction of saturated acyl chains in

Biophysical Journal 95(2) 657-668

Reich et al.

-
<
S

10°

10"

normalized reflectivity (R/R.)

10°

normalized reflectivity (R/R;)

q,[A"]

FIGURE 7 Normalized reflectivity of cholesterol/DOPC/bSM SLBs with
equimolar composition of DOPC and bSM, before (@) and after (b) Gy
incorporation. Solid lines represent fits to the data.

the mixture. Thus, we attribute our observed increase in acyl
chain density and the shift in structural similarity from LD to
LO to interaction of Gyy; with cholesterol and sphingomyelin.
Gw1 can moderate lipid packing in cholesterol enriched lipid
mixtures (56,57); and there may be an attractive electrostatic
interaction between the sialic acid of Gy and the positively-
charged choline headgroups of DOPC and bSM.

Lipid diffusion and fluorescence microscopy

In addition to x-ray reflectivity, we image the SLBs with
fluorescence microscopy to characterize microscopic features
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FIGURE 8 Electron density profiles of cholesterol/
DOPC/bSM SLBs with equimolar composition of DOPC
and bSM, before and after Gyy; incorporation (solid lines).
The detailed electron density contributions to the profile are
plotted as shaded dotted lines. The headgroup electron
densities are marked with an asterisk (*).

in the membranes and to measure the lateral lipid diffusion in
the bilayers. The compact sample chambers that we use allow
for fluorescence microscopy imaging on the same SLBs
measured with x-ray reflectivity (27). Before incubation with
G, all of the SLBs have homogeneous fluorescence and we
do not observe microscopic phase separation in the samples
20 chol, 30 chol, and 40 chol. An example fluorescence
micrograph of 20 chol is shown in Fig. 9 a. Although this
lipid mixture is known to separate into microscopic L, and Ly
phases at room temperature in GUVs, as visualized by par-
titioning of the dye into the Ly phase (32), our sample shows a
uniform fluorescence. Whereas L,/Lq coexistence in SLBs
with submicron domains are reported by AFM studies on
mica (16,17,58), surfaces with defined topography (59), and
glass slides (60), we do not observe microscopic phases on

0 10 20 30 40 50 60 70
z, distance from substrate [A]

0 10 20 30 40 50 60 70

z, distance from substrate [A]

the SiO, substrates (surface roughness 3 A) that we use for
reflectivity. It is possible that our model lipid raft mixtures
have nanoscopic domains that do not grow to microscopic
dimensions in the vicinity of the solid interfaces (19,58).
However, we do observe microscopic features upon in-
corporation of Gy into the samples 20 chol + Gy, 30 chol +
Gwmi, and 40 chol + Gyy;. Solid spots ~ 3 um in diameter
appear which exclude TR-DPPE that are not present before
Gy incubation. Fig. 9 b shows a micrograph of sample 20
chol + Gyy;. The solid spots are also observed on the samples
30 chol + Gyy; and 40 chol + Gy (see Data S1). In sample
20 chol + Gy, we see shaded spots (~3 wum) on the
membrane surface in coexistence with the dark spots (Fig.
9 b). To elucidate whether the spots are lipid domains or
surface defects, we examine the temperature behavior of the
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FIGURE 9 Fluorescence micrographs of cholesterol/DOPC/bSM SLBs.
(a) Before Gy; addition, sample 20 chol shows uniform fluorescence. (b)
Solid spots appear after 4 h incubation with excess Gy;. Sample 20 chol +
Gy; shows shaded and solid domains at room temperature (25°C). (¢) Upon
increasing the temperature to 40°C, the shaded domains vanish and the solid
domains remain unchanged. (d) Closeup micrographs: The open circle is a
guide to the eye and highlights a pinned shaded domain. The temperature
cycle (25°C — 40°C — 30°C) shows the shaded domains reappearing at
their former positions upon recooling.

