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ABSTRACT Globotriaosylceramide (Gb3), a glycosphingolipid found in the plasma membrane of animal cells, is the endocytic
receptor of the bacterial Shiga toxin. Using x-ray reflectivity (XR) and grazing incidence x-ray diffraction (GIXD), lipid monolayers
containing Gb3 were investigated at the air-water interface. XR probed Gb3 carbohydrate conformation normal to the interface,
whereas GIXD precisely characterized Gb3’s influence on acyl chain in-plane packing and area per molecule (APM). Two
phospholipids, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
(DPPE), were used to study Gb3 packing in different lipid environments. Furthermore, the impact on monolayer structure of
a naturally extracted Gb3mixture was compared to synthetic Gb3 species with uniquely defined acyl chain structures. XR results
showed that lipid environment and Gb3 acyl chain structure impact carbohydrate conformation with greater solvent accessibility
observed for smaller phospholipid headgroups and long Gb3 acyl chains. In general, GIXD showed that Gb3 condensed phos-
pholipid packing resulting in smaller APM than predicted by ideal mixing. Gb3’s capacity to condense APM was larger for DSPC
monolayers and exhibited different dependencies on acyl chain structure depending on the lipid environment. The interplay
between Gb3-induced changes in lipid packing and the lipid environment’s impact on carbohydrate conformation has broad
implications for glycosphingolipid macromolecule recognition and ligand binding.
INTRODUCTION
Glycosphingolipids (GSLs), a class of lipid consisting of a
ceramide linked to a carbohydrate moiety, are cell surface
receptor molecules that play a role in diverse biological pro-
cesses including specific recognition of macromolecules,
intercellular trafficking, cell adhesion, and signal transduc-
tion (1). Primarily located within the outer leaflet of animal
cell membranes, a broad species and concentration distribu-
tion exists across differing cell types. Naturally occurring
species exhibit varied carbohydrate and hydrocarbon motifs
providing a range of different biofunctionality. Specific
recognition of the heterogeneous carbohydrate motif, which
extends perpendicular to the membrane into the extracel-
lular space, provides variable ligand binding affinities and
cellular signaling functions (2). GSLs also exhibit heteroge-
neous fatty acid content resulting in variable self-aggrega-
tion and packing properties for different species in the
membrane (3). Although the majority of phospholipid spe-
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cies have 16 or 18 carbon chains, typical GSL tails have
significantly longer acyl chains. The longer chain length
may serve to promote extension of the carbohydrate into
the extracellular space and to enhance ligand binding (4).
Alternatively, longer acyl chains can interdigitate into the
opposing leaflet providing a potential signal transduction
mechanism (5). In fact, evidence for both conformations de-
pending on either the acyl chain structure or the properties
of the local membrane environment suggests that both bio-
logical functions may be relevant (6). Variable acyl chain
structure also provides the capability for lateral segregation
and partitioning within membrane microdomains. In gen-
eral, GSLs and phospholipids do not phase separate but
self-organize to form a mixture with GSL-enriched clusters
(1). In a cellular context, GSLs are enriched in composition-
ally distinct microdomains known as lipid rafts, which
exhibit tighter molecular packing and serve as platforms
for specific biological function (7,8). Recent work suggest
GSL interactions stabilize raft platforms and impact biolog-
ical function in terms of intracellular trafficking and cyto-
toxicity following bacterial toxin binding (9,10). This
indicates that the construction of raft environments with
defined changes in the local lipid composition may regulate
GSL carbohydrate conformation and function. Globotriao-
sylceramide (Gb3) is a GSL with a carbohydrate structure
consisting of two galactose and one glucose residue and
http://dx.doi.org/10.1016/j.bpj.2014.07.023
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specific binding affinity for Shiga toxin. Like all GSLs, Gb3
exhibits acyl chain heterogeneity with a predominance of
long chain species and the different structures impact ligand
binding affinity. For example, Gb3 possessing long unsatu-
rated acyl chains were found to preferentially bind Shiga
toxin (11). Gb3’s hydrocarbon structure was also found to
influence the formation of tubular invaginations and the
initiation of receptor-mediated endocytosis with long unsat-
urated acyl chain preferentially forming tubular invagina-
tions (12). Furthermore, for related toxin-GSL interactions
between cholera and GM1, cell intoxication was favored
for GSLs with long unsaturated acyl chain structures (13).

In this work, x-ray reflectivity (XR) and grazing incidence
x-ray diffraction (GIXD) were used to investigate mixed
monolayers composed of phospholipids and Gb3 at the air-
water interface. Lipid monolayers provide a versatile mem-
brane model permitting the application of surface-sensitive
scattering techniques as well as external control of surface
pressure (p). Exploiting these advantages, monolayers
composed of 4:1 mixtures of phospholipid and Gb3 were
studied over a range of biologically relevant surface pres-
sures, 20 < p < 40 mN/m. The 4:1 molar ratio ensured
that, on average, each Gb3 was surrounded by phospholipid
neighbors and was used to model the enhanced GSL concen-
trationwithin lipid rafts. Phospholipids with saturated hydro-
carbon chains were selected to mimic the tighter packing
characteristic of rafts and to enable GIXD measurements.
Two structurally distinct phospholipids, 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE), were used to study
Gb3 packing in different lipid environments. These lipids
exhibit chemical differences in both their hydrocarbon and
hydrophilic headgroups allowing multiple contributions to
Gb3 packing inmixedmonolayers to be investigated. Specif-
ically, the role of the phospholipid hydrocarbon chain length
was investigated by comparing Gb3 packing with longer
chain DSPC lipids (18:0) to shorter chain DPPE lipids
(16:0). Additionally, the impact on Gb3 conformation due
to steric interactions between the carbohydrate and either
the phosphoethanolamine (PE) or the larger phosphocholine
(PC) headgroups was compared. Although this lipid choice
facilitated the investigation of varied membrane environ-
ments, the specific impact of each contribution to monolayer
order could not always be unambiguously identified. Finally,
the role of Gb3’s structure was investigated by comparing
mixtures containing Gb3 extracted from porcine red blood
cells (pRBC) to synthetic Gb3 analogs with uniquely defined
acyl chain structures: 22:0, 22:1, 14:0, and lyso Gb3 (see
Fig. 1 B). XR was used to measure the out-of-plane structure
of the monolayers and characterize the extension and confor-
mation of Gb3’s carbohydrate moiety. Using GIXD, the
in-plane packing of the acyl chains and average area per
molecule (APM) of the monolayers were characterized.
Observation of a Gb3-induced APM condensation may
shed light on a mechanism for Gb3 partitioning in membrane
microdomains and a tendency to induce raft formation. Addi-
tionally, perturbations to the lateral ordering may represent
the onset of a tilt textured lipid phase with implications for
the induction receptor-mediated endocytosis.
MATERIALS AND METHODS

