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ABSTRACT. The structure, hydration properties, and adhesion energy of the membrane glycolipid
galactosylceramide (GalCer) were studied by osmotic stress/X-ray diffraction aralfydig. hydrated

GalCer gave a repeat period of 67 A, which decreased leas2tt&awith application of applied osmotic
pressures as large as 1x610° dyn/cn?. These results, along with the invariance of GalCer structure
obtained by a Fourier analysis of the X-ray data, indicated that there was an extremely narrow fluid space
(less than the diameter of a single water molecule) between fully hydrated cerebroside bilayers. Electron
density profiles showed that the hydrocarbon chains from apposing GalCer monolayers partially
interdigitated in the center of the bilayer. To obtain information on the adhesive properties of GalCer
bilayers, we incorporated into the bilayer various mole ratios of the negatively charged lipid dipalmi-
toylphosphatidylglycerol (DPPG) to provide known electrostatic repulsion between the bilayers. Although
17 and 20 mol % DPPG swelled (disjoined) the GalCer bilayers by an amount predictable from electrostatic
double-layer theory, 5, 10, 13, and 15 mol % DPPG did not disjoin the bilayers. By calculating the
magnitude of the electrostatic pressure necessary to disjoin the bilayers, we estimated the adhesion energy
for GalCer bilayers to be aboutl.5 erg/cm, a much larger value than that previously measured for
phosphatidylcholine bilayers. The observed discontinuous disjoining with increased electrostatic pressure
and this relatively large value for adhesion energy indicated the presence of an attractive interaction, in
addition to van der Waals attraction, between cerebroside bilayers. Possible attractive interactions are
hydrogen bond formation and hydrophobic interactions between the galactose headgroups of apposing
GalCer bilayers.

Both specific and nonspecific interactions between cell the adhesion energys(12 has been postulated to be the
membranes determine the equilibrium separation betweenresult of an additional attractive interaction due to direct
adjacent cells and play critical roles in a variety of biological electrostatic interbilayer interactions or indirect hydrogen-
processes in which cells come close together. For severalbonded water interactions between theNigroups in one
years there has been an intense effort to measure and chambilayer and the Pgy groups in the apposing bilayet4).
acterize the nonspecific interactions between bilayers com- Much less is known about the interactive and hydration
posed of the main lipid components of biological membranes properties of members of the other major class of lipids found
(see refsl—5 for reviews). In particular, the repulsive pres- in biological membranes, the glycolipids. Relatively high
sures and/or total adhesion energies have been measured fQfoncentrations of glycolipids (2680 mol %) are found in
bilayers composed of the main zwitterionic membrane phos- the plasma membranes of several cell types, particularly in
pholipids including phosphatidylcholiné{11), phosphati-  the brain and the epithelium lining the intestines. The
dylethanolamineg, 12-14), and sphingomyelinlf), aswell  interactive properties of glycolipids are important because
as for several negatively charged membrane phospholipids,glycolipids are thought to have roles in cetiell contacts
including phosphatidylglycerol, phosphatidylinositol, and (26, 27, cell—extracellular matrix interaction28, 29, and
phosphatidylserinel—18). The effect of cholesterol onin-  the binding to membranes of ions, lectins, viruses, and toxins
terbilayer interactions has also been extensively studigd ( (29-33). Pressuredistance curves have been measured
19). The interactions between most of these lipid bilayer sys- between bilayers containing mixtures of phospholipids and
tems have been characterized in terms of the attractive van detwo types of glycolipids: (1) the negatively charged gan-
Waals interaction@, 7, 20 and several repulsive pressures, glioside GM1 @4) and (2) the uncharged lactosyl ceramide
including electrostatic repulsioi, 17, hydration repulsion (35). For phospholipid:GM1 membranes there is long-range
(6, 7,9, and steric pressures due to molecular protrusions electrostatic repulsion as well as a short-range steric pressure
(21, 22 and bilayer undulations28—25). In the case of  arising from oligosaccharide headgroups that extend from
phosphatidylethanolamine, the relatively large magnitude of apposing bilayer surface84). Electrically neutral phospho-

; - _ lipid:lactosylceramide bilayers also showed the presence of
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and is thought to play a role in stabilizing the myelin (DPPG) were obtained from Avanti Polar Lipids, Inc.
membrane. Recently it has been shown that disrupted GalCelAlabaster, AL). Dextran of average molecular weight
and cerebroside sulfate synthesis can lead to an increase&80 000 and poly(vinylpyrrolidone) (PVP) of average mo-
membrane permeability, impaired packing of the myelin lipid lecular weight 40 000 were purchased from Sigma Chemical
bilayer, and a breakdown of saltatory conducti86-{39). Co. (St. Louis, MO).

