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ABSTRACT Differential scanning calorimetry (DSC) and x-ray diffraction have been used to study the structural and thermal
properties of totally synthetic p-erythro-N-palmitoyl-lactosyl-C,g-sphingosine (C16:0-LacCer). Over the temperature range
0-90°C, fully hydrated C16:0-LacCer shows complex thermal transitions characteristic of polymorphic behavior of exclusively
bilayer phases. On heating at 5°C/min, hydrated C16:0-LacCer undergoes a complex two-peak endothermic transition with
maxima at 69°C and 74°C and a total enthalpy of 14.6 kcal/mol C16:0-LacCer. At a slower heating rate (1.5°C/min), two
endothermic transitions are observed at 66°C and 78°C. After cooling to 0°C, the subsequent heating run shows three
overlapping endothermic transitions at 66°C, 69°C, and 71.5°C, followed by a chain-melting endothermic transition at 78°C.
Two thermal protocols were used to completely convert C16:0-LacCer to its stable, high melting temperature (78°C) form. As
revealed by x-ray diffraction, over the temperature range 20-78°C this stable phase exhibits a bilayer structure, periodicity
d ~ 65 A with an ordered chain packing mode. At the phase transition (78°C) chain melting occurs, and C16:0-LacCer
converts to a liquid crystalline bilayer (L) phase of reduced periodicity d ~ 59 A. On cooling from the L, phase, C16:0-LacCer
converts to metastable bilayer phases undergoing transitions at 66-72°C. These studies allow comparisons to be made with
the behavior of the corresponding C16:0-Cer (Shah et al.,, 1995. J. Lipid Res. 36:1936-1944) and C16:0-GluCer and
C16:0-GalCer (Saxena et al., 1999. J. Lipid Res. 40:839-849). Our systematic studies are aimed at understanding the role of
oligosaccharide complexity in regulating glycosphingolipid structure and properties.

INTRODUCTION

Phospholipids, glycosphingolipids (GSLs), and cholesterohave focused on 1) natural GSLs with heterogeneous fatty
are the major constituents of the lipid bilayer compartmentacyl chains (Curatolo et al., 1977; Ruocco and Shipley,
of cell membranes. This lipid bilayer provides the matrix in 1986), 2) partially synthetic GSL with controlled fatty acid
which functional membrane proteins (enzymes, receptors;omposition but some variability in the sphingosine moiety
channels, etc.) are inserted. While all of these lipids appeaiRuocco et al., 1981; Reed and Shipley, 1987, 1989; Haas
to contribute to the structural stability of the bilayer, it hasand Shipley, 1995), and, most recently, 3) totally synthetic
become increasingly obvious that many of the lipid com-GSLs, pure with respect to stereochemistry and chain and
ponents play additional functional roles. For example, phossphingosine composition (Shah et al., 1995; Saxena et al.,
pholipids are involved in cell signaling processes (Exton,1999). Our goal is to build up a picture of the contributions
1994; Nishizuka, 1992; Berridge, 1993; Hannun, 1994),0f acyl chain structure (chain length, unsaturation, hydroxy-
serving as substrates for lipolytic enzymes (phospholipasesation), sphingosine structure (chain length, unsaturation,
to release second messengers (arachidonic acid/prostagldnydroxylation), and, most importantly, oligosaccharide
dins, inositol phosphates, diglycerides, ceramides, etc.). lsomplexity to GSL structure, hydration, and properties. For
contrast, GSLs are thought to be involved in cell-cell com-the latter, we have investigated totally synthetic ceramides,
munication (Hakomori and Igarashi, 1995) and can act as-erythroN-palmitoyl-C, g-sphingosine (C16:0-Cer), lack-
cell surface receptors for hormones, bacterial toxins, anéhg a sugar component (Shah et al., 1995), and mono-
viruses (Harouse et al., 1991; van den Berg et al., 1992lycosylceramides, p-erythroN-palmitoyl-galactosyl-Gs-
Fishman et al., 1993). sphingosine (C16:0-GalCer) and-erythroN-palmitoyl-
GSLs are complex lipids with a lipophilic ceramidd-(  glucosyl-Gg-sphingosine (C16:0-GluCer) (Saxena et al.,
acyl sphingosine) component linked to a hydrophilic oligo-1999). In this paper we report on the behavior of the
saccharide. Our research has focused on describing thiglycosylceramide p-erythroN-palmitoyl-lactosyl-Gg
structure and properties of different GSLs. In particular, wesphingosine (C16:0-LacCer) and compare it with that of the
single sugar compounds, C16:0-GalCer and C16:0-GluCer.
In all cases we are studying GSLs that are pure with respect
Received for publication 19 July 1999 and in final form 20 Septembertg their sphingosine stereochemistry€rythro), their fatty
1999. acid composition (C16:0; palmitoyl), and their sphingosine
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Farber Cancer Research Institute and Harvard Medical School, Bostoriactos lo-ervthro-sphi . taini the di haride
ylo-ery phingosine containing the disacc

