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ABSTRACT. The surface force apparatus was used to determine the fundamental forces governing the
adhesion between mixed bilayer membranes comprising lactosyl ceramide (LacCer) and di-tridecanoyl-
phosphatidyl choline. Forces between membranes were quantified as a function of the glycolipid surface
densities, which ranged from 0 to 30 mol %. Control measurements of the forces between pure
phosphatidylcholine membranes and mixed bilayers of lactosyl ceramide with phosphocholine showed
that the steric thickness of the carbohydrate headgroups increased from 19 to 25 A when the glycolipid
density increased from 10 to 20 mol %. The layer compressibility also decreased with increasing
carbohydrate coverage, but the corresponding adhesion between lactosyl ceramide-containing membranes
increased with increasing amounts of glycosphingolipid in them. The nonspecific van der Waals
forces accounted for the attraction measured in the control experiments and that between identical 10 mol
% LacCer bilayers. However, the increase in the adhesion with increasing glycolipid density-#as 2
times greater than predicted by Lifschitz theory. Additionally, the forces measured during separation of
membranes containing 20 and 30 mol % glycosphingolipid indicated that the headgroups bind and rearrange
during bilayer detachment. The interactions between the carbohydrates are weak and apparently dynamic,
and they generate an additional density-dependent intermembrane attraction that is on the order of the
van der Waals force.

The biological function of glycosphingolipids (GSE®)n cellular recognition processes, the sperm-egg interaction,
cell membranes has been of interest for many yehrsS). carbohydrates are believed to play a fundamental role as
Significant changes in both the densities and identities of mediators €).

GSLs on cell surfaces are associated with various disease |n addition to lectin-mediated cell adhesion, interactions
states, with cellular diﬁerentiation, deVElOpment, and with between Carbohydrates themselves have been |mp||Cated in
oncogenesis. Such correlations suggest that glycolipids likely cellular attachment. The pioneering work by Hakomori and
play key roles in cell recognition and adhesion. Consistent cq-workers suggests that binding between specific GSL
with this notion, GSLs have been known to block intercel- mojeties on cell surfaces indeed plays an important role in
lular recognition during morphogenesis and histogenésis (  the initial adhesion event¥,(8). They proposed that the

In cell—cell adhesion studies, carbohydrate-mediated at- fajrly uniform distribution of glycosphingolipids over cell
tachment is typlcally assumed to involve interactions between surfaces may mediate weak, ear|y adhesive contacts, prior
definite carbohydrate structures and cognate receptor proteingg the recruitment of stronger-binding protein receptors into
such as lectins3). Interactions between-selectin and  the contact regionl( 8). Correlations of cell attachment
oligosaccharides, for example, support lymphocyte homing strengths with the expression levels of various GSLs provide
on the pOStcapi”al’y endothelial Ce”S. E-SeleCtin Sim”arly Strong evidence that both homotypic and heterotypic g|y_
mediates carbohydrate-dependent myeloid cell adhesion tocgjipid interactions promote cell adhesion. For example, the
activated endotheliumé]. Biophysical studies also dem- mguse B16 melanoma cell line, a high expressor of the
onstrated that differences in the selectin-carbohydrate bondmonoganglioside GM binds specifically to mouse lym-
strengths control leukocyte rolling and arrest during inflam- phoma L5178 AA12 cells, which express high levels of
mation 6). Interactions between various proteins and cell gangliotriaosylceramide (G The strong adhesion of the
surface carbohydrates are common mechanisms of cellyo cell types can be inhibited by monoclonal antibodies
signaling and adhesion. In one of the more frequently cited against either of the latter gangliosid&s 9). The hetero-
po— ” od bv the National msfiutes of Health typic interaction between these negatively charged species

IS work was supported Dy the INational Institutes or mealth — jg g|so calcium dependent. By contrast, homotypic, specific
é%tﬂr?dlsﬁsosg (%rgsng&OCQ?EER award from the National Science binding between multivalent sialyl Lewiswas also reported
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of GSLs and GPIl-anchored proteirt). The glycosphin-
golipids can associate into patches when mixed with other
lipids (11). These aggregate structures are hypothesized to
play important roles in protein processing, localization, and
transmembrane signalind@ 12—14). Furthermore, the
localization of glycosylphosphatidyl inositol (GPI)-linked
proteins in these GSL-rich raftd@ 15) may be associated
with the preferential glycosphingolipid enrichment of the
apical surface of kidney cellsl6). The aggregates were FIGUREL: Space filling model of the stearoyl derivative of lactosyl
identified by detergent extractiorl@) and indirectly by  ceramide.

single-particle tracking on cell membrandg), Studies by i ) )
Schroeder et al.1g) suggest that interactions between the the van der Waals force, as determl_ned by Lifschitz theory,
acyl chains may stabilize these aggregates against detergenfan @ccount for the measured adhesion atlow GSL coverage,
However, the self-assembly of amphiphilic aggregates typi- the increase in adh_esmn with increasing LacCer density was
cally involves interactions between both the headgroups and!© arge to be attributed to the van der Waals force alone.
tails (19). Still in question, therefore, is the nature of the Differences between the force profiles measured during the
interactions between the headgroups. A recent investigation@PProach and separation of membranes containing high

of the isotherms of pure glycolipid monolayers at the-air LacCer concentrations gave direct evidence for binding
water interface provided the first demonstration of lateral P€tween the carbohydrate headgroups. These results suggest

attractive interactions between glycosphingolipids, on the that the lactosyl headgroups enhance the intermembrane

basis of the negative mixing enthalpy of the GSLs in adhesion through the formation of attractive, presumably
phosphatidylcholine matrixe2Q). nonspecific interactions between the opposed carbohydrates.