GalCer can participate in carbohydratarbohydrate inter- X-ray Diffraction/Osmotic StresX-ray diffraction analy-
actions 40—42) and has been shown in various neural cell sis was performed on both unoriented suspensions of
lines to bind the HIV surface glycoprotein gp12a3), multiwalled vesicles and oriented multilayers of various
suggesting a role for GalCer in HIV entry into neural cells mixtures of cerebrosides and DPPG. For preparation of both
(43). types of samples, the appropriate lipid mixtures were first

Several previous studies have analyzed the hydration,codissolved in 2:1 chloroform:methanol and then rotary
thermal, and structural properties of synthetic and naturally evaporated to dryness. For some experiments the evaporated
occurring GalCers (bovine brain cerebrosides are primarily film was then placed in a high vacuum for 12 h to ensure
composed of GalCer). Synthetic and natural GalCer takesthe removal of residual solvent. This additional vacuum-
up significantly less water than zwitterionic phosphatidyl- drying step had no effect on the recorded diffraction patterns.
cholines 44, 45. Hydrated bilayers composed of either To prepare oriented multilayers, the dry lipid mixture was
bovine brain ceramidetg, 47 or several synthetic GalCers hydrated in excess water by incubation at°@0for several
(46, 48-52) have much higher chain melting transition hours. A small drop of the lipid suspension was then placed
temperatures than phospholipid bilayers of similar hydro- on a curved glass substrate and equilibrated overnight at 75%
carbon chain composition. Several lines of evidence, includ- relative humidity. Unoriented suspensions were prepared by
ing data from NMR §3), infrared spectroscopys4), and hydrating the rotary-evaporated lipid films with excess
X-ray crystallography 5, 56, indicate the presence of quantities (greater than 95 wt %) of 100 mM NaCl, 20 mM
intermolecular hydrogen bonds in the headgroup region of Hepes, pH 7 buffer, or polymer solutions made with various
GalCer, and this H-bond network can help explain the high concentrations of dextran or PVP in the same buffer. To
melting temperature of this lipicb{). Structural analysis of ~ ensure complete hydration and equilibration of the salt across
cerebroside crystal§%) show a H-bond network in the plane the multilayers §2), the lipid suspensions were incubated
of the bilayer but no interbilayer H-bonding. for three cycles of 30 min each at 8@ (above the lipid's

In this paper, we measure and analyze the interactionsphase transition temperature) and then ambient temperature
between hydrated bilayers composed of bovine brain GalCerfor 30 min.
to determine the adhesion energy and whether intermolecular For X-ray diffraction analysis, the multilayers on the glass
hydrogen bonds or other short-range interactions betweensubstrate were mounted in a controlled humidity chamber
GalCer headgroups hold bilayers together and give rise to a0n @ single-mirror (line-focused) X-ray camera such that the
large adhesion energy. Osmotic stress/X-ray diffraction X-ray beam was oriented at a grazing angle relative to the
experiments were performed on GalCer bilayers containing multilayers (0, 19. The humidity chamber, which contained
different concentrations of the charged phospholipid dipalmi- @ cup of the saturated salt solution, consisted of a hollow-
toylphosphatidylglycerol (DPPG) which provides a predict- Walled copper canister with two Mylar windows for passage
able electrostatic repulsion to the bilay&4) By determining ~ Of the X-ray beam. To speed equilibration, a gentle stream
the magnitude of the electrostatic energy necessary to disjoinof nitrogen was passed through a flask of the saturated salt
the bilayers {4), we estimated the adhesion energy. Our solution and then through the chamber. The unoriented
experiments also provided information on the hydrocarbon suspensions were pelleted with a bench centrifuge, sealed
packing in hydrated GalCer bilayers and indicated whether in quartz glass X-ray capillary tubes, and mounted in a point
fully hydrated GalCer bilayers have interdigitated hydrocar- collimation X-ray camera. All diffraction patterns were
bon chains such as those postulated for GalG& gnd  recorded at ambient temperature.
observed for other glycolipidssg). To provide additional Known osmotic pressures were applied to each of these
information on the hydration properties of cerebroside Systems by published procedurés$, 10, 63. Pressure was
bilayers, X-ray diffraction experiments were performed on applied to oriented multibilayers by incubating them in
anhydrous GalCer and on GalCer with ethyl alcohol. The constant relative humidity atmospheres maintained with
effect of ethanol on GalCer structure was of interest since Saturated salt solution§4). The applied pressure is given
Yu et al. @85) argue that interbilayer hydrogen bonding may by
help explain the large adhesion energy measured for bilayers
containing lactosylceramide, whereas an X-ray analysis of P = —(RTV,) In(p/p,) (1)
crystals with one molecule of ethanol per every two
molecules of GalCer shows no interbilayer hydrogen bonding WhereR is the molar gas constari,is the temperature in
(55). However, X-ray diffraction 48, 60, NMR (61), and Kelvin, Vy, is the partial molar volume of watep is the
Raman spectroscop$®) indicate that there may be differ- vapor pressure of the saturated salt solution, pnis the
ences in structure between such ethanol-containing crystalsvapor pressure of wate6g). Osmotic stress was applied to

