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ABSTRACT: We have investigated the intervesicular transfer of galactosylceramide between unilamellar
bilayer vesicles composed of differing sphingomyelin and phosphatidylcholine molar ratios. To monitor
glycolipid transfer from donor to acceptor vesicles, we used a fluorescence resonance energy transfer
assay involving anthrylvinyl-labeled galactosylceramide (AV-GalCer) and perylenoyl-labeled triglyceride.
The transfer was mediated by glycolipid transfer protein (GLTP), purified from bovine brain and specific
for glycolipids. The initial transfer rate and the total accessible pool of glycolipid in the donor vesicles
were both measured. An increase in the sphingomyelin content of 1-palmitoyl-2-oleoyl phosphatidylcholine
(POPC) vesicles decreased the transfer rate in a nonlinear fashion. Decreased transfer rates were clearly
evident at sphingomyelin mole fractions of 0.22 or higher. The pool of AV-GalCer available for GLTP-
mediated transfer also was smaller in vesicles containing high sphingomyelin content. In contrast, AV-
GalCer was more readily transferred from vesicles composed of POPC and different disaturated
phosphatidylcholines. Our results show that GLTP acts as a sensitive probe for detecting interactions of
glycosphingolipids with neighboring lipids and that the lateral mixing of glycolipids is probably affected

by the matrix lipid composition. The compositionally driven changes in lipid interactions, sensed by GLTP,
occur in membranes that are either macroscopically fluid-phase or gel/fluid-phase mixtures. Gaining insights
into how changes in membrane sphingolipid composition alter accessibility to soluble proteins with affinity
for membrane glycolipids is likely to help increase our understanding of how sphingolipid-enriched
microdomains (i.e., “rafts” and caveolae) are formed and maintained in cells.

Sphingolipids constitute an important class of membrane GSLs contain a hydrophobic region composed of sphin-
lipids among eukaryotes. Recognition events between com-gosine with an amide-linked acyl chain (i.e., ceramide) and
plex glycosphingolipids (GSL%)and glycoproteins are  a hydrophilic sugar moiety. The variations in GSL head-
thought to be required for tissue differentiation in higher groups are great, ranging from single monohexoses such as
eukaryotes and for other specific cell interactiot)s Certain glucose or galactose to complex multiple sugar moieties such
stimuli, like stress or receptor activation, give rise to a wide as those found in the ganglioside family. Naturally occurring
variety of sphingolipid second messengers which affect the cerebrosides, like bovine brain galactosylceramide (GakCer),
cell cycle @). GSLs act as cell surface receptors for hor- contain mostly long-chain fatty acids (C24:0, C24:1, and
mones, bacterial toxins, and viruse®.(They are also en-  C18:0) and undergo chain-melting transitions at relatively
riched in plasma membrane caveoldgdnd are thoughtto  high temperatures (780 °C). The order-to-disorder transi-
be components of segregated lateral lipid microdomains tion temperaturesly,) of cerebrosides are not dominated by
called rafts §). the length of the amide-linked-acyl chains. In contrast, phos-
phatidylcholines (PC) show thermal behavior that depends
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! Abbreviations: AV-GalCenN-[(11E)-12-(9-anthryl)-11-dodecenoyl]- golipid and glycolipid-phosphoglyceride interactions, we used a
1-O43-galactosylsphingosine; GLTP, glycolipid transfer protein; POPC, glycolipid “substrate” that would be excellently transferred by GLTP
1-palmitoyl-2-oleoyl phosphatidylcholine; GSL, glycosphingolipid; to and from vesicles comprised of phosphatidylcholine (PC) with
GalCer, galactosylceramide; SPM, sphingomyelin; PC, phosphatidyl- saturatedn1 chains and unsaturated-2 chains, the naturally prevalent
choline; Per-TGrac-1,2-dioleoyl-3-[9-(3-perylenoyl)-nonanoyl]glyc- structural motif of PC. Earlier work indicated that monohexosylcera-
erol; FRET, fluorescence resonance energy transfer; SUV, small mides such as GalCer and GlcCer are excellent substrates and are
unilamellar vesicle; DPPC, dipalmitoyl phosphatidylcholine; DMPC, transferred almost equally well by GLTP, while literature data involving
dimyristoyl phosphatidylcholine; 14:0 SPM, 16:0 SPM, or 26:0 SPM, more complex sphingolipids (i.e., gangliosides) are more conflicting.
sphingomyelin with myristoyl, palmitoyl, or hexacosanoyl acyl chains, Thus, using AV-GalCer provided a convenient and scientifically sound
respectively; PE, phosphatidylethanolamine; DMPE, dimyristoyl phos- way to begin, especially because GalCer is likely to be a sphingolipid
phatidylethanolamine; PG, phosphatidylglycerol. raft component in oligodendrocytes, Schwann cells, and enterocytes.
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and amide functional groups that can act as hydrogen-bondlipid interactions between the glycolipid and SPM. Aside
acceptors and donors to help stabilize lipligid interactions from showing the usefulness of GLTP as an in vitro tool to
(9). In contrast, glycerol-based phospholipids such as PCsevaluate glycolipie-lipid interactions, gaining insights into
contain two ester-linked fatty acids that can act only as how GLTP responds to GSL lateral mixing with various
hydrogen-bond acceptor sites. The preceding structuralmembrane lipids may help identify potential ways in which
features significantly influence sphingolipid physical behav- the assembly of sphingoid-based microdomains occurs in
ior in model membranes and have led to the idea that biomembranes. Although GLTPs are widely distributed
sphingolipid-enriched microdomains arise because of dif- among various organisms and tissu&3) their in vivo
ferential miscibility within the bilayer matrixi©, 11). Recent function remains enigmatic.