Attractive interactions between the carbohydrate head- It follows that glycolipids do_ not present strictly repulsi_ve
groups have, however, not been measured directly. Ad- cell membrane surface barriers, but can augment the inter-

ditionally, the forces that mediate intermembrane adhesion me_mbrane attraction. Suc_h forces may also operate between
and lipid clustering are likely to be linked to both the GSL adjacent carbohydrates within the same membrane and thus

influence bilayer organization.

surface concentration and to the carbohydrate structures.
Th_ese are intriguing issues, but there is still little physical MATERIALS AND METHODS
evidence for the existence of attractive forces between
glycolipids on interacting cell membranes or between those Chemicals Lactosyl ceramide (GAL—4Glg31—1Cer;
contained in such aggregates. from bovine brain, stearoyl derivative, molecular weight 889)
To elucidate the molecular interactions that may mediate was purchased from Matreya, Inc. (Pleasant Gap, PA). 1,2-
these events, both the surface force apparatus and osmoti®ipalmytoylphosphatidylethanolamine (DPPE) and 1,2-di-
stress techniques were used to quantify directly the rangestridecanoylphosphatidylcholine (DTPC) was from Avanti
and magnitudes of the molecular forces between glycolipid- (Alabaster, AL). The tri-ethylammonium salt of Texas Red
phospholipid mixturesQ1—26). The latter investigations, DHPE was acquired from Molecular Probes, Inc. Sodium
however, focused primarily on interactions between nega- nitrate (analytical reagent) was from Mallinckrodt, Inc.
tively charged GSLs in the absence of calcium. Forces (Kentucky).
between bilayers of GMor of Gri, mixed with phosphati- Mixtures of the glycosphingolipid and phospholipid were
dylcholines were repulsive, due to the strong electrostatic prepared by mixing the appropriate quantities of the stock
double-layer force and shorter-range steric repulsion betweenlipids in chloroform/methanol solutions. The stock lactosyl
the charged surfaces. Interestingly, Luckham et 2B) (  ceramide solutions and mixtures were never kept for more
reported an unusually large adhesion between the mixedthan 2 weeks. For these investigations, we used DTPC as
phosphatidylcholine-glycosphingolipid membranes, which the matrix lipid on account of its melting temperaturig, (
they attributed to attractive interactions between the carbo-= 14 °C) and the stability of DTPC monolayers at the-air
hydrate and the choline headgroups. Similarly, the apparentwater interface at 28C. The melting temperature ensured
Hamaker constants between phospholipid membranes conthe fluidity of the DTPC lipids at the measurement temper-
taining neutral glycolipid were unexpectedly higR6). ature of 25°C. By contrast, DLPC monolayer3{ = —1
However, in none of these cases did the authors investigate®C) were less stable due to the greater solubility of the latter
the possibility of direct binding between the carbohydrate lipid. Similarly, the melting temperature of DMPQ{ =
headgroups. 23 °C) was too near the temperature of the measurements.
In this paper, we present direct surface force measurementsAs shown below, however, the properties of the DTPC
of attractive interactions between uncharged lipid bilayers monolayers were as expected for phosphatidyl cholines.
containing the neutral glycosphingolipid, lactosyl ceramide  Differential Scanning Calorimetry Calorimetry measure-
(LacCer, Figure 1). The latter GSL reportedly mediates cell ments were performed with a Perkin-Elmer DSC-7 calorim-
adhesion via calcium-dependent, heterotypic binding to the eter, operated at a scanning rate of 5 deg/min. Lipid mixtures
sialylated glycolipid GM (1). Moreover, due to the lack of of DTPC and LacCer that contained either 10 or 20 mol %
charge, the origins of the attractive forces between glyco- LacCer were first dissolved in a mixed solvent of chloroform
sphingolipid-containing bilayers were more easily studied. and methanol (2:1, vol/vol). Solvents were evaporated under
To identify the origins of the measured intermembrane nitrogen. After further removing trace solvents by storing
adhesion, we conducted force measurements between memthe samples under vacuum overnight, the lipid mixtures were
branes containing 0, 10, 20, and 30 mol % LacCer. While fully hydrated with either water purified with a MilliQ-UF
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system (Millipore) or an aqueous salt solution containing
20 mM sodium nitrate. The lipid-to-solution ratio was about
1/6. We prepared lipid dispersions by cycling the lipids
several times between20 and 40°C and dispersing the

lipids by extensive vortexing between the thermal cycles.

Surface Force Apparatus (SFA) Measurememsth the :_:_',;Tﬂ't
surface force apparatus, one measures the molecular forces
between materials supported on two macroscopic, perpen-
dicular cylinders as a function of their separation distance
(27). The intersurface separations are determined with a
resolution of+1 A by optical interferometry28). The force
betwegn the mterac_t_lng ma.tenals .'S determined from the Ficure 2: lllustration of the membrane configurations studied in
deflection of a sensitive spring, which supports one of the this work.
two cylindrical lenses supporting the samples. The force
resolution is typically+10 nN @29). was added immediately to the test tubes containing the

Force measurements were obtained with a Mark Il surface supported LacCer displaying bilayers in 20 mM NaNO
force apparatus and with an SFA3 instrument (SurForce After a 3 hincubation at room temperature, we washed each
Corp., Santa Barbara, CA), both of which were interfaced Samp|e three times with the 20 mM Nakl€olution. The
with a Jarrell Ash monochromator and video recording Samp|es were then examined with an O|ympus inverted
system. Data were taken at 26. fluorescence microscope, which was interfaced with a

We prepared supported bilayer membranes by the Lang-phometrics Series 200 liquid nitrogen-cooled CCD camera.
muir—Blodgett (LB) deposition of lipid monolayers from the  \we imaged one side of each of the vesicle-coated samples,
water-vapor interface of a Langmuir trough (NIMA;  and quantified the number density of fluorescent vesicles
Coventry, England) onto freshly cleaved mica supports, adsorbed per unit area.
according to published procedure&9(31). The first layer
consisted of a solid, crystalline monolayer of DPPE. The RESULTS
deposition was carried out at 35 mN/m and a mean molecular
area of 43 Allipid. The second, outer LB-monolayer, the
working monolayer, was a binary mixture of lactosyl
ceramide and DTPC. The mixtures contained either 10, 20,
or 30 mol % LacCer. The latter lipids were spread at the
water—vapor interface and compressed to 35 mN/m, which
corresponds to an average molecular area of 8lipfd at
25 °C. The deposition onto DPPE was done at a constant
pressure of 35 mN/m. The transfer ratio for both distal and
proximal layers, that is, the ratio of the lipid area transferred
to the surface area coated, exceeded 0.95 in all the experi
ments. The coated disks were then transferred under wate
to the chamber of the apparatus, and mounted. The chambe
contained 20 mM NaN@that was saturated with DTPC
monomers.