and hydrated bilayers of GalCer. the unoriented suspensions with various concentrations of
dextran or PVP. Since these polymers are too large to enter
MATERIALS AND METHODS the lipid lattice, they compete for water with the lipid

multilayers, thereby applying an osmotic pressi6eg3.
Bovine brain cerebrosides (primarily composed of GalCer) Osmotic pressures for dextran and PVP solutions have been
and the sodium salt of dipalmitoylphosphatidylglycerol published €5).
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For both oriented and unoriented specimens, X-ray dif- 10
fraction patterns were recorded on Kodak DEF X-ray film. as GalCer:DPPG
The films were processed by standard techniques and 9 MNax O 0%DPPG
densitometered with a Joyce-Loebl microdensitometer as e X e
described previouslyy( 10, 19. After background subtrac-  ~ & [ A 20% DPPG
tion, integrated intensities(h), were obtained for each order g
h by measuring the area under each diffraction peak. For E 7
unoriented patterns, the structure amplitUeil) was set 2
equal to{h?l(h)}2 (66, 67). For the oriented line-focused °;0 6
patterns, the intensities were corrected by a single factor of =
h due to the cylindrical curvature of the multilaye66( 67) >
so thatF(h) = {hi(h)}2 B

Electron density profilesp(x), on a relative electron 4
density scale were calculated from ot | | . | |

) 60 70 80 9 100 110 120 130
p(X) = (2/d)z explig(h)} F(h) cos(2exhvd)  (2) Repeat Period (A)

wherex is the distance from the center of the bilayeris Ficure 1: Natural logarithm of applied pressure (69 plotted

: ; versus lamellar repeat period for unoriented suspensiong>(leg
the lamellar repeat periog(h) is the phase angle for order 7.5) and oriented multilayers (Idg > 7.5) of cerebroside bilayers

h, and the sum is ngh" Phase angles were 'deter.mined ,by containing 0, 10, 17, and 20 mol % DPPG. The data points shown
the use of the sampling theorei®8f as described in detail  on thex-axis were obtained from GalCer:DPPG liposomes contain-
previously (9, 69. Electron density profiles are at a ing 0 and 10 mol % DPPG in excess buffer with no applied

resolution ofd/2hmay ~ 7 A. pressure. (GalCer bilayers containing 13 and 15 mol % DPPG had
similar repeat periods in excess buffer.) The solid, dashed, and
RESULTS dotted lines represent the electrostatic repulsion expected from

double-layer theory between bilayers containing 20, 17, and 10 mol
X-ray/Osmotic Stress DataAt 20 °C, for all hydrated % DPPG, respectively (see text for details).
GalCer:DPPG mixtures studied, the wide-angle X-ray pattern