elaboration and extensions of these ideas, involving an

essential role for cholesterol, are illustrated by “sphin- EXPERIMENTAL PROCEDURES
golipid—sterol rafts” or microdomainsl@—16). Lipids. 1-Palmitoyl-2-oleoylphosphatidylcholine (C18:0/

Resistance to detergent solubilization is an investigative C18:1\°% POPC), bovine brain sphingomyelin (46% C18:
approach that has been used to isolate putative raft lipidsO, 7% C22:0, and 47% other; bovine brain SPM), milk
and proteins 17, 18). On the basis of this criteria, GSLs sphingomyelin (20% C24:0, 18% C20:0, 16% C16:0, and
appear to localize to cellular raftdq) and have been used 46% other; milk SPM), palmitoyl sphingomyelin (100%
as microdomain markers in model and cell membrat8s (  C16:0 and 16:0 SPM), and myristoyl sphingomyelin (100%
20). Inherent in the GSL “marker” approach is the assump- C14:0 and 14:0 SPM) were all from Avanti Polar Lipids
tion that lipids near marker GSLs preferentially interact to (Alabaster, AL). The fluorescent probeN;[(11E)-12-(9-
form a microdomain. Yet, localization of GSL markers anthryl)-11-dodecenoyl]-1-@-galactosylsphingosine [AV-
generally relies on reporter derivatives (e.g., fluorescent) with GalCer] andac-1,2-dioleoyl-3-[9-(3-perylenoyl) nonanoyl]-
inherent optical limitations or on reporter proteins which are glycerol [Per-TG] were prepared as described earf®3& (

2 orders of magnitude larger than the GSL itself. Given such 39). The concentration of the different phospholipids was
limitations, current semiquantitative estimates depict rafts as determined by the Bartlett methodid), and the probes were
relatively small groupings of only a few hundred lipids. determined gravimetrically, which we found to agree well
Because of their putative small size under physiological with determinations based on the molar extinction coefficient.
conditions, proving the existence of these lipid-derived  GLTP. GLTP from bovine brain was purified to homo-
micro- and nanodomains is extremely challenging, as is geneity, as described earlie?9j.

evidenced by the controversy surrounding raft existence in  Preparation of Phospholipid Vesicledonor vesicles
cell membranes21—23). Adding to the challenge is a rich  consisting of SPM or PC and the fluorescent probes AV-
history of glycolipid “crypticity” characterized by the limited ~ GalCer and Per-TG, were prepared by the rapid ethanol
accessibility of antibodies to glycolipids in biomembranes injection technique 41, 42). The effectiveness of this
(24—28). Thus, there is a need for new approaches that canapproach for generating donor vesicles with different PC
provide insights into sphingolipielipid interactions in compositions in conjunction with fluorescent studies of lipid
membranes. intervesicular transfer has been previously demonstrd®d (