Lipid monolayer preparation

DSPC and DPPE were obtained from Avanti Polar Lipids (Alabaster, AL).

Gb3 extracted from pRBC was obtained from Matreya LLC (Pleasant Gap,

PA). Lipids from these sources were used without further purification. Gb3

analogs with variable acyl chain moieties (22:0, 22:1, 14:0, and lyso) were

synthesized from the glycosyl conjugation of peracetylated globotriosyl tri-

chloroacetimidate and 3-Obenzoyloxyazidosphingosine. Detailed descrip-

tion of the synthesis can be found in the Supporting Material. All

synthesized analogs were purified by chromatography before use.

Lipids were dissolved in HPLC grade chloroform or 9:1 chloroform/

methanol and mixed to yield 1 mg/ml monolayer spreading solutions.

The solutions used were pure components or 4:1 mole ratio mixtures of

phospholipid/Gb3. Monolayers were prepared by spreading from solution

onto pH 7.4 buffered water in a Langmuir trough held at 20�C. Buffers
were made from ultrapure water (resistivity R18 MUcm) and PBS Dul-

becco without Ca2þ or Mg2þ (Sigma Aldrich, St. Louis, MO). After solvent

evaporation, monolayers were compressed at a rate of 10–15 cm2/min to

obtain p-area isotherms or to maintain a desired p for Brewster angle

microscopy (Nanofilm EP3) or x-ray scattering measurements.
X-ray scattering measurements

Synchrotron XR and GIXD measurements were performed at the BW1

beamline at HASYLAB (Hamburg, Germany) and at the I-07 beamline at

Diamond Light Source. (Didcot, United Kingdom). For BW1 experiments,

a beryllium monochromater yielded l ¼ 1.30Å x-rays. By tilting the mono-

chromater crystal, the beam was deflected to change the angle of incidence.

In XR experiments, a NaI scintillation point detector was used. In GIXD

experiments, an evanescent wave was generated by an incident beam strik-

ing the water surface at an angle corresponding to qz ¼ 0.85 qc where qc ¼
0.0219 Å�1. Diffracted intensities for GIXD experiments were measured

using a vertically oriented one-dimensional position sensitive detector

(PSD) with an acceptance of 0 < qz < 0.9 Å�1. Soller collimation mounted

in front of the PSD provided a horizontal resolution of Dqxy ¼ 0.0084 Å�1

and the detector was scanned over 2qxy, the angle between the incident and

diffracted beam projected onto the horizontal plane, to yield a qz vs. qxy
intensity distribution. For the I-07 experiments, the energy was set to

12.5 keV yielding a x-ray beam with wavelength l ¼ 0.992 Å. The incident

angle of the x-rays on the water surface was adjusted using a double-crystal

deflection scheme (14). XR measurements were performed using a two-

dimensional (2D) Pilatus 100 K PSD with regions of interest defined

such that reflected and background intensities were collected simulta-

neously. GIXD measurements were performed at an incident angle corre-

sponding to qz ¼ 0.85 qc and qz vs. qxy intensity distributions were

measured with the 2D PSD and slits to define a pinhole focusing geometry.

A temperature-controlled Langmuir trough was mounted on each instru-

ment and used to control p throughout the experiments. The troughs

were contained within helium gas purged enclosures and translated to mini-

mize beam damage. Overall, XR and GIXD data obtained on each instru-

ment were of comparable quality and statistics.
XR

XR measures the ratio of reflected to incident intensity as a function of the

vertical momentum transfer vector qz ¼ 4p sinq/l where q is the incident
Biophysical Journal 107(5) 1146–1155
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angle of the x-rays on the surface and l is the x-ray wavelength (Fig. 1 A,

inset). Intensities were collected over the range 0.01< qz < 0.7 Å�1, back-

ground subtracted, and normalized to unity. Data have been presented

multiplied by qz
4 with error bars representing statistical errors. The reflec-

tivity curve can be analyzed to obtain the in-plane averaged electron density

distribution normal to the interface. To accomplish this, the monolayer was

described as a series of boxes parameterized by their thickness, electron

density, and interfacial roughness, and the Parratt formalism was employed

to calculate the reflected intensity from the model (15). In general, our

approach used the simplest possible model to describe the data. For pure

lipid monolayers, the data were modeled using a box representing hydro-

carbon tails and a second box representing hydrophilic headgroups. For

Gb3 monolayers three boxes were used with two boxes representing the

hydrocarbon tails and a third box representing the polar moieties and car-

bohydrate groups. Three boxes were also used to model mixed monolayers

with one box representing the tails, one for the polar headgroups, and a

third for the carbohydrates. A Levenburg-Marquardt minimization algo-

rithm was used to vary the box model parameters to obtain the solution cor-

responding to the lowest c2 value. Typical reduced c2 values for the fits

presented were <10.
FIGURE 1 (A) p-a isotherms of 4:1 mixed monolayers compared to the