contained a single sharp reflection centered at 4.18 A,

consistent with lipids in a gel phas&Q). The low-angle ‘r

X-ray spacings depended on the amount of DPPG present %

in the sample. For fully hydrated GalCer suspensions &% /ﬁiﬂk
containing 0, 5, 10, 13, and 15 mol % DPPG, the low-angle 25 0

patterns consisted of several sharp reflections that indexed » &

as multiple orders of a lamellar repeat period of-65 A, g g 4

indicating the presence of stacked bilayers. The repeat period g é T , GalCer:DPPG

for fully hydrated cerebroside was similar to that recorded o 0% DPPG

by Abrahamsson et al6(Q). For the sample containing 15 x  10% DPPG

mol % DPPG, there were also weak broad bands centered el ! . %ZZ ggﬁg

at 60 and 27 A. For fully hydrated GalCer samples containing ' ' '

17, 20, or 25 mol % DPPG, the low-angle pattern contained 0 0.02 0.04 0.06 0.08 0.1

no sharp reflections but rather consisted of broad bands Reciprocal Spacing (1/A)

centered at 60, 27, and 18 A. FiGure 2: Structure factors plotted versus reciprocal spacing for

Osmotic stress-X-ray diffraction experiments were per- cerebroside bilayers containing 0, 10, 17, and 20 mol % DPPG.
formed to obtain additional information on the structure and The solid line is the continuous transform calculated from the
interactive properties of the GalCer:DPPG bilayers. For sampling theorem for GalCer containing 0 mol % DPPG.
applied osmotic pressureB)(greater than 3« 10* dyn/cnt, pressure-distance relation. For cerebroside bilayers contain-
each GalCer:DPPG sample containing2® mol % DPPG ing either O or 10 mol % DPPG, the repeat period decreased
gave low-angle X-ray patterns with sharp reflections that only slightly, from 67 A in the absence of applied pressure
indexed as multiple orders of a lamellar repeat period. The to 65 A at the highest applied pressure (Bg= 9.2).
samples containing 17, 20, or 25 mol % DPPG swelled to  Analysis of X-ray Data.The lamellar repeat period
much larger repeat periods than those containind %% represents the width of one unit cell which contains one
mol % DPPG. Figure 1 shows a plot of the logarithm of bilayer and the fluid space between apposing bilayers. A
applied pressure versus the lamellar repeat periods forFourier analysis of the diffraction data was performed to
GalCer:DPPG bilayers containing 0, 10, 17, and 20 mol % obtain information on both the structure of the bilayer and
DPPG. The repeat period for GalCer:DPPG bilayers contain- the width of the fluid layer. Figure 2 shows the structure
ing 17 and 20 mol % DPPG decreased from values greaterfactors for GalCer:DPPG samples containing 0, 10, 17, and
than 100 A at low applied pressure € 1 x 10° dyn/cn?, 20 mol % DPPG obtained from the osmotic stress experi-
log P < 5) to 63 A at the highest applied pressure of £.6  ments. The solid line is the continuous Fourier transform of
10° dyn/cnt (log P = 9.2). For the pressure range<4log the GalCer bilayer. This transform was calculated using the
P < 7, the repeat period decreased exponentially with data set for log°® = 8.3 and the phase combination which
increasing applied pressure (solid line in Figure 1). However, produced a transform that best fit the other data sets. There
for log P > 7, there was a sharp upward break in the are three points worth noting about this transform. First, the
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Ficure 3: Electron density profiles for cerebroside bilayers for a
range of applied pressures. From the top to the bottom profiles,
the applied pressures were 0, %31, 1.6 x 107, and 1.6x 10°
dyn/cn?. In each profile, one unit cell is shown. The vertical dotted
lines are drawn through the middle of the headgroup peaks of the
top profile recorded in excess buffer with no applied pressure.