SLBs. The dark spots persist upon heating and do not
change in shape or size up to a temperature of 70°C.
Qualitative reference to the GUV phase diagram show that
our lipid mixtures do not exhibit lipid phase coexistence
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at >50°C (32). Thus, the stability of the solid spots,
combined with their strong exclusion of the dye, suggest that
they are membrane defects such as pinned lipid or receptor
aggregates or bare surface areas. Previous experiments
show that membrane rupture and hole formation can be
induced by increasing the tension in the membrane (33);
attractive interactions of Gy, with adjacent lipids could also
promote the local packing of lipids, resulting in the for-
mation of pinholes in the membrane. Interestingly, the
shaded spots in sample 20 chol + Gy disappear upon
heating to 40°C and reappear upon cooling in the same
positions (Fig. 9, ¢ and d). The shaded spots thus may be
lateral lipid domains that exclude the fluorescent dye.
Previous studies have demonstrated that lipid domains in
SLBs lack the reversible phase behavior characteristic of
fluid membranes and the domains can be pinned to the
substrate (19,61). The size of the shaded spots is comparable
to the size of the L, phases recently reported by AFM
measurements on SLBs of molar composition 0.67:1:1
(cholesterol/DOPC/bSM) (16), suggesting that microscopic
L, phases can form in the presence of the silicon oxide
interface upon Gy, insertion. In the same work, two-
focus scanning fluorescence correlation spectroscopy is
used to separately determine the diffusion constants for the
L4 phase (3.5 = 0.3 /.Lmz/S) and for the L, phase (0.1 = 0.02
p,mz/s).

To assess whether Gy modifies the fluidity of the bilayer,
we measure the lateral diffusion coefficients of TR-DPPE in
the samples 20 chol, 30 chol, and 40 chol, before and after
insertion of Gyy; using continuous bleaching. The continuous
bleaching method allows diffusion constants to be measured
with a standard fluorescent microscopy setup and does not
require laser bleaching (22). The diffusion coefficients we
determine with continuous bleaching represent the laterally
averaged lipid diffusion in a circular spot 180-um diameter
and it is therefore not possible to distinguish between sepa-
rate diffusion coefficients in coexisting phases. We measure
diffusion coefficients for samples 20 chol, 30 chol, and 40
chol of (0.45 + 0.03, 0.22 + 0.01, and 0.12 *+ 0.01) um?/s,
respectively. The error is estimated as experimental standard
deviation. Our diffusion data shows the general trend that
diffusion is reduced as the concentration of cholesterol is
increased. After these samples are incubated with excess
Gy, we measure diffusion constants of (0.10 = 0.02, 0.09 =
0.01,and 0.03 = 0.01) ,umz/s for samples 20 chol + Gy, 30
chol + Gy, and 40 chol + Gyyy, respectively. Thus, the
addition of Gy; to the bilayer reduces the lipid fluidity by
>50%.

CONCLUSION

Using x-ray reflectivity, we study the detailed electron den-
sity profiles of a series of single SLBs with few-Angstrém
resolution. The structural differences between fluid LD and
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SOPC bilayers, and liquid-ordered LO bilayers are charac-
terized in terms of leaflet dimensions, acyl and headgroup
electron densities, and bilayer thicknesses. We resolve
asymmetric structural changes across lipid bilayer leaflets
induced by the incorporation of the membrane receptor Gy
into the outer leaflet. SOPC bilayers become asymmetric with
the addition of Gy, and the proximal headgroups become
8 A thicker. The structural changes to the bilayer induced by
Gy are different among the cholesterol/bSM/DOPC bilay-
ers. In samples 30 chol + Gyy; and 40 chol + Gy, Gy both
increases the acyl-chain density of the outer leaflet by 10—
14%, and reduces the lipid diffusion constant by 50%. These
changes shift the structural similarity of the outer lipid leaflets
of these samples from LD to LO. Upon Gy, incorporation,
sample 20 chol + Gy retains a structure similar to the LO
bilayer and the acyl-chain electron densities are unaffected,
but the distal headgroups become 4 A thicker and lipid dif-
fusion is reduced by >50%. The fluorescence micrographs
and diffusion measurements indicate how Gy,; incorporation
generally slows lipid diffusion and induces lateral micro-
scopic domains in the cholesterol/bSM/DOPC bilayers. Our
observations suggest that receptor molecules can induce
complex structural changes to the lipid bilayer that depend
upon lipid composition and fluidity.

In conclusion, x-ray reflectivity in combination with fluo-
rescence microscopy is well suited for characterizing the
structural details of model lipid bilayers, and can aid in un-
derstanding how membrane receptors affect the internal
structure of cell membranes. Further x-ray reflectivity studies
of biologically active molecules that intercalate lipid bilayers,
including proteins and receptors, may elucidate how external
molecules interact with different regions of the lipid bilayer
and control the organization of the membrane.
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