structure of single-component monolayers of DSPC (red solid circles),

DPPE (red open circles), and pRBC Gb3 (green diamonds). The 4:1

DSPC/Gb3 mixture (blue solid squares) shows smaller APM than the

single-component monolayers. The 4:1 DPPE/Gb3 mixture (blue open

squares) approximately matches the DPPE isotherm. Inset shows lipid

monolayers at the air-water interface and the scattering geometry used

for XR and GIXD measurements. (B) Structure of the synthetic Gb3 anal-

ogous used in this study. To see this figure in color, go online.
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GIXD

GIXD probes the lateral ordering and in-plane packing of lipid tails in

the monolayer using an evanescent wave to amplify surface sensitivity

(Fig. 1 A, inset). Diffraction results when the 2D ordering within the film

satisfies the Bragg condition nl ¼ 2dsinq. Diffracted intensities were re-

corded as a function of both qz ¼ 2p sinaf /l where af is the out-of-plane

angle of the diffracted beam and qxy z 4p sin(2qxy /2)l where 2qxy is the

angle between the incident and diffracted beam projected onto the horizon-

tal plane (16). Following background subtraction, the data were integrated

over qz to yield intensity Bragg peak profiles. Pseudo-Voight functions were

used to fit the Bragg peaks. Peak positions correspond to the d-spacings in

the 2D lattice and were used to obtain the unit cell packing parameters asso-

ciated with the lipid chains (17).
RESULTS

Pressure-area isotherms

Surface pressure versus molecular area (p-a) isotherms pro-
vide information about lipid phase behavior and average
APM of monolayers at the air-water interface. Isotherms
were measured for DSPC, DPPE, and Gb3 monolayers as
well as for 4:1 phospholipid/Gb3 mixtures (Fig. 1 A). Three
repeat measurements were performed and variation in the
APM was in the range of 5–10%. Consistent with isotherms
of other GSLmonolayers, the Gb3 isotherm showed changes
to p at APM >80 Å2 (18–20). The long-range interactions
can be attributed to the carbohydrate hydration shell and
following compression the APM converged to 40–50 Å2

consistent with PC lipids (21,22). In contrast, isotherms of
DPPE or DSPC monolayers exhibited a much steeper in-
crease in p resulting in ~8 Å2 larger APM for DSPC due to
molecular tilt arising from the size mismatch between PC
and the acyl chain cross sections (23). Substantial differences
were observed between DSPC and the DSPC/Gb3 isotherms
with the mixture exhibiting a smaller APM. On the other
hand, the p-a isotherm of the DPPE/Gb3 mixture can, for
the most part, be superimposed onto the isotherm of a
single-component DPPE monolayer. p-a isotherms of the
mixtures were not a linear combination of the isotherms of
the components indicating miscibility (24). In both cases,
the isotherms indicated that a gas-condensed phase transition
occurred immediately after liftoff. Furthermore, no lateral
domain formation was observed within the mixtures using
Brewster angle microscopy. Isotherms and Brewster angle
microscopy measurements performed on monolayers con-
taining the Gb3 analogs yielded qualitatively similar results.
XR: Gb3 extracted from porcine RBC

The out-of-plane structure of phospholipid, pRBC Gb3, and
4:1 phospholipid/Gb3 monolayers were characterized at
30 mN/m using XR (Fig. 2). The in-plane averaged electron
density distribution, re�, clearly distinguished the hydrocar-
bon tails, the relatively electron-rich polar headgroups of the
phospholipids, and the Gb3 carbohydrate moieties. From
these re� distributions, the average lipid APM, changes in