Mol % DPPG

amplitude peaks were at reciprocal spacings of 0.018, 0.037,
and 0.055 A These peak positions corresponded quite
closely to the positions of the broad bands at 60, 27, and 18
A observed in patterns from fully hydrated GalCer:DPPG
with 17 and 20 mol % DPPG. Thus, the spacings of the broad
bands corresponded to the first three peaks in the continuous
Fourier transform of a bilayer, indicating that for the GalCer:
DPPG mixtures containing more than 17 mol % DPPG the
charged DPPG had disjoined the bilayetd)( Second, the
structure factors for all of the samples with-RO mol %
DPPG fell quite closely to this continuous transform,
indicating that the incorporation of up to 20 mol % DPPG
did not appreciably change the organization of the cerebro-
side bilayer. Third, the structure amplitudes from bilayers
for all osmotic pressures fell closely to the transform, FIGURES! Electron density profiles for cerebroside:DPPG bilayers

indicating that the structure of the bilayer did not appreciably ggg%giggeg'sl}é' 53@ i”g_g?oEggA Z‘;OE%Epc(gn?gitgisnggeaarmiesﬁ_me

change with incr_easing_ applied pressure. The vertical dotted lines were drawn through the headgroup peaks
Electron density profiles for cerebroside bilayers over a of the top profile of the cerebroside bilayer.

range of applied pressures are shown in Figure 3. The center

of each profile is at the origin. The low electron density with two bilayers and the fluid space between apposing
region in the center of each profile corresponds to the bilayers (Figure 4). The profiles in Figure 4 are from
hydrocarbon core of the bilayer, the peaks locatedt &7 cerebroside bilayer at zero applied pressure and at the
A correspond to the polar headgroups, and the mediummaximum applied pressure (Idg = 9.2 obtained at 32%
density regions at the edge of the profile correspond to the relative humidity). With increasing pressure, the distance
fluid space between bilayers. The shape of the bilayer portionbetween headgroup peaks from apposing bilayers decreased
of the profile did not appreciably change with increasing while the electron density between headgroup peaks from
osmotic pressure. In particular, the separation of headgroupapposing bilayers increased.

peaks across the bilayer (dotted lines in Figure 3) stayed Figure 5 shows profiles obtained from GalCer:DPPG
nearly constant; the headgroup peak to headgroup pealbilayers containing 0, 17, 20, and 100% DPPG. The profile
separation was 538 0.9 A (meant standard deviatiom for 100% DPPG was similar to one previously obtained for
= 8 experiments). The only systematic difference among the gel-phase DPPG7(l). The headgroup peak separation and
profiles was that the electron density at the outer edge of shape of the profile were similar for cerebroside bilayers
the bilayer increased with increasing applied pressure. Thiscontaining 0, 17, and 20 mol % DPPG. The headgroup peak
can be more easily seen in profiles containing two unit cells, separation was similar for the three mixtures, being 54.3

17

20

100

Electron Density (Arbitrary Units)

-40 -20 0 20 40 60
Distance from Bilayer Center (A)
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0.9 (h = 8 experiments), 53.4 1.3 (h = 6), and 54.0+ The electron density profiles provide further information
1.4 A (n = 4) for cerebroside bilayers containing 0, 17, and on the packing of the hydrocarbon chains in the bilayer.
20 mol % DPPG, respectively. However, the profile for GalCer bilayers containing-€20 mol % DPPG show a much
100% DPPG differed in two ways: (1) the headgroup peak broader electron density dip in the center of the bilayer than
separation across the bilayer was considerably smaller (43the relatively deep, narrow trough observed in profiles at
A) and (2) there was a much sharper and deeper dip inthe same resolution of gel bilayers composed of diacyl
electron density in the middle of the bilayer. The small peak- phospholipids with two identical hydrocarbon chains, such
to-peak separation in pure DPPG bilayers is due to chainas DPPG (Figure 5), dilauroylphosphatidylethanolamine
tilt of the hydrocarbon chains/{, 72. (DLPE) (74), or dipalmitoylphosphatidylcholine (DPPQ),(
X-ray diffraction patterns were recorded from anhydrous 75, 76, 7. This indicates that in GalCer bilayers the low
GalCer and GalCer solvated with ethanol. Anhydrous cere- electron density terminal methyl groups of the hydrocarbon
broside gave an X-ray pattern containing two wide-angle chains are not as well localized in the center of the bilayer
bands at 4.18 and 4.62 A and four low-angle reflections that as they are in gel-phase DPPG, DLPE, or DPPC bilayers. A
indexed as the first four orders of a lamellar phase with a likely reason for this is that in the cerebroside molecule the
repeat period of 65 A. The intensity distribution and electron hydrocarbon chains are of unequal length, leading to a partial
density profile of the anhydrous GalCer (data not shown) hydrocarbon chain interdigitation between apposing mono-
were similar to that of GalCer at 32% relative humidity. The layers of the bilayer. That is, in bovine brain cerebrosides
X-ray pattern of GalCer in excess anhydrous ethanol the most common fatty acid is 24 carbons long with no
contained several orders of a lamellar repeat period of 51 A double bonds (24:0), which must cross the middle of the
and several wide-angle spacings, the most intense being ailayer, whereas the short-chain sphingosine chain is not long