Here, we use a small soluble protein that can selectively Phospholipids were mixed with 1% AV-GalCer and 1.5%
transfer glycolipids to other membranes (i.e., glycolipid Per-TG from stock solutions in 95:5 hexane/ethanol (Burdick
transfer protein (GLTP)) to investigate the molecular interac- & Jackson Lab., Muskegon, MI) and dried under nitrogen.
tions of a representative monohexosylceramide, GalCer,The mixtures were stored at20 °C and redissolved
within different surrounding lipids. The ability of GLTPs to  immediately before use in absolute ethanol that had been
catalyze the in vitro transfer of GSLs and glycoglycerolipids previously double-distilled over KOH. The mixture (&,
between donor and acceptor membranes is well-established0 nmol) was rapidly injected with a 28. Hamilton syringe
(29—-32). This kinetic-based approach is advantageous into a 10 mM sodium phosphate buffer (pH 7.4, containing
because GLTP’s interaction with the membrane is transient 1mM dithiothreitol, 1 mM EDTA, and 0.02% NajNunder
and is thought to involve a single glycolipid binding site on rapid stirring at 37C. The final concentration of the donor
the protein 83). Thus, the drawbacks of using high-affinity  vesicles per assay was A8, and the ethanol concentration
marker proteins to bind GSLs in the membranes associatedwas less than 0.2%. The final concentration of AV-GalCer
can be avoided. Such proteins include GSL-specific lectins, in each assay was 0.18V. Previous studies have shown
toxins, or antibodies. Their tight association with glycolipids that monohexosylceramides are accommodated within PC
in membranes often shields or occludes nearby GSL binding vesicles up to about 25 mol %4.1) and triolein up to 3 mol
sites (0, 11) and, along with multivalency and protein % (44) without affecting vesicle integrity. In our case, only
protein interactions, causes complex binding behavior as thel mol % AV-GalCer and 1.5 mol % Per-TG were used in
amount of adsorbed protein increases. the donor vesicles.

To gain insights into GSL mixing behavior at nanoscale  The acceptor vesicles were prepared by sonicad@h (
dimensions, we studied GalCer accessibility to GLTP upon POPC, dissolved in chloroform or 3:2 hexane/2-propanol (v/
mixing with either PC or SPM or with different mole V), was dried under vacuum and suspended by vortexing in
fractions of these lipids. These matrix lipids were chosen the same sodium phosphate buffer to a concentration of 50
because of reports suggesting differences in their mixing mM. The suspension was sonicated with a Heat Systems-
behavior with GSLs 34—36). Here, we show that GLTP-  Ultrasonics W-225 sonifier on ice and then centrifuged for
mediated GalCer intermembrane transfer is substantially 90 min at 100 009 to remove titanium probe particles,
diminished as the bilayer matrix content of SPM increases multilamellar vesicles, and undispersed lipid. The radii of
in SPM/PC mixtures. The results suggest stronger 4ipid  the vesicle populations reportedly averaged-1125 A (41).
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Fluorescence Resonance Energy TrangFRET) Assay
for Monitoring ProteinMediated Glycolipid Intermembrane
Transfer The FRET method used for measuring the transfer
of glycolipid between two bilayer vesicle populations has
been thoroughly described previousBA). All fluorescence
measurements were carried out using a SPEX Fluoromax
instrument (Instruments SA, Inc., Edina, NJ). The excitation
and emission band-pass were 5 nm and the sample cuvette
holder was temperature controlled to £70.1 °C (Neslab,
RTE-111, Neslab Instruments, Portsmouth, NH). Briefly, the
excitation spectra of AV-GalCer in POPC occurs between
330 and 410 nm with peaks near 370 and 390 nm, whereas
the emission spectrum occurs between 390 and 485 nm with !
peaks near 415 and 430 nm. The excitation spectra of Per- Time (seconds)
TG in POPC overlaps the emission of AV-GalCer with a
broad maximum peak near 450 nm, whereas the emission
spectrum occurs between 470 and 590 nm with a broad
maximum peak near 515 nr31). As a result, when excited
at 370 nm, nearly complete quenching of AV-GalCer occurs
in donor vesicles containing nontransferable Per-TG. Addi-
tion of POPC acceptor vesicles in a 10-fold excess and GLTP
results in increasing AV-GalCer fluorescence and diminish-
ing Per-TG fluorescence as quenching relief occurs because
of the separation of the FRET pair as of AV-GalCer is
transferred to the acceptor vesicles. Because of this spectral
response, the kinetics of AV-GalCer intermembrane transfer ok e
could be determined continuously by monitoring the increase 0 200 400 600 800 1000 1200 1400 1600
in AV fluorescence at 425 nn8B{, 32). Time (seconds)