Vesicle Adsorption Measurement® these measurements,
we determined qualitatively the impact of membrane-bound
carbohydrate on the adsorption of multilamellar lipid vesicles,
composed of LacCer and DTPC, onto supported planar
bilayers of similar or identical composition. The supported
planar bilayers were deposited on both sides of freshly "™ . ! . . :
cleaved 1x 2 cn? mica sheets, exactly as described for the Mixed with DTPC, in agreement with earlier studiei(
SFA samples. The outer layer of the supported bilayer Importantly, however, all phase transition temperatures were

contained 10 or 20 mol % LacCer in a DTPC matrix, and 'OWer than 20°C. Thus, the monolayers of mixed lipids
the lower layer was DPPE. used in these SFA experiments were homogeneous and in

Fluorescently labeled, multilamellar vesicles consisted of 1€ liquid—crystalline state at the experimental temperature

either pure DTPC or of LacCer/DTPC mixtures, together of 25°C.
with 3 mol % Texas Red dihexadecyl phosphatidylethanol-
amine (TR-DHPE, Molecular Probes). The lipid mixture was
first dissolved in a mixture of chloroform/methanol (3/1, v/v). Definition of Zero Interbilayer SeparationWe defined

We evaporated the solvent by passing a stream of nitrogenthe distance between the bilayer surfaces by the separation
over the lipid solution until a thin crust was left on the wall between the anhydrous headgroups of the phosphatidylcho-
of the test tube. The addition of pure water hydrated the line monolayers. Figure 2 shows the configuration of the
latter film, and vortexing for 1 min dispersed the vesicles. samples used in these experiments. The steric thicknesses
The resulting suspension was sonicated for about 1 h. Anof the two outer lipid monolayers were determined from the
aliquot of the multilamellar vesicle suspension thus prepared difference in the distance of closest intersurface approach

Differential Scanning Calorimetry Thermograms of the
LacCer/DTPC dispersions were measured in water and in
agueous solutions of 20 mM sodium nitrate. In the absence
of lactosyl ceramide, DTPC in water showed a single thermal
event upon heating, which corresponds with the gel to
liquid—crystal phase transition. The measured transition
temperature of 13C is very close to the published value
(32). Incorporation of 10 mol % of LacCer into DTPC
decreased the melting temperature to°Cl This may be
due to the disordering effect of the mixing proce33, 34).

IWith a mole fraction of 20% glycolipid, however, the
Fransition temperature increased to ca. ¥@. This is
consistent with the higher melting temperature of neutral
glycosphingolipids compared with zwitterionic lipids of the
same hydrocarbon chain lengtt81(35). The replacement
of pure water with an aqueous solution of 20 mM sodium
nitrate had no effect on the melting point of the DTPC
dispersion.

In any case, the changes in the DTPC melting temperature
indicated that lactosyl ceramide does not phase separate when

Surface Force Measurements
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following drainage of the liquid from the SFA chamber and 4 5T 20 o NaND
removal of the outer lipids21, 22, 30, 31). The steric _.’ k=184 N/m :
thickness of the hydrated lactose headgroup was then ‘<—Steric Repulsive Force
determined from the difference between the measured '

thickness change and the theoretical thickness of the two
dehydrated DTPC layers.

We used established procedures to determine the theoreti-
cal thicknesses30). For DPPE, the estimated molecular
volume is 1051 A The headgroup volume is 243 fand T o 00 150
each of the two tails in the gel phase occupies a volume of Distance (A)

— 3 f .
27.4+ 26'9?< 14__404 A (30). This agrees closely with Ficure 3: Force versus distance profiles between pure DTPC
results obtained with the method suggested by Nagle andp;jayers. The force profiles for the interactions between pure DTPC
Wiener @6), which yields a molecular volume of 1078A  pilayers were measured at 26 in 20 mM NaNQ. The jump to
With the former value for the lipid volume and a mean contact is indicated by the inward directed arrow, and the position
molecular area of 43 mipid in the deposited film, we at which the surfaces pulled apart is indicated by the outward
calculated a monolayer thickness of 25 A for DPPE in the directed arrow. The dashed line is merely to guide the eye.

solid phase. The DTPC monolayer was in the fluid Table 1. Measured Adhesion Energy and Adhesive Mininidyn

an_alogous state. Thus, with a specific density of 0.76 for ,oiveen LacCer/DTPC Membranes in 20 mM NaND 25°C and
fluid hydrocarbon 19), the volume of each hydrocarbon pH 6

chain is 370 & With a phosphatidylcholine headgroup theoretical _experiment.
volume of 324.5 A, the total volume of a single DTPC  accer% Do(A) F/R(MN/m) F/R(mN/m)  theory
phospholipid is thus 1064 3 The determined mean

¢
114
? Jump in
0 =888 o=~ s

.'—Va’nd’e?\‘Naals Attractiye Force

Force/Radius (mN/m)

0-0 13+2 -05+0.1 —-0.72 0.2
molecular area of DTPC ata surface pressure of 35 mN/m 10-10 31+2 -05+0.1 —0.38 —0.1
at 25°C is 67 2. The thickness of the liquidcrystalline 10-20 30+2 —-0.7+0.1 —-0.51 -0.2
outer phosphocholine (PC) monolayer thus calculated is 16 20-20 3%3 —15+02 —0.62 —3-9
A. Contact between the outer dehydrated bilayer surfaces 3(530 31+ :3'5i 0.5 :0'95 _ 6
. - . 0-10 25+£2 -—0.56+0.04 0.51 0.05
served as the working definition of zero separation. 0-20 31+1 -05+01 ~0.70 0.2

The effective steric thickness of the hydrated lactosyl
headgroup relative to the dehydrated PC membrane surfaceonstant, and the membranes jumped to their equilibrium
was determined by the interbilayer separation at the onsetseparatiorD, at 13+ 1 A. The separation could be further
of the steep repulsive force, i.e., steric force, between the decreased to the hard wall Bt= 6 A.