MA 02115.
Address reprint requests to Dr. G. Graham Shipley, Department of BiOJ_B'D'galacmsyl'(194)'3{)'9IUCOSe (Glu-Gal). Future stud-

physics, Boston University School of Medicine, 80 E. Concord St., Boston,i€S Will focus on the recently SyntheSizeq ganglioside F:16:O'
MA 02118-2394. Gus (R. I. Duclos, Jr. and G. G. Shipley, unpublished

© 2000 by the Biophysical Society results) containing the trisaccharide Glu-Gahkcetyl
0006-3495/00/01/306/07  $2.00 neuraminic acid (Glu-Gal-NANA) and eventually the penta-




Lactosyl-Ceramide Bilayers 307

saccharide-containing ganglioside C16:(;G This ap-
proach should certainly provide an improved picture of the
role of the sugar moiety in regulating GSL phase behavior
and perhaps the functional role of GSLs in membranes. For
example, we are particularly interested in the function of
ganglioside G, as a receptor for cholera toxin (Reed and
Shipley, 1996; Reed et al., 1987; Zhang et al., 1995a,b).
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Totally syntheticN-palmitoyl-lactosylp-erythro-sphingosine was synthe-
sized starting fronp-galactose, as described previously by Schmidt and

colleagues (Schmidt and Zimmermann, 1986; Zimmermann et al., 1988).
FIGURE 1 Differential scanning calorimetry of fully hydrated (70 wt %

water) C16:0-LacCer using the Perkin-Elmer DSC-7 calorimetgiéat-
Differential scanning calorimetry ing scan, 5°C/min.k) Cooling scan, 5°C/min.

Aliquots of C16:0-LacCer containing 1-4 mg of lipid, in chloroform-
methanol (2:1 v/v), were transferred directly into preweighed stainless Steeﬂenthalpy AH =

differential scanning calorimetry (DSC) pans, dried undgraNd, subse- . d _|.13'5 kcallmSOl)C/IS .Obsherve%' SUCCQSﬁlveh
quently, in vacuo overnight. The pans containing dried C16:0-LacCer Wenb(:"""tmgJ and cooling scans at min showed essentially the

reweighed, and double-distilled water was added to the pans with $ame behavior. The pronounced hysteresis observed clearly
microsyringe to obtain the required hydration. The pans were then hermeindicates a slow equilibration process on cooling from the
ically sealed. Heating and cooling scans over the temperature rangmelted-chain state.

0-90°C were performed on a Perkin-Elmer (Norwalk, CT) DSC-2 or To f ; ;
rther pr h lymorphic ph havior of
DSC-7 calorimeter. Heating and cooling rates ranged from 0.1 to 40°C/ o further p obe the polymorphic phase behavior o

min. Peak maxima (or minima) were taken as the transition temperaturehydrated C16:0-LacCer, heatmg runs were recorded at a

Transition enthalpies were determined from the area under the transitioflower heating rate (1.5°C/min) in the high-sensitivity Mi-
peak by comparison with those for a known standard (gallium). Baselinegrocal calorimeter. Fig. 2 shows the first heating scan of
in the region of the transition were approximated by extrapolating thegn unequilibrated sample of hydrated C16:0-LacCer (2 mg/
pretransition baseline to the posttransition baseline. DSC measurements Hf.l) recorded at 1.5°C/min. Two endothermic transitions are

dilute dispersions 2 mg C16:0-LacCer/ml) were also made with a o o . - .
Microcal (MC-2) scanning calorimeter (Microcal, Springfield, MA) at a observed at 66°C and 78°C, behavior similar but not iden-

heating rate of 1.5°C/min. tical to that shown in Fig. 1. However, at this slower heating
rate there is also evidence of an exothermic transition cen-
tered at~68°C, i.e., between the two endothermic transi-
tions. After cooling to 0°C, the subsequent heating run (Fig.
Hydrated samples for x-ray diffraction were prepared by weighing anhy-2 b) shows somewhat different behavior, with three over-
drous C16:0-LacCer into thin-walled glass capillary tubes (internal diam-lapping endothermic transitions at 66°C, 69°C, and 71.5°C,
eter, 1 mm) followed by gravimetric addition of distilled, deionized water. f5[|owed by a small endothermic transition at 78°C. The