FIGURE 2 Out-of-plane structures of 4:1 mixtures compared to single-

component monolayers. (A) XR data and fits multiplied by qz
4 and offset

vertically for clarity. From top to bottom, curves correspond to 30 mN/m

monolayers of DSPC, 4:1 DSPC/Gb3, DPPE, 4:1 DPPE/Gb3, and pRBC

Gb3. (B) Electron density profiles matching the fits in (A) with headgroups

centered at z ¼ 0. The inset depicts the location of lipid tails, headgroups,

and Gb3 carbohydrates. Red lines correspond to re� of the pure lipids, blue

lines to the Gb3 monolayer, and green lines to the mixtures. Profiles for

DSPC are offset vertically by 0.2e�/Å3 for clarity. 4:1 linear combinations

of the pure lipid and pure Gb3 profiles (dashed lines) reproduce the electron

density distribution of the DSPC/Gb3 mixture but not the DPPE/Gb3

mixture. To see this figure in color, go online.
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molecular tilt, and Gb3 carbohydrate conformation can be
estimated. XR measurements at 20 mN/m and 40 mN/m
showed small changes consistent with a decrease in out-
of-plane tilt as p increased (see the Supporting Material).
Complementary in-plane structure on these systems will
be presented in the section on GIXD.
For the DSPCmonolayer, the center of the PC headgroups
corresponds to a re� maximum at z ¼ 0. The re� shoulder to
the left of this maximum corresponds to the hydrocarbon
tails and the distribution plateaus to the right at the re� of
water. The DPPE monolayer exhibited qualitatively similar
features with a higher headgroup re� indicative of tighter
packing. A quantitative estimate of the APM can be obtained
from the thickness and re� of the lipid tail parameters using
the equation APM ¼ ne�/THGre� where THG is the thickness
of the box representing the tails, and ne� is the number of
lipid tail electrons. Here, we define all atoms up to and
including the carbonyls as the headgroup and the remaining
hydrocarbons as the lipid tails. Using this approach, the
average APM was calculated to be 49Å2 for the DSPC
bilayer and 42Å2 for the DPPE bilayer in good agreement
with the literature and GIXD results reported in this work
(25,26). Compared to DPPE and DSPC, the re� distribution
of a pRBC Gb3 monolayer has a broader high re� region
corresponding to both the polar headgroup and the carbohy-
drate. The lower density tail region indicates more disor-
dered packing of the lipid chains. Two boxes were used to
model the Gb3 tails: a higher density region adjacent to
the headgroup composed of both ceramide and acyl chains
and a lower density region representing the portion of the
longer acyl chains extending above the ceramide. Using
the same approach as above, an APM of 49 Å2 was obtained
that is consistent with the isotherm. For the DSPC/Gb3
mixture, the carbohydrate re� is clearly seen extending
~10 Å into the water. Additionally, the lipid tail region is
thicker than the DSPC monolayer suggesting a decreased
out-of-plane tilt. A linear combination of the pure com-
ponent electron density profiles closely reproduced the
modeled re� of the mixture. This indicates no dramatic rear-
rangement of the out-of-plane DSPC structure upon incorpo-
ration of Gb3 and that the carbohydrate conformation in the
mixture resembles that of the pure Gb3 monolayer. How-
ever, these measurements are not sensitive to more subtle
changes in the out-of-plane structure that may be associated
with modest APM condensation. In the case of the DPPE/
Gb3 mixture, the carbohydrate re� is also clearly seen ex-
tending into the water and the lipid tail region is thicker.
Additionally, the PE headgroup re� is diminished due to
either substitution of PE with the less electron-rich polar re-
gion of Gb3 or disordering of the headgroups. The 43 Å2

APM estimated from the XR box model is consistent with
a linear combination of the pure component APM obtained
via the same method. However, a linear combination of the
re� does not reproduce the measured distribution of the
DPPE/Gb3 mixture. Although the carbohydrate re� can be
approximated by the linear combination, there are signifi-
cant differences in the lipid tail and headgroup regions.
This suggests that incorporation of Gb3 into a DPPE mono-
layer results in significant perturbations to its out-of-plane
structure and that the carbohydrate conformation may not
be maintained relative to the pure Gb3 monolayer.
Biophysical Journal 107(5) 1146–1155
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XR: influence of Gb3 tail structure

Fig. 3 A compares the out-of-plane electron density distribu-
tion of 30 mN/m monolayers composed of each of the Gb3
analogs (22:0, 22:1, 14:0, and lyso) to the pRBC Gb3
mixture. Corresponding XR data and fits can be found in
the Supporting Material. Structural differences can be dis-
cerned both in the tail and carbohydrate regions. Centered
at z ¼ 0, the re� maximum corresponds to both the polar
headgroup and carbohydrates of Gb3. This region is signif-
icantly broader (17 Å) for the pRBC Gb3 mixture than for
any of the single-component Gb3 species (11–14 Å) and
may reflect different out-of-plane packing geometries for
the various tail moieties within the mixture. With the excep-
tion of the 22:1 Gb3 monolayer, the maxima have approxi-
mately equal re� suggesting similar average APM. The
reduced 22:1 Gb3 maximum may signify more disordered
packing of the unsaturated chains and a larger average
APM. In general, differences in the thickness of the hydro-
carbon tails correlated to the length of the Gb3 acyl chains.
The unsaturated Gb3 species, with a tail thickness equal to
14:0 Gb3, did not follow this trend also suggesting an
increased APM. Additionally, pRBC and the 22:0 Gb3
had comparable tail thicknesses but difference in the re� dis-
tribution indicated the various tail moieties within the
mixture altered the out-of-plane packing. APM calculations
based on the tail region re� yielded values of 49 Å2, 45 Å2,
51 Å2, 40 Å2, 35 Å2 for the pRBC Gb3, 22:0 Gb3, 22:1 Gb3,
14:0 Gb3, and lyso Gb3, respectively. Measurements of the
Gb3 mixture at 20 and 40 mN/m exhibited small changes
consistent with decreased lipid tilt at higher p.

Structures obtained from 4:1 mixtures of DSPC and the
different Gb3 analogs are shown in Fig. 3 B. The profiles
correspond to monolayers at 30 mN/m with the exception
of 22:1 Gb3 which was measured at 40 mN/m. In all cases,
the carbohydrate region extended 10–15 Å from the center
FIGURE 3 Influence of Gb3 hydrocarbon moieties on the out-of-plane monola

single-component Gb3 monolayers at 30 mN/m: pRBC Gb3 mixture (blue circl

diamonds), and lyso Gb3 (light blue triangles). (B) Electron density profiles of 4

region and a section of the lipid tail region are shown to emphasize the influenc

30 mN/mDSPC bilayer (red line) is shown for comparison. (C) Electron density p

carbohydrate and tail regions. Electron density of a 20 mN/m DPPE bilayer (re
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of the headgroups, whereas the integrated carbohydrate
re� varied depending on Gb3 acyl chain structure. Adjusted
for small changes in APM, the integrated re� correlates to
the carbohydrate volume penetrating into the water. Relative
to the DSPC monolayer, the lipid tail region thickness
increased for all mixtures with the exception of lyso Gb3.
Contributions to this increased thickness can be attributed
to either the longer Gb3 acyl chain length or a decrease in
lipid tilt.