sharp reflection at a spacing of 4.50 A. enough to reach the bilayer center. Such partial hydrocarbon
chain interdigitation has also been observed by X-ray
DISCUSSION diffraction (59) and infrared spectroscopy®) in cerebroside

sulfate bilayers and by spin label studies in several glyco-
The results in these studies provide information on sphingolipids with asymmetric hydrocarbon chain lengths
cerebroside bilayer structure, interbilayer interactions, and (79, 80, as well as in phospholipids with asymmetric chains
hydration properties. (81, 82. In addition, in brain GalCer there is a mixture of
Bilayer Structure.The X-ray diffraction data provide acyl chain lengths, varying from 16:0 to 26:0, which could
several pieces of information on the structure of GalCer also contribute to the delocalization of the terminal methyl
multibilayers. First, the wide-angle patterns show that at 20 groups from the bilayer center.
°C the cerebroside bilayers are in a gel phase with hexagonal Interbilayer InteractionsFor gel-phase bilayers where the
packing of the hydrocarbon chains. Several previous calo- undulation (1, 24, 25 pressure is small, the repulsive
rimetry studies have shown that hydrated bovine brain pressure between charged phospholipid bilayers contains
cerebrosides melt at about 7Q (47, 50, 60, 7R Second, components due to hydration repulsiod, ©, 63, steric
the structure factors (Figure 2) and electron density profiles interactions between apposing bilayet®,(19, and elec-
(Figures 3 and 4) show that partial removal of water from trostatic repulsion16, 83, 83.
these bilayers by osmotic stress has little effect on the bilayer With the assumptions of a constant potential and no
structure. Such invariance in structure with partial dehydra- counterion binding, the repulsive electrostatic pressure
tion has been found also with gel-phase phosphatidylcholine between two planar charged surfaces in a 1:1 electrolyte can
(9) and sphingomyelin©) bilayers. Third, the wide-angle  pe expressed as
data, structure factors (Figure 2), and electron density profiles
(DFFI>gPuCr-e' 5) indicate that Fhe mcorporanon_ of up to 20 mpl % P..= 64kpr2 exp(—KD) 3)
into the cerebroside bilayers has little effect on bilayer
organization. Fourth, the very different repeat periods and
wide-angle spacings measured for GalCer in water and in
ethanol are relevant to comparisons of the structure found
for single crystals of synthetic GalCé&s5) and the organiza-
tion of GalCer in hydrated membranes. The GalCer crystals,
which contained a 2:1 mol ratio of lipid to ethanol, gave a
very small repeat (46 A), due primarily to a very large tilt
(49°) of the hydrocarbon chains with respect to the polar . 12
boundary $5). The chain tilt must be considerably less in sinh(gp/2KT) = o/(8eeKTp) (4)
our hydrated GalCer bilayers to account for the relatively
large bilayer thickness (about 66 A, see below). Abrahamssonwhere o is the surface charge density,is the dielectric
et al. 60) also found a different hydrocarbon chain arrange- constant, and, is the permittivity of free spaceBb). The
ment for a synthetic cerebrosidg-pctadecanoylpsychosine) surface charge density is estimated assuming that each DPPG
in the presence of water and in crystals grown from ethanol. molecule carries one negative charge, each cerebroside
Thus, since water and ethanol have quite different effects molecule is uncharged, and that the lipid area per molecule
on the packing of GalCer, some of the atomic details found is twice the area per lipid chail, = 2(d5)%(3)"2, whereds
in crystals formed from ethanol, such as specific inter- and is the wide-angle spacing7@). For the origin of the
intramolecular hydrogen bond formation, might not be electrostatic pressurd(= 0) for GalCer:DPPG bilayers,
applicable to hydrated GalCer bilayers. we estimate the position of the charged phosphate groups

wherek is the Boltzmann constant; is temperaturep is
the bulk ionic concentrationy;, = tanh(ep/4kT) wheree is
the electronic charge ang is the bilayer surface potential,
1/K is the Debye length (9.6 A for 100 mM NaCl), afdis
the distance between the charged lay&#4.(The surface
potential can be calculated from the Gouy equation
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from the position of the headgroup peak in the electron erg/cn?. This estimated value of adhesion energy is large
density profiles (Figure 5). compared to values of adhesion energy for gel-phase