Sampl_es were _covered with parafilm, centrifuged at room tempe'rature.fohigheSt transition observed (at 78°C), although of varying
~2 min, reweighed, and then flame-sealed. Homogeneous dispersions

were obtained through a repeated cycle of centrifugation-sample inversion-
centrifugation at 68°C. Based on the DSC studies (see below), sample
equilibration is achieved with incubation at this temperature. Nickel-
filtered CuK, X-radiation from an Elliot GX-6 rotating anode generator
(Elliot Automation, Borehamwood, U.K.) was focused by either a toroidal
mirror or double-mirror optical system into a point source. X-ray diffrac-
tion patterns were recorded with photographic film.

X-ray diffraction
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Representative calorimetric scans of equilibrated fully hy- 100

drated (70 wt % water) C16:0-LacCer are shown in Fig. 1. TEMPERATURE (°C) =
On heating at 5°C/min, a complex two-peak endotherm WithFIGURE 2 Differential scanning calorimetry of fully hydrated (2 mg/ml)
maxima at 69°C and 74°C (Fig.d) is observed Wlt_h atotal C16:0-LacCer, recorded with a Microcal MC-2 calorimetea) (nitial
enthalpy AH = 14.6 kcal/mol LacCer. On cooling from neating scan (0 to 90°C) at 1.5°C/mih) (Next heating scan at 1.5°C/min
90°C at 5°C/min, a single relatively sharp exotherm at 53°Cafter cooling to 0°C.
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enthalpy (see Fig. 2), presumably represents the conversiat 66°C (see Fig. 8) for 2 h orlonger. After cooling, the
of the most stable form of hydrated C16:0-LacCer to thenext heating scan (Fig. B) shows only the high-tempera-
melted-chain phase. Corresponding transitions of hydratetiire, high-enthalpy transition at 78°C (compare Fidh and
C16:0-GalCer and C16:0-GlcCer occur at 85°C and 87°Cb). Further cooling/heating cycles result in heating scans
respectively. Two additional protocols were used to com=similar to those shown in Fig. 3—f (data not shown).
pletely convert C16:0-LacCer to its most stable form.

First, if the initial heating run of C16:0-LacCer is termi-
nated at 68°C (corresponding to the exothermic transitionX-ray diffraction

see Figs. 2a and 3a), followed by cooling to 0°C, the . . )
subsequent heating run shows none of the transitions in th%tructural mform.atlon on the phasias of_hydrgted C16:0-
temperature range 66—72°C (compare Figh and 2b); acCer was obtained by recording x-ray diffraction patterns
iqstggd, only the high temperature transition at 78°C Witha;tg;ﬁ:(;iﬂitbtzg]o%e;e;uégsc (zﬁtféﬁﬁngrgg??cﬁtaé?;).'ray
significantly increased enthalpy is observed (compare Flgsg\iffraction pattern shown in Fig. A is obtained éased on

3 b and 2b). After cooling to 0°C, the next heating scan three low-angle lamellar reflections, the bilayer periodicit
(Fig. 3 c) showed two transitions in the temperature range w-ang lons, nayer periodicity

66—72°C, followed by the 78°C transition with significantly of this phase is 65.5 A. The wide-angle region shows two