GSL containing lipid monolayers. The measured thickness The intermembrane adhesion, determined from the pull-
depended on the density of sugar groups in the gap. Theoff force, was—0.54+ 0.1 mN/m. The equilibrium separation
steric repulsion between a 10 mol % LacCer membrane andat 13+ 1 A also corresponded to the position at which the
a pure DTPC layer occurred Bt< 25 A, and the minimum  surfaces pulled apart, or the adhesive minimum. Further-
bilayer separation was 18 A. Taking into account our more, there was no obvious hysteresis between the forces
measured hydration layer thickness6oA on the opposed measured during compression versus retraction of the
choline headgroups, the steric thickness of the hydratedsurfaces. This is expected, if no rearrangements of the
disaccharide layer was thus 256 = 19 A. By contrast, bilayer components occur during the measurements. These
the range of the steric force between a 20 mol % monolayer data are summarized in Table 1.

and a bare DTPC membrane increased tat31 A. The From the latter minimum and the measured adhesion, we
headgroup thickness was then 316 = 25 A. From estimated the Hamaker constant between these neutral lipid
molecular models, the length of the dehydrated lactosyl bilayers fromA = (—6FAD?/R (19, 39). Here,R is the
headgroup is 1315 A, depending on where the molecule geometric average radius of curvature of the crossed cylinders
resides with respect to the bilayer interface (Figure 1). Theseand AD is the distance from the van der Waals plane of
measured values suggest that the carbohydrates are fullyorigin (19). Assuming that the van der Waals plane coincides
extended from the bilayer surface in the latter case. The with anhydrous bilayer contact, we calculated a Hamaker

larger steric thickness may be due to a considerabl@ X constant of 5< 10721 J. This is in good agreement with the
thick hydration sphere, to headgroup flexibility, or to values determined for a series of phosphatidyl cholines
glycolipid protrusions normal to the bilayer surfag,(38). measured experimentally by Lis et ad0j.

Similarly, the minimum compressed thickness of the carbo-  Similarly, we determined the adhesion energy with the
hydrate between a 10 mol % LacCer membrane and theJKR theory for the interactions between deformable solids.
DTPC membrane was only 12 A 18 — 6 A, while all According to the latter theory, the interfacial energy per area
other measured compressed thicknesses at higher glycolipids related to the normalized adhesive forceby= F/3zR
densities were 19 A= 25— 6 A. Thus, sparser sugar layers (19). The determined value for pure DTPC membranes was
are thinner and slightly more compressible than denser ones0.05 mJ/m. This value is similar to others measured
Forces between Neutral Phosphatidylcholine Membranes between other liquid crystalline phosphocholine monolayers
The force versus distance curve between pure DTPC mono-in aqueous solutions3Q, 41). Thus, the behavior of DTPC
layers is shown in Figure 3. As expected, there was no bilayers is as expected for fluid phosphatidyl choline
measurable force between the two DTPC monolayers atmembranes30, 40).
bilayer separation® > 40 A. At smaller distances, the Measured Forces between Bare Lipid Bilayers and
gradient of the van der Waals force exceeded the springMembranes Displaying Lactosyl Ceramid&o investigate



1544 Biochemistry, Vol. 37, No. 6, 1998 Yu et al.

— T T 4
25°C, 20 mM NaNO,

7T

25°C, 20 mM NaNOg
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FicurRe 5. Measured forces between identical membranes contain-
- ing 10 mol % lactosyl ceramide. Force measurements between 10

mol % LacCer membranes were conducted at’€5in 20 mM
NaNGQ;. The outward directed arrow indicates the position at which

4 }o T surfaces pulled apart, and the inward pointing arrow indicates the
position from which the membranes jumped to adhesive contact at
D s 31 A. The spring constant used was 184 N/m. There was no

observable difference between the forward and reverse force versus

Ficure 4: Force versus distance profiles between pure DTPC distance curves.

bilayers and lactosyl ceramide-containing bilayers. Forces were
measured between pure phosphatidyl choline membranes and

bilayers containing 10 mol % (closed circles) and 20 mol % (open to that measured with the 10 mol % bilayer (Figure 4). This
circles) lactosyl ceramide. Measurements were conducted@ 25  similarity does not preclude a small increase in the attraction,
in 20 mM NaNQ. In both cases, the membranes jumped into however, since the minimum was at a slightly larger bilayer

adhesive contact from 45 5 A. The pull-off positions are indicated . P
by the minima in the curves. The lower panel shows the bilayer separation. None of the reverse force curves exhibited

constituents and their relative configurations in these measurementshysteresis. Thus, membrane contact and separation did not
induce any apparent rearrangements in the glycolipid layer.
the effect of LacCer on the interactions between bilayers, These results therefore indicate that the thickness of the
we conducted force measurements between lipid membranegarbohydrate layer depends on the glycolipid density and
containing either 10, 20, or 30 mol % LacCer. The thatthe nonspecific intermembrane attraction depends only
unbuffered solutions bathing the samples were at pH 6 andweakly on the GSL surface coverage.
25°C, and contained DTPC monomers and 20 mM NaNO The Intermembrane Attraction Increases with the Lactosyl
We first quantified the nonspecific attraction between the Ceramide Surface Densityin the event of specific binding
glycosphingolipid-containing and lecithin membranes from between carbohydrate headgroups, the adhesion between two
the forces measured between pure DTPC and both 10 andnembranes containing LacCer should be larger than the
20 mol % LacCer bilayers. The force profile between a 10 values reported in the previous section. We therefore
mol % LacCer membrane and pure DTPC is shown in Figure measured the dependence of the interbilayer forces on the
4 (closed circles). There was no interbilayer force until the glycolipid surface density. In particular, since the nonspe-
membranes jumped into contacCat= 25 A from a distance  cific attractive interactions between GSL and lecithin mem-
of 45+ 5A. AtD < 25 A, a soft intermembrane repulsion branes were relatively insensitive to the glycolipid coverage,
predominated, and the hard-wall repulsion was shifted fartheran increase in adhesion with increasing LacCer in the
from the defined anhydrous bilayer plane to#£& A. The opposed bilayers might provide evidence for inter-carbohy-
latter shift was due to the steric force associated with the drate binding. We conducted measurements between the
finite excluded volume of the protruding sugar groups and membranes containing the following percentages of Lac-
their associated waters of hydration. The steric repulsive Cer: (A) 10 mol %-10 mol %, (B) 10 mol %-20 mol %,
force between these bilayers was slightly softer than that (C) 20 mol %-20 mol %, and (D) 30 mol %30 mol %.
between the bare DTPC membranes. The force curve measured between identical 10 mol %
In this case, the attractive minimum was also at22 LacCer membranes is shown in Figure 5. With a spring
A, and the measured adhesive force wads56+ 0.04 mN/ constant of 184 N/m, the bilayers jumped into contact at 31
m. The magnitude of the intermembrane adhesion did not+ 2 A from 65+ 5 A. The soft repulsion @ < 31 A is
decrease as might be predicted with the increased bilayeras expected for the compression of the flexible GSL
separation at pull-off. The predicted value for lipids interact- headgroups. The repulsive force increased steeply &t
ing across a 25 A aqueous gap is, for example, 0.01 mN/m,31+ 2 A, and the layers could be compressed to the closest

which is much smaller. bilayer separation of 22 A. The headgroup thickness was
Between 20 mol % LacCer membranes and pure DTPC greater than that of individual 10 mol % LacCer bilayers,
bilayers, the onset of the soft steric force occurre® at e.g., in contact with bare DTPC, but similar to the lactose