Calculations of the Transfer Rate®ur calculations of  Ficure 1: Effect of increasing amounts of DPPC or bovine brain
AV-GalCer transfer rates are based on the following con- SPM in POPC donor vesicles on the GLTP-mediategifitransfer
siderations. We assume that, at donor-to-acceptor vesicle\‘/’f Aivl‘Ga'%ergov'?r?PbCr e‘iﬁcggt&r geosl'f(':efj: ﬁlA)r BPPiCl'POTPr C donor
_rat|os of 1:10, GLTP can access_90.9% of the AV-GaIC_:er 22_55%/0'3, s’(é) )47?5%? (C)a 72.5%, (d) 82_5?,/0? (e;asgcz_e‘r)s%, Zﬁgs(g‘)
in the outer leaflet and transfer it to the acceptor vesicle 97,59 represent increasing amounts of DPPC or bovine brain SPM
population but that AV-GalCer in the inner leaflet is not in mol %.

accessible to GLTP3Q). The flip-flop, or the transmembrane
movement of GalCer from one leaflet of the bilayer to the  Light-Scattering Measurement§o determine the impact
other, is very slow and close to undetectabi®)( The of changing lipid composition on the size of vesicles
spontaneous transfer of GalCer monomers through theproduced by ethanol injection, light scattering was measured
aqueous phase also is very slow20 h) @7). at 9@ relative to incident light using a Fluoromax spectro-
The AV-GalCer transfer was calculated as a rate (pmol fluoonmeter. Tem_peratL_Jre in the cuvette was maintained at
transferred/sec) by adding Triton X-100 (final concentration S/ < USing a circulating water bath (Neslab RYELL).
of 1%) to the transfer reaction mixture after the AV-GalCer The intensity at 320 nm was measured as a function of time
transfer reached transfer equilibrium. Addition of Triton &S described previousiBy).
X-100 caused the two fluorescently labeled lipids to become
dispersed into lipietTriton X-100 micelles considerably
beyond their Frster distancesi@). The dilution of the FRET AV-GalCer Transfer from DPP®OPC or SPMPOPC
probe pair in the preceding manner permitted the total AV- Vesicles Initially, we investigated the effects of increasing
GalCer fluorescence intensity to be obtained for each transfermole fractions of DPPC in POPC on the AV-GalCer inter-
reaction mixture. The total fluorescence intensity after Triton vesicular transfer mediated by GLTP at 32. DPPC was
X-100 addition, minus a Triton X-100 blank, corresponds chosen because it has been used as a SPM “analogue” in
to the total amount (400 nmol) of AV-GalCer used in each studies of sphingolipig sterol rafts 18, 49, 50). An increase
transfer reaction, which was 1 mol % or 4 nmol. By com- in the DPPC content of the POPC donor vesicles resulted in
paring the levels of the fluorescence intensity at the transfer a clear decrease in the GLTP-mediated AV-GalCer transfer
equilibrium and after addition of detergent, we calculated (Figure 1A). An increase in the bovine brain SPM content
the amount of available AV-GalCer transferred by GLTP. of POPC donor vesicles also decreased the AV-GalCer
In POPC small unilamellar vesicles (SUVs), transfer equi- transfer between donor and acceptor vesicles but much more
librium represents about 665% of the total AV-GalCer  dramatically than DPPC (Figure 1B). A complication of
emission intensity achieved following detergent solubilization using natural SPMs such as bovine brain SPM is the broad
(32). This value is consistent with AV-GalCer being mass- temperature range of their gel-to-liquid-phase transitions that
distributed in the outer and inner leaflets of the donor extend from about 3650 °C (51). The phase transition of
vesicles. DPPC (41°C) is higher and more cooperative than that of
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PoPc Ficure 3: Determination of equilibrium transfer levels of AV-

GalCer attained with bovine brain SPM-POPC mixed SUVs. Triton
X-100 was added to the transfer reaction after the transfer reached

a equilibrium to establish the AV-GalCer fluorescence intensity

b expected at infinite dilution31). The fluorescence levels after
detergent addition, marked with an X (minus a Triton X-100 blank),
correspond to the total fluorescence for the reaction containing 4
nmol (1 mol %) AV-GalCer. These fluorescence values were used

¢ to determine the transfer rates for the GLTP-mediated AV-GalCer
transfer between donor and acceptor vesicles.