Fig. 3 C compares the out-of-plane structure of 4:1 DPPE/
Gb3 monolayers at 20 mN/m with variable Gb3 acyl chain
structures. As in the case of the DSPC/Gb3 mixtures, the
re� associated with the carbohydrates extended 10–15 Å
into the water. Furthermore, the peak in the re� profile rep-
resenting the PE headgroups is significantly reduced in the
mixtures compared to the DPPE monolayer. The decrease,
which was less pronounced for the pRBC Gb3, can be attrib-
uted to either reduced re� of the Gb3 headgroup relative to
PE or a decreased average APM of the mixture. Variations
due to the Gb3 acyl chain structure were observed in the car-
bohydrate region of the monolayer. The re� associated with
carbohydrates was greater for pRBC Gb3, intermediate for
22:0 Gb3, and significantly less for the other three species.
As mentioned for the case of DSPC, the variability of the
carbohydrate re� results from different solvent accessible
carbohydrate volumes. Small differences in the thickness
of the hydrocarbon region were also observed.
GIXD: Gb3 extracted from porcine RBC

In-plane packing of lipid hydrocarbon chains within phos-
pholipid, pRBC Gb3, and phospholipid/Gb3 monolayers
was investigated using GIXD (Fig. 4). The diffraction
from lipid chains in DSPC monolayers was compared to
diffraction from 4:1 DSPC/Gb3 mixtures as a function
yer structure. (A) Electron density profiles obtained from fitting XR data of

es), 22:0 Gb3 (green squares), 22:1 Gb3 (orange crosses), 14:0 Gb3 (black

:1 DSPC/Gb3 monolayers at 30 mN/m. Magnifications of the carbohydrate

e of the different Gb3 species on monolayer structure. Electron density of a

rofiles of 4:1 DPPE/Gb3monolayers at 20 mN/mwith magnifications of the

d line) is shown for comparison. To see this figure in color, go online.



FIGURE 4 GIXD from 4:1 mixed monolayers compared to single-

component monolayers. Data are presented on an arbitrary intensity scale

and shifted vertically for clarity. Errors are approximated by the size of

the data points and lines are fits to the data using pseudo-Voight functions.

(A) Bragg peak profiles of DSPC monolayers (red circles), 4:1 DSPC/Gb3

monolayers (blue squares), and pRBC Gb3 monolayers (green triangles) at

20, 30, and 40 mN/m. DSPC and DSPC/Gb3 Bragg peaks are normalized to

the high qxy peak intensity and the relative intensity of the Gb3 Bragg peaks

is approximated. The higher qxy positions of DSPC/Gb3 peaks indicate a

smaller APM than in single-component DSPC monolayers. (B) Bragg

peak profiles of DPPE monolayers (red circles), 4:1 DPPE/Gb3 monolayers

(blue squares), and pRBC Gb3 monolayers (green triangles) at 20, 30, and

40 mN/m. At 30 and 40 mN/m, the mixed monolayer Bragg peak shifts

indicate smaller APM. At 20 mN/m, the relative intensity of the three mixed

monolayer peaks is perturbed consistent with the emergence of lipid tilt

texture. To see this figure in color, go online.

TABLE 1 Influence of surface pressure (p) on lipid APMa

p

20 mN/m 30 mN/m 40 mN/m

Porcine Gb3 42.5 Å2 41.5 Å2 41.0 Å2

DSPC 48.6 Å2 47.6 Å2 46.4 Å2

Ideal mixingb 47.4 Å2 46.4 Å2 45.3 Å2

4:1 DSPC/Gb3 46.8 Å2 45.1 Å2 44.0 Å2

Deviationc �1.3% �2.8% �2.9%

Porcine Gb3 42.5 Å2 41.5 Å2 41.0 Å2

DPPE 42.7 Å2 41.8 Å2 40.2 Å2

Ideal mixingb 42.6 Å2 41.7 Å2 40.4 Å2

4:1 DPPE/Gb3 42.6 Å2 41.5 Å2 40.1 Å2

Deviationc 0.0% �0.5% �0.7%

aUncertainty in APM values is 50.1 Å2.
bAPM for ideal mixing was calculated as a 4:1 linear combination of the

single-component APM.
cDeviation is the percent difference between the mixed monolayer APM

and the ideal mixing APM.
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of p. A single Bragg peak was observed for Gb3 monolayers
suggesting hexagonal symmetry and untilted hydrocarbon
chains. The Bragg peak position shifted proportionally to
p consistent with an approximately linear decrease in
APM and tighter lipid packing with increasing p. For the
DSPC and DSPC/Gb3 monolayers, two Bragg peaks are
clearly distinguished indicative of a distorted hexagonal lat-
tice with lipid chains tilted toward their nearest neighbor.
Again, the Bragg peak positions shift to higher qxy indi-
cating smaller APM at higher p. The 4:1 DSPC/Gb3
mixture Bragg peak positions are also consistently shifted
to higher qxy compared to the equivalent p DSPC peaks
demonstrating that incorporation of Gb3 decreased the
average APM.

To obtain unit cell parameters, the Bragg peak position of
Gb3 monolayer diffraction was indexed using a hexagonal
unit and the resulting APM are reported in Table 1. It should
be noted that the value obtained at 30 mN/m from GIXD is
significantly smaller than the 49 Å2 estimated using XR.
Although XR averages the entire monolayer APM, GIXD
only measures the APM from ordered regions. This suggests
that the discrepancy in measured APM originates from the
presence of nanoscale Gb3 clusters in the monolayer. For
DSPC and DSPC/Gb3 monolayers the diffraction was in-
dexed using a distorted hexagonal unit cell with nearest
neighbor tilt to obtain APM (Table 1). The measured APM
of the DSPC/Gb3 mixtures were consistently smaller than
the values predicted by ideal mixing of the pure components.