314+ 1 A. With a spring constant of 184 N/m, the surfaces on 20 mol % LacCer bilayers. Additionally, since the
jumped into adhesive contact from 455 A, and the force combined 30 A thickness of the two contacting GSL
profile exhibited a soft repulsion at 22 A D < 30 A. The headgroup regions was identical with that of the 20 mol %
distance of closest intermembrane approach increased slightht.acCer monolayer, we concluded that the opposed carbo-
to 22+ 2 A. The ca. 8 A range of the soft repulsion was hydrate layers were interdigitated. Thus, the thickness and
consistent with an initially more extended headgroup con- compressibility of the headgroup region depends on the
figuration. Within experimental error, at0.5 + 0.1 mN/ carbohydrate concentration in the gap between the mem-
m, the depth of the adhesive minimum at 31 A was similar branes. These results are summarized in Table 1.
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Ficure 7: Advancing and receding force profiles between pure
- [ - .- DTPC and a 20 mol % lactosyl ceramide membrane. The advancing
C{H (open circles) and receding (closed circles) force profiles were
: ! measured between a pure DTPC membrane and one containing 20
= B A . .
-_;-[q__; o — ) F:'::}D— mol % lactosyl ceramide at Z%& in 20 mM NaNQ. Measurements
ﬁ‘ = ﬁ<—+ o were conducted with a spring constant of 114 N/m. The membranes
D jumped into adhesive contact at 311 A, and detached from the

Ficure 6: Advancing and receding force profiles measured between same separation.

identical 20 mol % lactosyl ceramide bilayers. The advancing (open ) .

circles) and receding (closed circles) force profiles were measuredgradually pulled back into closer contact. This occurred
between identical 20 mol % lactosyl ceramide membranes at 25 despite the reduced load, and indicated that the equilibrium
°Cin 20 mM NaNQ. Measurements were conducted with a spring  attractive minimum was not at the final pull-off distance of

constant of 114 N/m. The dashed line and inward directed arrow - . -
indicate the bilayer jump into adhesive contact at431 A. The 38+ 2 A. Because this behavior was not observed in the

solid line shows the hxsteresis in the force curve and the final pull- control measurements (Figure 7), we attribute the latter to
off position at 38+ 2 A. The lower panel illustrates the proposed the dynamic and, therefore, nonequilibrium, i.e., rapidly

configurations of the membrane components during these measureexchanging bonds between the lactose sugars.

ments. To further investigate how the magnitude of the inter-
membrane adhesion scaled with the number of headgroup
interactions between the bilayers, we also measured the
2 . T X forces between 10 and 20 mol % LacCer membranes, as well
(Table 1) and coincided with the equilibrium separation, that as those between identical 30 mol % LacCer bilayers. In

:AS\t Vllgh;hie %'Sfar?]f\le/rf Vtvr?écgépzssiggavizz J:Jhrgpsesngz C:Snttﬁ(;tt' the former case, the interbilayer carbohydrate density was
between the pure DTPC membrane and the 20 mol % I_acCer!ntermedlate between the two previous cases. Correspond-

L . ; ingly, the measured adhesion was also intermediate between
monolayer, within experimental error. This suggested that gy

the former attraction was due primarily to the nonspecific the former values at-0.7 & 0.2 mN/m. The atiractive
P y P minimum was at 31+ 3 A, and there was no obvious
van der Waals force.

. . . h resis (Table 1).
Increasing the GSL percentage in the bilayers to 20%, yitr]ee(:'jiész?] ?Jet) een 30 mol % LacCer membranes was
however, resulted in two notable differences in the force : W 0 was,

profiles (Figure 6) relative to those shown in Figure 5. First, however., much stronger at3.5 i 0.5 mN/m. Moreover,
the intermembrane adhesion more than doubled frdiTG we readily detected hysteresis in the reverse force curves,

_ : even with a stiffer, less sensitive spring £ 184 N/m).
ml(;lrlén steonsiﬁi.\?eisgﬁg(’i /Tl(é-lril?rlﬁ)1\)/\./eSoek)Cs(()ar:\(j,e(\:llvghd?s§r?I:tt, Consistent with this, the 30 mol % LacCer membranes also

detached at 3% 2 A after jumping to contact at 32 1 A.

hysteresis in the force curves during membrane separation., . 0 :
On approach, the bilayers jumped in from 75 to-82 A. As in the measurements between 20 mol % lactosyl ceramide

At shorter distances, the steric repulsion predominated, andbllayers', the_membraneg tended to move back tq smaller
the distance of closest membrane approach wag 24A. separations, if the retraction was halted before the final pull-

In contrast, however, the final pull off did not occur at the %f{ér;r;:‘zczegi\égsr 'Sozogiféi?]tt \g]it?htehz re;?ggtagoga%ic
equilibrium separation (31 A), and the receding curve did ' pp y

not retrace the profile measured during approach. Rather nature of the interactions, it is of interest to determine how
the bilayers detached at 382 A, which is 7-10 A from 'the adhesion depends on the separation rate. We could not,

the initial jump-in distance (Figure 6). By contrast, in similar however, definitively establish the time dependence of the

measurements, i.&,= 114 N/m, between pure DTPC and "€Verse force curves. However, we attribute the greater
20 mol % LacCer membranes, the forward and reverse scatter in the measured adhesion, in part, to those dynamic
profiles coincided (Figure 7). The latter data were devoid Interactions.
of any observable hysteresis. i . Calculatedvan der Waals Force Between

The reverse force curves (Figure 6) indicated that the Lactosyl-Ceramide Membranes
headgroups bound and that separation induced headgroup
reorientations and even pulled the LacCer slightly out of the  The Net Force between Neutral Glycolipid Bilayerso
membrane before the bonds finally yielded (Figure 6, lower determine the molecular origins of the measured intermem-
panel). Consistent with this, we observed that, if we halted brane attraction, we considered the different contributions
the bilayer separation temporarily when the headgroups wereto the forces between neutral bilayers. In the absence of
apparently extended, i.e., & > 35 A, the membranes attractive intercarbohydrate bonds, the net force would result