Fluorescent intensity, arbitary units

d the transfer, suggesting that GLTP or acceptor vesicle con-

0 ” _ _ _ ‘ © centration were not the limiting factors in the transfer (data
0O 200 400 600 800 1000 1200 not shown).

AV-GalCer Transfer Rates and Equilibrium Pool Sizes
In a previous study in which we examined the effects of
FiGURE 2: Effect of increasing amounts of DMPC or 14:0 SPMin  poth negatively and positively charged lipids on the GLTP-
POPC donor vesicles on the GLTP-mediategigltransfer of AV- 0 qiated AV-GalCer transfer between POPC vesicles, the
GalCer to POPC acceptor vesicles: (A) DMPC-POPC donor . S !
vesicles, (B) 14:0 SPM-POPC donor vesicles. Traces (a) 22.5%, {ransfer reactions always reached the same equilibrium levels
(b) 47.5%, (C) 72.5%, (d) 82.5%, (€) 92.5%, and (f) 97.5% represent Of fluorescence intensity, despite the increasing content of
increasing amounts of DMPC or 14:0 SPM in mol %. charged lipid 82). The data in Figures 1 and 2 clearly show

that this is not the case when the donor vesicle matrix consists
bovine brain SPM+37 °C), while the main phase transition of a saturated PC-POPC or SPM-POPC mixture. The data
of pure POPC is around?2 °C. It, therefore, is possible that  indicate that the pool size of the AV-GalCer that is accessible
the AV-GalCer kinetic data obtained could be influenced to GLTP diminishes as the saturated PC or SPM content of
by the lipid phase behavior encountered at’87 the vesicles increases with SPM producing the more dramatic

AV-GalCer Transfer from DMPE&OPC or 140 SPM effect. To quantitate the relative pool sizes, we added Triton
POPC VesiclesTo address the possibility that geluid X-100 (final concentration of 1%) to each transfer reaction
phase coexistence in bovine SPM-POPC donors or the lackmixture after reaching the AV-GalCer transfer equilibrium.
thereof in DPPC-POPC donors might be affecting the AV- The excess detergent solubilized the vesicles and allowed
GalCer transfer rates, we investigated the effect of increasingthe total fluorescence intensity of all of the AV-GalCer in
mole fractions of DMPC or 14:0 SPM in POPC on the the system to be obtained (marked with an arrow in Figure
GLTP-mediated transfer of AV-GalCer. Both DMPC and 3; see Experimental Procedures). Using this approach, we

Time (seconds)

14:0 SPM have gel-to-liquid-phase transitiong,) well determined the amounts of AV-GalCer accessible for GLTP
below 37 °C, eliminating the complications of gefluid in different SPM-POPC mixed donor vesicles using GLTP
phase coexistence. DMPC ha3a(gel — L,) of ~23°C as a probe. The results are shown in Figure 4. SUVs com-

and 14:0 SPM &, (gel— L) of ~30°C. Figure 2A shows  posed of POPC with no SPM reached equilibrium transfer
that similar decreases were observed in the AV-GalCer levels of just above 60% or 240 pmol of a total of 400 pmol
transfer when DMPC replaced DPPC (Figure 2A). Again, (Figure 4, left symbols). This is consistent with the theoretical
more dramatic decreases in the GLTP-mediated AV-GalCer value of about 6665% accessible AV-GalCer in the SUV
transfer were observed (Figure 2B) if semisynthetic 14:0 outer leaflet. The theoretical value for the amount of AV-
SPM replaced the natural bovine brain SPM. Because muchGalCer in the outer leaflet for highly curved vesicles with a
larger decreases in the transfer were evident for both bovineradius of 116-125 A can be calculated assuming that AV-
brain SPM and for 14:0 SPM, as compared to DPPC and GalCer is mass-distributed between the outer and inner bi-
DMPC, we exclude the possibility that the observed decreaselayer leaflets, similar to the POPC matrix. Then, approxi-
in the transfer was caused by phase-transition-related lipid mately one-third of the AV-GalCer originally present (400
reorganization within the donor mixtures. Addition of more pmol) would be expected to reside in the inner membrane
GLTP or more POPC acceptor vesicles to the mixtures with leaflet, to be quenched by the Per-TG, and to be inaccessible
high SPM content did not result in any further increase in to GLTP. At equilibrium transfer and with a donor-to-
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POPC and DPPC-POPC SUVs. The levels are expressed as percen -