Fig. 4 B shows Bragg peaks corresponding to DPPE,
pRBC Gb3, and 4:1 DPPE/Gb3 monolayers at 20, 30, and
40 mN/m. At low p, three DPPE diffraction peaks were
observed indicative of an oblique unit cell with tilted hydro-
carbon chains. As the monolayer p increased, the number of
peaks dropped to two at 30 mN/m and to a single degenerate
peak at 40 mN/m. This indicates a structural transition from
tilted molecules arranged in an oblique unit cell to untilted
molecules in a hexagonal unit cell. The diffraction from
DPPE/Gb3 monolayers exhibited a similar transition with
the untilted hexagonal phase emerging at 30 mN/m as
opposed to 40 mN/m. Compared to the peak positions
from DPPE diffraction, a small shift to higher qxy is
observed for the DPPE/Gb3 mixtures suggesting smaller
APM. Furthermore, at 20 mN/m a perturbation to the rela-
tive intensities of the three DPPE/Gb3 diffraction peaks in
violation of the multiplicity rule is observed. Previously,
similar changes in relative GIXD peak intensities have
been associated with in-plane texture of lipid tilt orienta-
tions (27,28).
Biophysical Journal 107(5) 1146–1155
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To obtain unit cell parameters and APM, the Bragg peak
profiles were fit and indexed to the relevant unit cell based
on the number of observed peaks: hexagonal (1 peak), dis-
torted hexagonal (2 peaks), and oblique (3 peaks). The
APM obtained and predictions based on ideal mixing are
shown in Table 1. At 20 mN/m, no condensing effect was
observed and the measured APM of the DPPE/Gb3 mixture
matched the calculation based on ideal mixing. At higher
pressures, the APM of the mixed monolayer indicated a
condensed monolayer structure.
GIXD: influence of Gb3 tail structure

GIXD was also used to investigate the impact of Gb3 acyl
chain structure on the in-plane packing in mixed mono-
layers. The measured APM for each monolayer composition
and the deviation of the mixed monolayer APM from an
ideal mixing prediction is reported in Table 2. Diffraction
was not obtained from monolayers composed of DSPC
and 22:1 Gb3 due to more disordered packing of the lipid
tails. In the case of DSPC mixtures containing either
pRBC Gb3 or 22:0 Gb3, the lipid APM were smaller than
predicted for ideal mixing. At p ¼ 20 mN/m and p ¼
40 mN/m, APM condensation was also observed for
DPPE mixtures containing both saturated Gb3 species
with 14:0 Gb3 exhibiting greater deviation from ideal mix-
ing. For DPPE mixtures containing 22:1 Gb3, no significant
condensation of APMwas observed. However, similar to the
pRBC Gb3 case discussed earlier, change in the relative in-
tensities of the peaks at 20 mN/m, in violation of the multi-
plicity rule, suggests the emergence of lipid tilt texture.
DISCUSSION

Gb3 carbohydrate conformation

An important aspect of molecular order within GSL-con-
taining membranes is the conformation of the carbohydrate
residue. Changes to the carbohydrate orientation, which is
responsible for recognition of extracellular molecules and
specific ligand binding, has been shown to modulate recep-
tor activity (29,30). Additionally, the surrounding phospho-
lipid composition has been shown to modulate ligand
TABLE 2 Influence of Gb3 species on lipid APMa

4:1 mixed monolayers

Gb3 species

Mix 22:0 22:1 14:0 lyso

DSPC 30mN/m 45.1 45.4 – 46.8 47.8

Deviationb �2.8% �2.1% – þ0.9% þ3.0%

DPPE 20mN/m 42.6 42.4 42.6 42.1 43.1

Deviationb 0.0% �0.5% 0.0% �1.2% þ1.2%

DPPE 40mN/m 40.1 40.2 40.5 39.7 40.7

Deviationb �0.7% �0.5% þ0.2% �1.7% þ0.7%

aUnits of lipid APM values are Å2 with uncertainty 50.1 Å2.
bDeviation is the percent difference between the mixed monolayer APM

and the ideal mixing APM.
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binding affinity, suggesting that the membrane environment
impacts carbohydrate conformation (11). Using the re� ob-
tained from XR, we show that Gb3 conformation in mono-
layers depends on both the acyl chain structure and the local
lipid environment.

The Gb3 carbohydrate moiety was roughly estimated to
have an extended length of 15 Å using a Universal Force
Field and an energy minimization routine (31). For the
pRBC Gb3 monolayer, a 17 Å thick carbohydrate region,
close to the estimate for full carbohydrate extension, was
modeled. The slight increase suggests that heterogeneous
acyl chains result in a staggered configuration of molecules.
For Gb3 analogs, the carbohydrate region thickness, a
spatial and temporal averaging of carbohydrate conforma-
tions, falls in the range of 11–14 Å suggesting partial
sampling of bent conformations. The carbohydrate confor-
mation in mixed monolayers was qualitatively similar to
pure Gb3 monolayers. To estimate the solvent accessible
carbohydrate volume, the average volume, V, containing a
single Gb3 carbohydrate is defined as

V ¼ TCarb � 5 APM ¼ xVH2O þ yVGal;

where APM was obtained from GIXD and the thickness of

the carbohydrate layer, TCarb, was obtained from XR. Using
known values for the volume of a water molecule, VH2O

¼
30 Å3, and a galactose molecule, VGal ¼ 183 Å3, a relation-
ship between the number of water molecules, x, and the
number of sugars, y, in the volume was obtained (32). The
measured re� of the carbohydrate region is defined as

re� ¼ xnH2O þ ynGal
V

;

where nGal is the number of electrons in a galactose mole-

cule and nH2O

is the number of electrons in a water molecule.
Using these equations, y, the average number of Gb3’s
sugars, which extend past the lipid headgroups, can be
calculated.