The position of the adhesive minimum, which was
measured during surface retraction, was also at30D A
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d, do d, Thewvan der Waals Force between Carbohydrate-Coated
) R Bilayers The presence of carbohydrate, rather than pure
water, adjacent to the membrane surfaces alters the magni-
tude of the nonspecific van der Waals attraction between
them @6, 44). At 10 mol % LacCer, assuming the diameter
of the hydrated sugar rings is ca. 7 A, the carbohydrate covers
8—10% of the bilayer surface, and occupies 5 vol % or about
6 wt % of the film adjacent to the surface. The latter value
was determined for an assumed 4®? region of contact
between the crossed cylinders used in the force measurements
2 1 0o 1 2 (19). On the basis of these calculations and on electron
FiGurRe 8: Schematic of the mixed glycosphingolipid bilayers density profiles between_ membre_me_s containing 30 m_o!
comprising the layers shown. % GM; (26), the saccharide density is clearly nonnegligible.
In this case, the van der Waals force cannot be attributed
from a combination of van der Waals and osmotic or steric solely to the interaction between the lipid bilayers. Rather,
forces. Only the van der Waals force is attractive, and the the net force is the summation of all contributions from the
carbohydrate contribution can be obtained by subtraction of interactions between the different slabs that make up each
the other forces from the net measured adhesion accordingof the interacting half-spaces (Figure 8). To calculate
to rigorously the force between the carbohydrate-coated mem-
branes, we used the approach described by Israelack8)ili (
= - and by Nir @4) for determining the van der Waals force
Fsuga{R FeX‘JR (Fos * Fuan)/R @) betwe)e/n intga)cting bodies coaq[ed by multiple layers (Figure
8). In particular, the interaction force is given by

Water

Lipid
Carbohydrate
ajeipAyoqie)

pidin

where Feyp, Fos, and Fyaw refer to the net experimentally

measured, osmotic, and van der Waals forces, respectively. NL NR
Because of the curved-cylinder geometry, we could not F= _ZZ AL jH() (3)
determine quantitatively the osmotic force between the == )

membranes. Rather, we focused on calculating the attractive

van der Waals contribution to eq 1. where
Calculation of Hamaker ConstantsWe calculated the A=A — A 1 — A+ AL
force between membranes on two opposed, crossed-cylinders ! ! -1 =1 -1j-1

of geometric average radius R. The normalized van der
Waals force if=/R = —A/6D¢? whereDy is the distance from
the van der Waals plane of origin, aAds the nonretarded

Hamaker constant1p, 30, 39). The Hamaker constant jnieraction between crossed cylinders of geometric average
between two different media 1 and 2 separated by a thin o i s R as used in these studies. The tersare the

film of a different material 3 (cf. Figure 8) is calculated from jistances between the different slabs. NL and NR refer to

and theA; are the Hamaker constants, which scale the
interactions between speciesandj across vacuum. The
termH(x) is a geometric parameter, whichR¥6x;? for the

(19 the number of layers on the left and right sides, respectively.

h For the interaction between pure DTPC and LacCer-

A= S| S8)(2 ) 3hwe containing membranes, layer 1 on the right-hand side in

132747 \e, + €5)\e, + €5 8V?2 Figure 8 is absent. Using accepted combining relations for
the Hamaker constantdq, 39, 44) and eq 3, we obtain for

(n? — nd)(n% — n3)

2) the normalized force
(% 2% + Sk + T+ (nd + ™

F_ 1 ioz Az
& (d+dy)’

| . E=% (@)
where ¢ is the static dielectric constant of each of the

different layers, and is the corresponding refractive index.

Here, kT = 4.114x 1021 J at 25°C, andv, (ca. 4x 10 Here, 0, 1, and 2 refer to water, carbohydrate, and lipid,
s 1) is the plasma frequency of the free electron g&).( respectively. Similarly, for the symmetrical system, as
According to Figure 8, the central material could be water, illustrated in Figure 8, it can be readily shown that eq 3 for
but this can be altered to reflect any of the media relevant the der Waals force between two crossed-cylinders reduces
to this study. The other materials may be both lipid or lipid to (19)

and carbohydrate.

With the dielectric constant of lipids = 2 and the F__1 ALOl_ P10 + Porz (5)
refractive index of lipidn, = 1.45 @7, 41), the calculated R 6l 2 (d,+d)* (dy+ 2d,)?
Hamaker constant for two lipid layers interacting across an
aqueous gap is 7.8 1072t J. This is close to the value of In egs 4 and 54 are the Hamaker constants for materials

5 x 1072' J determined in this work. We attribute the i andkinteracting across materipbs calculated with eq 2.
difference between the calculated and measured values to Because the distances were small, i.e., less than 50 A,
the uncertainties both in the position of the van der Waals retardation effects were not considered. For the phospholipid
plane and in the refractive index of the phosphatidyl choline layers, we used a dielectric constant of 2 and a refractive
bilayers @2, 30, 42, 43). index of 1.45 P6, 41). The static dielectric constants of 10



Forces between Glycolipids Biochemistry, Vol. 37, No. 6, 1998547

Table 2. Calculated Hamaker Constants for the Interactions The Hamaker constants _corresponding to interacﬁons
between the Layers Shown in Figure 8 between bilayers that both display LacCer were determined
for the various terms in eq 5 relevant to the bilayer

layer parameters 212 101 210 102 120 . ) . . . .
configurations investigated in this work. The Hamaker
o ((ﬁtt 'I‘gzrr)) i 45 7‘1334 1.245 7133 2 17 % & constants were determined with eq 2 and the appropriate
1.39 139 1.39 values of the dielectric constants and refractive indices. For
1.37 137 137 interactions between lecithin membranes asrass wt %
& (2nd layer) 73 80 73 80 2 sugar solutionfx1, = 7.06 x 10721 J. This is slightly lower
M (2nd layer) 1155;? 1.33 1133; 133 145 than the value calculated for interactions in pure water. As
137 137 shown in Table 2, decreasing the dielectric constant of the
€ (3rd layer) 2 73 80 2 80 layer adjacent to the lipids, as occurs at higher saccharide
n (3rd layer) 145 13 133 145 133 densities, further decreases the magnitude of this component
igi of the van der Waals force. The value Afy; was 0.04x
7068 0044 -05% 057 748 10721 J for the 6 wt % hydrated sugar slabs interacting across
A(x10721)) 6.3 019 -088 1.0 7.04 water. Finally, the tern#f\;;o for lipid and water separated
5.0z 06C 129 by the 6 wt % carbohydrate film was0.53 x 1072 J. The
a Carbohydrate at 6 wt 9%.Carbohydrate at 12 wt 9%6.Carbohydrate negative sign of the latter is as expected since the refractive
at 18 wt %. index and dielectric constant of the sugar layer are intermedi-

ate between that of the water and lipitl9( 39). These

and 20 wt % aqueous glucose and galactose solutions ardesults, as well as those values determined with the 12 and
73, which is close to that of wate#§). The refractive 18 Wt % lactose films, are summarized in Table 2.