of available AV-GalCer. 5’) the transfer rates also slow considerably. At a_b(_)ut 30
mol % SPM, the transfer rate already reached its minimum,

acceptor vesicle ratio of 1:10, the GLTP would transfar and further increases in SPM content did not significantly

(90.9%) of the AV-GalCer on the outer bilayer leaflet to change the transfer rates. For the DMPC-POPC or DPPC-
the acceptor vesicles. Considering the previous, approxi- POPC system, the transfer rates slowed in a linear fashion
mately 66-65% (or 218-236 pmol) recovery of the AV-  as a result of an increase in either the DMPC or DPPC
GalCer emission signal would be expected when intervesic- content in POPC SUVs (Figure 6B, dotted lines).
ular transfer equilibrium is achieved. An increase in the molar ~ Light Scattering Ezaluation of Vesicle Siz& o determine
fraction of SPM dramatically lowers the equilibrium transfer whether increasing the SPM or saturated PC content of the
levels (Figure 4). For vesicles composed of 90 mol % SPM, POPC vesicles significantly affects vesicle size, we carried
only between 20% and 25% (800 pmol) of the total AV- out 9C light scattering measuremen&lj. For SPM-POPC
GalCer was accessible to GLTP. Interestingly, substituting or saturated PC-POPC vesicles formed by rapid ethanol
DMPC or DPPC for SPM did not lower the amount of acces- injection, the scattered signal at 320 nm was withirl8%
sible AV-GalCer as much as SPM (Figure 5). The accessible higher than POPC vesicles formed similarly or formed by
amount of AV-GalCer at high DMPC or DPPC mole sonication (data not shown). However, vesicles formed by
fractions ranged between 35% and 45% (3480 pmol). slow ethanol injection showed a +8.1-fold increase in
Effects of Other SPMs on the A\GalCer Transfer We scattering, consistent with the expected increase in size to a
further analyzed the GLTP-mediated AV-GalCer transfer 60—70 nm diameter or large4®). Vesicles formed by extru-
from donor vesicles consisting of POPC mixed with milk ~sion through 200 nm filters showed a 3.7-fold increase in
SPM, 16:0 SPM, or 26:0 SPM. These other SPMs, which Scattering relative to vesicles produced by rapid ethanol
all have gel-to-liquid-phase transition temperatures above 37injection.
°C, were chosen because of their postulated role in the
formation of rafts and caveolae in celld, (5, 12, 16, DISCUSSION
52-54). Figure 6A shows the AV-GalCer transfer in pmol/ We have demonstrated that increasing the SPM content
sec for 1lug of GLTP as a function of a successive increase of POPC donor bilayers dramatically impedes the GLTP-
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mediated transfer of AV-GalCer to acceptor vesicles, regard- driven by increasing levels of SPM, limit the accessibility
less of the SPM acyl chain composition. An increase in the of GLTP to AV-GLTP. What is especially interesting is that
disaturated PC content of POPC donor bilayers also inhibits the changes in AV-GalCer accessibility are clearly evident
AV-GalCer transfer, but not nearly as much as SPM. The with SMs (e.g., 14:0 SM) or PCs (e.g., DMPC) that have
decrease in AV-GalCer transfer clearly reflects an inability phase transitions well below 3. This indicates that the
of GLTP to access the glycolipid. To explain this diminished alterations to AV-GalCer that limit GLTP accessibility can
accessibility of AV-GalCer to GLTP, we have considered occur within a macroscopically fluid-phase SPM-POPC or
two fundamentally different scenarios involving changes in saturated PC/POPC matrix. It is also clear that increasing
glycolipid transmembrane distributions and changes in gly- SPM more effectively mitigates the GLTP-mediated AV
colipid lateral mixing interactions with the PC and SPM transfer than increasing levels of saturated PCs. This is
matrix lipids. illustrated in Figure 6. The negative deviation from linear
Because GLTP cannot penetrate across the bilayer toideal behavior (parts A and B of Figure 6, dotted lines)
access glycolipids on the inner leaflet of unilamellar vesicles supports a stronger effect of SPM on AV-GalCer with SPM
or the internal lamellae of multilamellar liposomes, it could inthe POPC donor vesicles. This finding suggests that factors
be argued that increasing the SPM content of the POPCother than chain saturation are influencing AV-GalCer
SUVs causes the vesicles to increase in size and to becomeccessibility to GLTP and could reflect the ability of
oligolamellar. Yet, our light scattering measurements reveal sphingolipids to form both intramolecular and intermolecular
almost no difference in the average size of the SPM-POPChydrogen bonds. This possibility is discussed more exten-
or saturated PC-POPC vesicles as compared to pure POPGively below.
SUVs (5-10% increase in scatter). The steep increase in  From earlier studies, it is appears quite plausible that AV-
light scattering expected when the vesicle diameter increasesGalCer mixing may be enhanced in SPM-POPC or disatu-