For mixed monolayers of DPPE and pRBC Gb3, 3.0 sugar
molecules contributed to the re� of the carbohydrate region
indicating that the entire carbohydrate moiety is solvent
accessible. On the other hand, an average of 2.3 sugars
contributed to the re� in DSPC/Gb3 mixtures indicating
that a portion of the carbohydrate is buried within the larger
PC headgroup region and may not be solvent accessible.
The observation of carbohydrate shielding in gel phase PC
membranes is consistent with Shiga toxin binding assay re-
sults, which demonstrate that the inclusion of cholesterol in
PC membranes masks the Gb3 receptor and impacts macro-
molecule recognition (33). In both this study and the Shiga
toxin binding assays, more ordered membranes are shown to
have reduced Gb3 carbohydrate accessibility. Although it is
not possible to distinguish the relative role of headgroup or
acyl chain length, these results suggest a mechanism for
local lipid environment to influence solvent accessibility
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of Gb3’s carbohydrate. In a cellular context, compositional
heterogeneity within the plane of the membrane, such as
lipid rafts, may be capable of modulating the structure and
function of Gb3. Interestingly, the outer leaflet of animal
cell membranes, where Gb3 is predominantly localized,
contains a high fraction of lipids with phosphocholine head-
groups. Because the carbohydrates are partially shielded in
this environment, recruitment of Gb3 to specific regions on
the cell surface may provide a mechanism to expose and
activate the Gb3 binding site.

The acyl chain structure of the Gb3 analogs also impacted
carbohydrate conformation in the mixed monolayers. In the
case of DPPE/Gb3 monolayers, the carbohydrate extension
beyond the headgroups was significantly reduced for all the
Gb3 analogs. The greatest exposure, with an average of 1.9
solvent accessible sugar groups, occurred for the 22:0 Gb3
monolayer, whereas fewer than 1.3 sugar groups were
exposed for the remaining Gb3 analogs. Considering that
the naturally extracted Gb3 predominantly contains species
with long acyl chains (91% equal to or >C22), these find-
ings show a correlation between acyl chain length and expo-
sure of the GSL carbohydrate (Fig. 5 A). Such a correlation
may also be expected to occur in bilayer membranes where
interactions between long Gb3 acyl chains and the opposing
lipid leaflet would serve to further extend the carbohydrate
residues.

Similar trends were observed for carbohydrate conforma-
tion in mixtures composed of DSPC and Gb3 analogs.
Compared to 2.3 sugar residues for the natural Gb3 extract,
calculations yielded 1.6 solvent accessible sugars in mono-
layers containing 22:0 Gb3. Less carbohydrate was exposed
in DSPC monolayers containing the shorter chain 14:0 Gb3
(1.4 residues) or the lyso Gb3 analog (1.0 residues). The
largest volume of carbohydrate, 2.5 residues, was exposed
in DSPC monolayers containing the 22:1 Gb3 analog
(calculated using APM of the DSPC/porcine Gb3 mono-
layer due to lack of GIXD for this composition). Although
the 22:1 Gb3 mixture was measured at 40 mN/m, the
increased carbohydrate exposure in the 22:0 Gb3 mixture
is significantly greater than changes resulting from the
increased surface pressure (see the Supporting Material).
In this case, unsaturation in the acyl chain favored carbohy-
drate exposure, an effect not observed in the DPPE mixtures
(Fig. 5 B).

These results show that Gb3 acyl chain structure impacts
carbohydrate conformation with the predominant trend
being greater carbohydrate exposure with longer acyl
chains. Such a correlation is consistent with the enhance-
ment of Shiga toxin binding to longer acyl chain Gb3 spe-
cies (34). In cellular membranes, GSLs typically have
longer hydrocarbon chains than the surrounding phospho-
lipid species and this may serve to optimize the accessibility
of the carbohydrate residues. Concerning acyl chain unsatu-
ration, the impact on carbohydrate conformation varied
between the two matrix lipid environments: in DSPC mono-
layers the carbohydrate was highly exposed and in DPPE
monolayers it was shielded. Although it is not possible to
rule out contributions due to the headgroup moiety, one
explanation involves the position of the unsaturation relative
to the plane of the phospholipid tail methyl groups. In the
22:1 Gb3 molecule, there are 11 methylene units between
the carbonyl and the unsaturation. In comparison, the hydro-
carbon tails of DPPE have 14 and DSPC tails have 16 meth-
ylene units. A vertical displacement of the 22:1 Gb3
molecule by three methylene units would be sufficient to
locate the unsaturation above the plane of the DPPE tail
methyl groups. Such a shift would avoid the energetic pen-
alty associated with disrupted chain packing at the cost of
burying a significant portion of the carbohydrate moiety in
the headgroups. For DSPC, a five methylene shift would
be required to translate the unsaturation above the phospho-
lipid tails. If the energetic penalties associated with the
larger shift outweigh the penalties associated with disrupted
chain packing, such a displacement would not be favorable
and the carbohydrate would be more exposed. This interpre-
tation is consistent with GIXD measurements from mixtures
containing 22:1 Gb3. Although diffraction was observed for
the DPPE mixture, consistent with unperturbed chain pack-
ing, the unsaturation disrupted chain packing in the DSPC
mixture to such an extent that diffraction was not observed.
This interpretation suggests a possible mechanism for the
lipid environment to modulate Gb3 and enable transitions
between a highly extended carbohydrate conformation that
promotes ligand binding and, extrapolating to physiological
FIGURE 5 Schematic representations of the

main findings concerning carbohydrate conforma-

tion and lipid condensation in monolayers contain-

ing Gb3. (A) Solvent accessibility and extension of

the sugar groups beyond the lipid headgroups is

enhanced by longer Gb3 tails. (B) Unsaturated

Gb3 molecules impact lipid packing and carbohy-

drate conformation differently depending on the

phospholipid environment. (C) In general, Gb3

condenses the packing within lipid monolayers re-

sulting in smaller APM.
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bilayers, a conformation that promotes interdigitation of the
acyl chain with the opposing lipid leaflet.
Gb3-induced lipid APM condensation