indices are also close to that of water at approximately 1.35 1he effective distances, andd, in eq 5 were estimated
and 1.37 for 10 and 20 wt % aqueous sugar solutions, from both space-filling molecular models (Figure 1) and from
respectively 46). According to the calculations presented €Xperimental data reported previousi(22). The origin
earlier in this work, the 20 wt % solution data correspond to Of the van der Waals plane in water was reported previously
a carbohydrate weight fraction higher than thel® wt %  t© lie 6 A from anhydrous bilayer contace?, 30). We
achieved in the surface layer in these measurements therefore tookd, + 2d;, the _CL_Jtoff distance for the van der
Extrapolating the refractive index data to 6, 12, and 18 wt Vaals force between the lipids, as 316 A=25A. On

% sugar solutions, we obtained= 1.34, 1.35, and 1.37 for the basis of the model shown in Figure 1, the carbohydrate

their respective values. The dielectric constant does not€Xtends 11 A beyond the van der Waals plane on each lipid
change over this concentration range. layer, ord; + do = 14 A. This assigns the van der Waals

i ) plane for the carbohydrate layer to the outermost surface of
We first determined the van der Waals force between the |ciqge. The average thickness of the intervening water film

mixed LacCer and pure DTPC bilayers using eq 4 and do was therefoe 3 A (21, 22, 26).

coefficients determined with eq 2. With values for the 6wt~ gjng these values for the relevant distances, the data in
% carbohydrate film, together with those of the other T5pie 2 for 6 wt % sugar films, and eq 3, we calculated a
materials and eq 2, the calculated valuesAas, and Aizo van der Waals force between 10 mol % LacCer membranes
were 0.57x 1072 J and 7.48x 10°2!J, respectively. The 4t _ 36 mN/m (Table 1). This is essentially the same as
results are summarized in Table 2. The effective distancesine measured value 6£0.4 mN/m. Upon increasing the

do and d in eq 4 were estimated on the basis of our gycolipid coverage, the magnitude of the terfas; andAszo
experimental data. With 10 mol % LacCer bilayers, the increased. The calculated attractive force between 10 and
jump-off distance was 25 A from dehydrated bilayer contact. 20 mol % glycolipid membranes was0.51 mN/m, com-
Since the cutoff distance for the van der Waals plane nearpared with the measured value ©0.7 + 0.1 mN/m. The

the glycolipid bilayer is ca6 A (22), do + ch = 25— 6 = calculated dispersion forces was larger between 20 mol %
19 A. We also assumed thdg corresponds to the distance  membranes at0.62 mN/m, but still lower than the measured
between the carbohydrate layer and the dehydrated phosyajue of—1.5+ 0.2. Finally, the measured adhesion-8.5
phocholine headgroups. Since we measured—# 4 + 0.5 mN/m between 30 mol % LacCer membranes was
hydration layer on the DTPC membranes, we tdgko be much greater than the theoretically predicted value ©095

6 A. With these distances, the Hamaker constants, and egmN/m. These results are summarized in Table 1.

4, the calculated attractive force between the pure DTPC e then estimated the density dependence of the deviation
and 10 mol % LacCer lipid films was-0.51 mN/m (Table  of the measured adhesion from the theoretically predicted
1). Thisis identical with the measured value-d.5+ 0.1 attractive force, neglecting any repulsive steric or osmotic
mN/m. Similarly, with 20 mol % LacCer, we again assumed contributions (Table 1). There is little difference between
do to be 6 A anddy + dy = 31— 6 = 25 A. Using these  the calculated and measured attraction between 10 mol %
values, together with eq 5, and the Hamaker constants, theLacCer bilayers. The deviation, however, increased slightly
calculated force in this case was slightly greater-8t70 to —0.20 mN/m between 10 and 20 mol % membranes. This
mN/m (Table 1). This is close to the measured value of difference further increased t60.9 mN/m with 20 mol %
—0.5+£ 0.1 mN/m. The experimental error #0.1 mN/m. bilayers, and was even larger between 30 mol % membranes
Furthermore, estimated errors in the calculated forces dueat —2.6 mN/m. The deviation from theory obviously
to the uncertainties in the refractive indices are also on the increases with the lactose surface density. However, because
order of £0.1 mN/m. Thus, the differences between the osmotic and steric repulsive forces would most likely offset
calculated and measured values are within the limits of error. further density-dependent increase in adhesion at higher GSL
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densities, we do not expect the adhesion to increaseadhesion supports our argument that attractive interactions
indefinitely with the glycolipid surface coverage. between carbohydrates augment the intermembrane adhesion.

The calculated magnitudes of the van der Waals forces
depend on both the refractive indices and on the layer

Vesicle adsorption measurements were conducted tothicknesses (cf. egs 2 and 3). We could not base our
determine whether the glycosphingolipids would alter the conclusions regarding the origins and magnitudes of the
interactions between free bilayer membranes and supportedorces entirely on calculations, on account of the uncertainty
bilayers. We also conducted control measurements of purein both the origins of the different van der Waals planes in
DTPC vesicle adsorption onto planar DTPC membranes in Figure 8 and the refractive indices of the layers. Our

the absence of glycolipid. Within experimental error, there Calculations thus provide only a semiquantitative estimate
was little detectable difference observed in the number Of the magnitudes of the attractive van der Waals forces and

densities of adsorbed vesicles. We attribute this to the therefore of the carbohydrate contribution to the adhesion.

similarities in the magnitudes of the directly measured It is, however, important to consider how different layer
intermembrane attractive forces at the glycolipid concentra- parameters might change the calculated van der Waals forces.
tions examined. Those differences in the adhesion amountFor example, the use of a mass average water lajgr (
to differences in the intersurface potential between 50 and thickness $0) would reduced;, increased,, and decrease
500 nm vesicles of less than 1 kT. Thus, we did not expect the calculated force. By contrast, decreasingnd increas-
to observe significant differences in the vesicle adsorption. ing d; would increase the predicted adhesion. However,
because of the physical dimensions of the lactose groups,
DISCUSSION increasingd; further would not be justified. The reported
_apparent origin of the van der Waals attraction between
ddigalactosyl diacylglycerol (DGDG) membranes was ca. 6
A from anhydrous bilayer contac2®?). While we could use