from SUV size (26-25 nm diameters) to LUV size>(60 rated PC-POPC vesicles relative to that occurring in pure
nm diameter) is not evident in the SPM-POPC or saturated POPC vesicles. Shipley and co-workers showed fitat
PC-POPC vesicles formed by rapid ethanol injection. Thus, palmitoyl GalCer, below 23 mol %, is completely miscible
these vesicles can be expected to have SUV-like transmemdin DPPC fluid or gel-phase bilayers3%, 59), whereas
brane lipid distributions. Curatolo found that cerebroside-POPC mixtures exhibit gel-
Because the vesicles used in our experiments appear tghase immiscibility over the compositional ranged® mol
be SUV-like for all mixtures, another possibility is that % cerebroside §0). Fluorescence quenching studies by
increasing SPM content causes the transbilayer distributionSilvius (61) support the idea that GalCer mixing becomes
of AV-GLTP to shift to the SUV inner leaflet. Yet, this less favorable in PCs as the unsaturation level of the acyl
explanation for limited GLTP accessibility also appears chain increases. Johnston and Chapman showed that bovine
untenable. NMR studies of SPM transbilayer topology in PC brain GalCer is completely miscible with bovine brain SPM
SUVs indicates that SPM is nearly mass-distributed, with at mole fractions below 70 mol % in both the gel and liquid-
only a slight preference for the outer leafl&8( 75). Our crystalline states3g). Also, PCs and SPMs are known to
previous studies with AV-GalCeB(, 32) as well as those  be highly miscible in each other when their chain lengths
of Sharom and Grant with spin-labeled GalCé8)(indicate are similar in length (e.g., refs9 and 76). Together, these
that the transbilayer topology of GalCer in POPC or egg PC studies suggest that GalCers, at low concentrations, mix
SUVs is close to the expected 2:1 outside-to-inside lipid favorably in both liquid-crystalline and gel-phase SPMs,
distribution £5). Other lipid transmembrane topology studies whereas GalCer mixing in PC becomes less favorable as the
involving both egg-PE €10 mol %) and DMPE €30 mol unsaturation of the fatty acyl chains increases in PC.
%) show that these lipids have a tendency to localize to the When viewed within the context of these earlier studies,
outer leaflet when mixed with PC in SUV$§). Only at one plausible scenario for explaining our observations is the
higher mole fractions does PE localize to the inner leaflet following. Increased SPM levels may promote the mixing
(56). Lentz and co-workers examined the lipid distribution of AV-GalCer with SPM in SPM-POPC vesicles. This effect
within di-15:0-phosphostiylglycerol (PG)-DMPC vesicles and can be partially mimicked by disaturated PCs such as DMPC
also found that the PG preferentially localized to the outer or DPPC, because of the structural similarity of their
leaflet below 50 mol %%7). Thus, much evidence indicating  hydrocarbon region to SPM. However, a key feature of SPM
that lipid headgroup size, hydration, and charge exert majorthat enhances interactions with GalCer as compared to
influences on the transbilayer distributions in phosphoglyc- disaturated PCs is SPM’s hydrogen-bonding capabilifies (
eride SUVs, particularly when lipids are present in significant 13). These hydrogen-bonding capabilities of sphingolipids
quantities. Yet, when present below 10 mol %, an outer may impact both the headgroup conformations of SM and
leaflet preference is often observed. We, therefore, expectGalCer as well as their intermolecular interactions with each
that the 1 mol % AV-GalCer used in our study results in other. First, consider the headgroup differences of SPM and
this glycolipid preferentially localizing to the outer leaflet, PC. The local environment of SPM’s headgroup in SUVs
not to the inner leaflet, and rendering at least-66% clearly differs from that of PC, as indicated B{? NMR
topologically available for interaction with GLTP. chemical shift data despite their chemically identical pho-
Considering the preceding, it appears unlikely that SPM- phocholine moieties58). Also, SPM experiences a larger
induced changes in donor vesicle size/lamellarity or in AV- downfield chemical shift by lanthanides than PC, consistent
GalCer transmembrane topology in SUVs are responsiblewith differing headgroup conformationsg). The molecular
for GLTP’s limited accessibility to AV-GalCer. Rather, we basis of the behavior is likely to reside in the ability of SPM,
propose that changes in the lateral mixing of the AV-GalCer but not of PC, to form intramolecular hydrogen bonds
with the matrix lipids within the donor vesicle outer leaflets, involving the 3-hydroxyl group of the sphingoid base and
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A lengths. These findings suggest that, in the presence of
cholesterol, there is a significant difference in the affinity
m &4 of GalCer for PC and SPM.
As alluded to in the introduction, there is a rich history