The electrostatic repulsive pressures calculated with thesephospholipid bilayers measured either with this osmotic stress
procedures for cerebroside bilayers containing 10, 17, andmethod or with the surface force apparatus. For example, a
20 mol % DPPG are shown in Figure 1. For cerebroside value of —0.7 erg/cmd was obtained for DPPE with the
bilayers containing either 17 or 20 mol % DPPG, the osmotic stress method4), and values of-0.8 erg/cm for
pressure-distance data foil > 66 A are very well matched ~ DPPE and-0.15 erg/crifor DPPC were obtained with the
by the electrostatic double-layer (eq 3) predictions. drer surface force apparatu8)( Surface force apparatus measure-
66 A (and logP > 7), for both 17 and 20 mol % DPPG ment also gave an adhesion energy-e8.5 erg/cr for
systems, there are sharp upward breaks in the pressure ditridecanoylphosphatidylcholine containing 30 mol % of the
distance curves, away from the electrostatic predictions. disaccharide-containing sphingolipid lactosylceramide (Lac-
These upward breaks undoubtedly are due to the bilayersCer) 35). Thus, although there are several assumptions
coming into steric contact, as previously been demonstratedinvolved in our calculation of the adhesive energy, the
for both phospholipid and phospholipid:ganglioside bilayers evidence is strong that bilayers containing the gel-phase
(10, 34. This implies that the width of these cerebroside: glycosphingolipids GalCer or LacCer have significantly
DPPG bilayer is about 66 A. At the highest applied pressures, larger adhesion energies than do gel-phase PC or PE bilayers.
the repeat periods for GalCer bilayers containing 17 or 20 The adhesion energy between bilayers (which is negative)
mol % DPPG are 1a 2 A smaller than from bilayers is the sum of the negative attractive energy and positive
containing 0 or 10 mol % DPPG. A possible explanation repulsive energy at the equilibrium fluid spacing. Therefore,
for this is that the incorporation of DPPG decreases the compared to phospholipid bilayers such as phosphatidylcho-
surface density of the GalCer headgroups in the plane ofline, the large magnitude of the adhesion energy for GalCer
the bilayer, thereby decreasing the range of the steric bilayers can either be due to a larger attractive energy or a
repulsion between apposing bilayers. A similar phenomenon smaller repulsive energy. However, the following calculation
has been observed in ganglioside bilayers containing increasindicates that the latter possibility cannot explain the large
ing concentrations of PC3§). Thus, the entire pressure adhesion energy for GalCer. By integrating the measured
distance relations for cerebroside bilayers containing 17 andtotal repulsive pressure for DPPC in the gel ph&®}, (we
20 mol % DPPG can be explained in terms of two repulsive find that the total repulsive energy for DPPC is approximately
interactions, a short-range steric pressure and a longer-range@.1-0.2 erg/cm. Since this number is small compared to
electrostatic repulsive pressure. the adhesion energy of GalCer1.5 erg/cm), a smaller