In DSPC monolayers containing pRBC Gb3, the lipid APM
was more condensed than predicted for ideal mixing of the
pure components with stronger condensation observed at
higher p (Fig. 5 C). This is consistent with the condensing
effect observed in similar mixed monolayers of DPPC and
GM1 (18). Despite DPPE monolayers being untilted and
with small APM, condensation of the APM was also
observed in higher p DPPE/Gb3 mixtures. At reduced p,
where DPPE exhibits appreciable molecular tilt, the inclu-
sion of pRBC Gb3 did not result in a condensation of the
APM. Instead, lipid packing was slightly perturbed consis-
tent with the onset of lipid tilt texture. The emergence of
tilt texture was also evident in mixtures containing 22:1
Gb3. Previously, lipid tilt texture has been observed in
DPPE and GM1 monolayers when GM1 clustering was
induced by cholera toxin binding (27). Although the tilt
texture induced by clustering was far more dramatic than
the changes observed here, these results suggest that GSLs
with unsaturated chains may serve to promote tilt texture.
In this case, we hypothesize that texture originates from
the self-organization of nanoscale Gb3 clusters in the mono-
layer. The priming of tilt texture in monolayers containing
unsaturated Gb3 correlates with the enhanced tubular invag-
ination formation observed for Shiga toxin binding to this
Gb3 species (12).

Substitution of the Gb3 acyl chains provided further
insight into the condensation mechanism. For monolayers
composed of DSPC and saturated chain Gb3 analogs, a cor-
relation between carbohydrate extension and APM conden-
sation was observed. In the mixture containing 22:0 Gb3, an
extended carbohydrate conformation resulted in condensed
APM. This can be attributed to the smaller Gb3 headgroup
relieving steric repulsion between PC headgroups. On the
other hand, in the mixture containing 14:0 Gb3 the APM
expanded because the carbohydrate was buried within the
lipid headgroup region and generated greater steric repul-
sion. Because the DSPC mixture containing the 22:1 Gb3
analog did not diffract, it is unclear if this correlation be-
tween APM condensation and carbohydrate extension holds
for unsaturated Gb3 acyl chains. However, the lack of
diffraction suggests disrupted chain packing and APM
expansion which, combined with an extended carbohydrate
conformation, would indicate different behavior than in the
case of the saturated Gb3 analogs. Expansion of the average
APM was also observed in DSPC and lyso Gb3 mixtures. In
this case, the expansion is likely due to a mismatch between
headgroup and tail areas promoting tilt and a concomitant
APM increase.

As in the case of DSPC, unsaturated and lyso Gb3 analogs
did not lead to an APM condensation in DPPE monolayers.
Biophysical Journal 107(5) 1146–1155
Although DPPE/Gb3 mixtures containing saturated chain
Gb3 analogs were condensed more than predicted based
on ideal mixing, there was no correlation between carbohy-
drate conformation and APM change. This may be due to
the smaller PE headgroup and the enhanced relative contri-
bution of chain packing to APM. In the case of 22:0 Gb3, an
extended carbohydrate conformation and a condensed APM
were observed, which was consistent with DSPC mixtures.
However, the monolayer containing 14:0 Gb3 exhibited a
buried carbohydrate conformation as well as the strongest
APM condensation. These results suggest that in this
case close matching between the Gb3 and DPPE acyl
chain structures provide the optimum conditions for APM
condensation.
CONCLUSION

Mixed monolayers of the GSL Gb3 and phospholipids
were investigated at the air-water interface using XR
and GIXD and compared to pure component monolayers.
Both the phospholipid environment as well as Gb3 acyl
chain structure effected the conformation and exposure of
the carbohydrate residues. Longer acyl chains exposed
more carbohydrate volume to the solvent, consistent with
observations of enhanced ligand binding, suggesting that
in cellular membrane the long length of GSL acyl chains
relative to other membrane constituents serves to opti-
mize receptor activity. Monolayers containing Gb3 with
an unsaturated acyl chain exhibited distinctly different car-
bohydrate conformations depending on the phospholipid
environment suggesting that in physiological membranes
specific local interactions between the GSL and neighboring
molecules can serve to switch between shielded and
exposed carbohydrate conformations or acyl chain interdig-
itation states.

For many of the mixtures studied, Gb3 condensed the
packing resulting in APM smaller than predicted based
on ideal mixing. The condensation magnitude depended
on both the phospholipid packing properties and the
Gb3 acyl chain structure. In the case of DSPC mixtures,
the condensation mechanism exhibited a dependence on
carbohydrate conformation and headgroup interactions,
whereas chain packing considerations played a more
dominant role in the condensation of DPPE mixtures.
These findings illuminate the complex interactions, de-
pending on acyl chain structure and the local membrane
environment, that may impact GSL partitioning within
lipid rafts as well as carbohydrate conformation and recep-
tor activity.
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