Vesicle Adsorption Measurements

In these investigations, the comparison of our measure
ments of the adhesion between lactosyl ceramide-coate

bilayers with those predicted by theory showed that the 7. ;
y P y v dhis value as an estimate fah, the latter measurement

presence of the carbohydrate coat does increase the nonsp flected ori iiv the | t 1 : 4 and ai
cific van der Waals attraction between the membranes. This.ref ec et' primart {i etﬁrgles t(_erm 'nfetﬂ "’t‘rr: glvles nc;
was suggested in earlier repor6(44, 47). Indeed, our information regarding the locations of the other reievan

predictions, based on Lifschitz theory, for the adhesion distances.' Thus, although the calculated_ force does depend
agreed closely with measurements between glycolipid and©" the estimated layer thicknesses (cf. Figure 8), the values

pure DTPC membranes, as with those between 10 mol o, We used were both realistic and gener_ated larger values for
LacCer bilayers. However, at higher glycolipid densities, the van der Waals force than other thicknesses would.
Lifschitz theory does not account for either the magnitude In view of the following considerations, the apparent
of or the coverage-dependent increase in the intermembranéigreement between the experimentally determined and
adhesion. This latter dependence suggested that attractivéalculated forces at the low t@0 mol %) LacCer densities
interactions between the lactose headgroups, in addition tois somewhat surprising. With the sparsely grafted carbo-
the van der Waals force, mediate the adhesion between thesBydrate layers, the forces were measured at distances less
neutral glycosphingolipid-containing lipid membranes. than that between grafting sites. However, LifS(.:hitZ theory
The forces measured during surface separation at high GSL{reats each of the layers as a continuum. With sparsely
densities provided direct evidence for weak binding between distributed surface groups, the discreteness of the film
the carbohydrates. The bilayer separation to which the COmponents cannot be neglected, and the continuum model
membranes first jumped into contact was=82 A, but the breaks down. The force is then determined by the pairwise

final pull-off between 20 or 30 mol % bilayers was-9 A addition of the interactions between the lactose groups on
out from the initial separation. Such behavior is expected OPPOSed membraned4, 51). We did not use this approach
for the detachment of bound, flexible molecules,(49). due to the lack of reported excess polarizabilities for sugar

Under a tensile force, the flexible, adhering headgroups Molecules in water. However, Ninham and Parsegif) (
extended beyond their equilibrium configuration (Figure 6, showed that the latter method underestimated the van der
lower panel) before they detached. In the absence of suchWaals force between dense hydrocarbon layers in water.
direct adhesive contacts, there would be no driving force  While the steric dimensions of the hydrated lactose films
for headgroup extension, and pull-off would instead occur exceed the linear dimensions of the dehydrated sugar, our
at the equilibrium separation as observed in Figures 4, 5, measurements agree with the measured steric thickness of
and 7. We further attribute the tendency of the membranesthe hydrated digalactosyl headgroi,(22). On the basis

to move back to contact to an elastic-like restoring force of electron density profiles, membranes containing 20 mol
associated with the extended glycolipids and with the % GM; in a phosphatidylcholine matrix exhibited similar
dynamic reformation of intermembrane bonds. The latter carbohydrate headgroup thickness#8).( This similarity is
dynamic interactions could pull the surfaces back into unexpected since GMomprises a branched tetrasaccharide
contact, as we observed, as bonds broke and reformedand lactose is a disaccharide. Electron density profiles of
between the bilayers. While the differences between the the gap between the LacCer bilayers would clearly reduce
“jump-in” and “pull-off” distances are not large, given the the uncertainty in our determinations of the lactose headgroup
already extended configurations of the sugars, we did notdimensions. Unfortunately, such measurements are not
expect large rearrangements. This correlation of the onsetpossible with the SFA. Additionally, it is not clear that this
of observable hysteresis in the reverse force curves with thewould enable us to better define the locations of the van der
magnitude of the deviation between theory and the measuredNaals planes in Figure 8.
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The decrease in the headgroup thickness with decreasingneasured in this work suggest, however, that the attraction
GSL density is similar to the trend reported for @M  between lactosyl headgroups is on the order of the dispersion
containing lipid mixturesZ6). This suggests that either the force between pure lipid membranes. They would not be
headgroups tilt slightly in the absence of osmotic and steric sufficiently strong to overcome entirely the electrostatic
interactions with neighboring glycolipids or that the mem- repulsion between charged membranes or to arrest cells under
brane hydration increases with the surface concentration ofmany conditions. Indeed, adhesion between high lactosyl
carbohydrate 42). We suspect that at higher lactose ceramide expressing cells has not been observed (Hakomori,
densities, the increased repulsive intralayer forces caused thgpersonal communication). Such attractive forces could
molecules to extend away from the surface and reduce themediate interactions between membrane components. Al-
steric repulsion between adjacent headgroups. While suchthough the existence of such structures is controversial,
forces would reduce the intermembrane adhesion, the osmotiglycolipid rafts might in part be stabilized by intercarbohy-
repulsion between the bilayers appeared to primarily reducedrate bonds X6). Such clusters, or rafts, have been
the compressibility of the denser carbohydrate films. implicated in a number of physiological functions, including

On the basis of these measurements alone, we cannoprotein trafficking L6). The physical chemical origin of the
identify the chemical origins of the additional interbilayer adhesion between the components is unknown, but the
attraction. Specific recognition between the lactose groupsaggregates are robust to detergent. On account of the
is unlikely. The high density of hydroxyls on the sugars, potential for multivalent bonding and dynamic interactions,
however, suggests the involvement of hydrogen bonding, we cannot reliably extrapolate from our force measurements
which is facilitated by the close proximity of the dense lawn to single lactoselactose forces. These results nevertheless
of lactose groups on the opposed membranes. Although theshow that lactose headgroups can bind one another. Such
extension of the headgroups with increasing LacCer providesinteractions could play important roles in lipid organization
evidence for intermolecular repulsion, weak attractive in- and in GSL-mediated interactions between cell membranes.
teractions can form between close neighbors. Despite th?ACKNOWLEDGMENT
repulsion between the opposed membranes, some bonds did
nevertheless form between the carbohydrates. Thus, similar We thank Prof. Brian Brandley for providing us with
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