In the case of bilayers containing 10 mol % DPPG (Figure repulsive pressure could not produce the large adhesion
1), for log P < 7 the pressuredistance data do not agree energy observed for GalCer. Therefore, the total attractive
with the electrostatic prediction but rather superimpose with pressure must be much larger for GalCer than for DPPC or
the data from uncharged cerebroside bilayers (Figure 1). Thatother PC bilayers.
is, 10 mol % DPPG does not provide enough electrostatic Calculations of Yu et al.35) based on Lifschitz theory
repulsion to disjoin or swell the cerebroside bilayers apart. indicate that the incorporation of sugar lipids has a relatively
Moreover, the repeat period of the cerebroside bilayers small effect on the attractive van der Waals interaction
containing 6-10 mol % DPPG decreased only about 2 A between bilayers. Yu et al3%) suggested that for LacCer/
over the entire range of applied pressures<(® < 1.6 x PC bilayers there must be an additional large, short-range
1@ dyn/cn?), indicating that very little interbilayer water  attractive pressure between bilayers to account for the large
was removed. These results are similar to those reported foradhesion energy. Our observation afiacontinuousinbind-
gel-phase dipalmitoylphosphatidylethanolamine (DPPE) bi- ing of GalCer bilayers with increasing DPPG concentration
layers (4). For comparison, over this range of applied is consistent with the presence of an additional short-range
pressures the repeat period of gel-state bilayers of DPPC isattractive interaction. Yu et al36) suggest the involvement
reduced abaiB A (11). Moreover, gel-phase DPPC bilayers of hydrogen bonds between sugar groups from apposing
completely disjoin with the addition of only 5 mol % of bilayers, similar to the proposed H-bond formation between
charged lipid 14), whereas fully hydrated DPPE bilayers apposing headgroups in hydrated PE bilay&#.(In single
do not disjoin until 10 mol % charged lipid is addetiy. crystals of GalCerg5), each cerebroside molecule partici-
Thus, fully hydrated cerebroside bilayers, like DPPE bilayers, pates in eight hydrogen bonds but these H-bonds are all
have very narrow interbilayer fluid spaces in excess buffer within the same molecular layer. That is, in the cerebroside
and disjoin discontinuously with the addition of increasing ethanol crystals there are no interbilayer H-bonds, although
amounts of charged lipid (electrostatic repulsion). there are H-bonds between the cerebroside and ethanol

The pressuredistance data (Figure 1) can be used to molecules. However, as noted above, there are marked
estimate the adhesion energy between apposing cerebrosiddifferences in diffraction patterns from GalCer in ethanol
bilayers by the procedure we have used for DPPE bilayersand water, at least keeping open the possibility that there
(14). Our results indicate that the addition of 17 mol % DPPG could be interbilayer H-bond formation in hydrated GalCer.
provided just enough charge to disjoin the GalCer bilayers  Another possible attractive interaction between GalCer
(Figure 1). Therefore, we use the electrostatic pressure forbilayers is hydrophobic packing between galactose moieties
GalCer with 17 mol % DPPG calculated from eq 3 (Figure from apposing bilayers. In the case of leeticarbohydrate
1) as a measure of the minimum repulsive pressure necessarinteractions, evidence has accumulated that there is hydro-
to disjoin GalCer bilayers. By integration of this line from phobic packing between the hydrophobic face of carbohy-
infinite bilayer separation to the separation in excess buffer, drates, particularly galactose, and aromatic amino a&ds (
we obtain the adhesion energy per unit ared&aot —1.5 88). Although carbohydrates are highly polar, they have an
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amphipathic character with significant nonpolar patcid&s (

89).

galactose moiety in GalCer bilayers, there could be strong
interactions between the hydrophobic galactose surfaces from ;g

Therefore, depending on the conformation of the

apposing bilayers.

Biological membranes, such as myelin membranes, which 19.
contain large concentrations of cerebrosides, also contain
significant amounts of cholesterol so that the membrane lipids

are in a liquid-crystalline phase. However, the attractive inter-
actions demonstrated above for gel-phase GalCer bilayers 22.

should also operate between GalCer bilayers in the liquid-

crystalline phase. For liquid-crystalline bilayers, micropipet
measurement studiesld) have indeed shown that the
adhesion energy of a sugar lipid (digalactosyl diacyl glycerol)
is greater than that of liquid-crystalline phase PC or PE.

SUMMARY

In excess water at 2UC, GalCer forms gel-phase bilayers
with hexagonally packed hydrocarbon chains that partially

interdigitate across the center of the bilayer. The interbilayer

fluid space is extremely narrow (less than 2 A, or less than

the “diameter” of a single water molecule) and the adhesion
energy between GalCer bilayers is quite large compared to
phosphatidylcholine bilayers. The small fluid space and large
adhesion energies are due to a large, short-range attractive

interaction between galactose moieties from apposing bilay- 33
g PP 9 y 34. Mcintosh, T. J., and Simon, S. A. (199jochemistry 33

ers.
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