ﬁﬁﬁﬁﬁﬁ nﬁﬁﬁnnﬁnﬂ describing the crypticity of glycolipids in biomembranes
n based on limited accessibility to specific antibodies, lectins,
and soluble enzymes. Because of crypticity, the chemical

B content of glycolipids within cellular membranes often does
ﬁ not correlate with the expected degree of antibody or lectin

binding 24—28). This can have important consequences
when attempting to identify glycolipid tumor markers and

ﬁ to develop associated immunotherapeutic treatmegs (
ﬁﬁﬁﬁ ﬂ ﬁ Previous studies of glycolipid crypticity have generally

. - . focused on ceramide composition and the steric crowding
FiGurRe 7: Schematic representing GLTP-mediated transfer of

GalCers: (A) SPM/POPC matrix containing GalCer, (B) POPC produced by neighboring glycolipids and glycoproteins with

matrix containing GalCer. The scheme depicts a possible headgrougeXténded and branched sugar headgrodgds £8). Studies
conformational difference in the sphingolipigphingolipid interac- assessing the impact of SPM on glycolipid accessibility in

tFi)Cg %;npaéethO (i)sphg\gltgipieg1[¥]cer0|ipid interaft?;f]ioni ((d)) =f " the absence of cholesterol have been lacking.
s = , = GalCer. e arrows near tne endads o e . . . e
hydrocarbon chains emphasize the smaller average molecular areza3 Here, we have provided evidence that the affinity of AV-
of GalCer-SPM as compared to GalCer-POPC. The figure is not GalCer for SPM as compared to PC (as probed by the GLTP)
drawn to scale. appears to be stronger, even in the absence of cholesterol. It
is tempting to speculate that the association between AV-
either the bridge oxygen or ester oxygen of phosphate GalCer and SPM may reflect formation of dynamic lipid
(67—69). This ability to form intramolecular hydrogen bonds  complexes dispersed in a PC/SPM matrix that limit glycolipid
is also characteristic of GalCer@ 71). In addition, SPM headgroup accessibility. The presence of dynamic lipid
and GalCer have amide linkages and 3 OH groups in their complexes within otherwise macroscopically fluidlike lipid
interfacial regions which enable them to both donate and mixtures is receiving increasing attention in various lipid
accept intermolecular hydrogen bond&<71). The com-  systems 72—74) and warrants further study. Clearly, of
bination of the preceding features enhances GalCer-SPMnovel and fundamental interest will be what effect cholesterol
interactions as compared to GalCer-POPC interactions inmay have on GLTP-mediated intermembrane transfer and
ways that diminish GLTP’s access to the glycolipid head- on the lateral organization of GSLs as seen by GLTP in
group. As depicted in Figure 7, a close juxtapositioning of different lipid matrixes. Questions such as these are presently
SPM’s highly hydrated and zwitterionic phosphocholine under investigation.
headgroup and GalCer’s less-hydrated and uncharged ga-
lactose headgroup could limit access of GLTP to GalCer. ACKNOWLEDGMENT
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