; — 1
reduced enthalpy. Further cooling and heating cycles led tghﬁrp refleﬁnonsﬂat 1./4'36 ,&ﬂan(rj] 1/‘.1'11 A%, ?S WE” as
the reappearance of the original three overlapping transig.t er, weaker re ections. After ; eating to 68°C, t € x-ray
tions between 66°C and 72°C and further loss of enthalpf'ﬁraCt.'olT pgttern r:acor(r:i]ed ag this tzmp;:)e})tére (Fig)4s Fi
associated with the 78°C transition (Figs.d5f). Further isie;:jB))/ ITigtltf;IiatZrt aetri(()a d?fi;\/?s g(tacreaségost}?pﬁtrle tolg.
heating/cooling cycles exhibit essentially identical heating ;15 A ana there a?/e sr%all shift;/ i the wide-an Ige re}:‘Iec—
scans, C16:0-LacCer appears to be “equilibrated,” and thtgoﬁs (’1/4 43 A and 1/4.17 A%, Continued hee?tin to
78°C wransition is not observed. The most stable phase Qé‘SOC resu]ts in a diffractic;n atte'rn identical to that :ghown
hydrated C16:0-LacCer can also be produced by incubatin P

o . o " Fig. 4 B (data not shown). Above the 78°C transition, at
the sample at 68.5°C, immediately after the initial transmonssoc, the diffraction pattern shown in Fig.Qlis observed.

Three lamellar, low-angle reflections index to a bilayer
periodicity of 59.4 A, and the diffuse wide-angle reflection
a at 1/4.6 A! is indicative of hydrocarbon chain melting
\/\ c (Fig. 4 C). After the sample is cooled from 85°C to 20°C,
A B M the x-ray diffraction pattern shown in Fig.2is observed.
b This diffraction pattern differs from that originally observed
at 0°C (compare Fig. 4 andA). Three lamellar reflections
corresponding to a bilayer periodicitg = 52.5 A are

\D_/J\M/
v

____/J\-*/ observed; the wide-angle region is characterized by two
d reflections at 1/4.39 A and 1/3.89 A Heating the

sample to 68°C results in a complex x-ray diffraction pat-
tern, as shown in Fig. &. Two sets of lamellar low-angle
reflections are observed that index according to bilayer
periodicities of 65.5 A and 58.9 A. The wide-angle region is
—/J characterized by a strong reflection at 1/4.26*%nd two
g other reflections at 1/4.78 & and 1/4.11 A%, Clearly two
coexisting bilayer phases are present at 68°C as a result of

this thermal protocol.

ENDOTHERMIC —»
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Our goal here is to summarize the thermotropic and struc-
FIGURE 3 Differential scanning calorimetry of fully hydrated (2 mg/mi) tural behavior of C16:0-LacCer and to make comparisons
C16:0-LacCer, recorded with a Microcal MC-2 calorimeter. Heating scanswith the behavior of other synthetic sphingolipids. Of par-
were at 1.5°C/min. &) Initial heating scan, 10-68°Cb{) Subsequent tjcular interest is the effect of increasing the size of the
heating scans. The sample was cooled to 0°C and heating scans at 10‘906‘ﬁgosaccharide moiety attached to C16:0-ceramide on these

were recorded immediatelyg) The sample was heated to 68.5°C and .
incubated at this temperature for 2 h) Heating scan, 10-90°C, imme- properties. Only throth the development of de novo meth-

diately after cooling to 0°C. Lettered arrows indicate temperatures at whict?ds for the synthesis of chemically and stereochemically
x-ray diffraction experiments were performed (see Fig. 4). pure sphingosines, ceramides, and glycosphingolipids can

Biophysical Journal 78(1) 306-312
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FIGURE 4 X-ray diffraction patterns of fully hy-

drated (70 wt % water) C16:0-LacCer at different zoc
temperatures.A) Initial exposure at 20°C; sample

temperature had not exceeded 68°B). §8°C. C)

85°C. D) 20°C (after cooling from 85°C)K) 68°C D

(after cooling from 85°C to 20°C and reheating to

68°C).

20°C

the contributions of heterogeneities in acyl chain compositransition at~66°C is followed by an exotherm at68°C,

tion (length/unsaturation), sphingosine chemistry, and steand then a major endothermic transition is observed at
reochemistry to GSL behavior be eliminated. 78°C. Presumably the 78°C transition represents conversion
of an exothermically produced stable form of C16:0-LacCer
undergoing hydrocarbon chain melting to a liquid crystal-
line form (see below).

At a heating rate of 5°C/min, hydrated C16:0-LacCer shows However, after cooling, the next heating scan exhibits
two overlapping endotherms at 69°C and 74°C, whereas othree overlapping transitions with maxima at 66°C, 69°C,
cooling a single transition at 53°C is observed (Fig. 1);and 72°C (Fig. &), and only a minor transition is observed
repeated cycles of heating and cooling at 5°C/min showat 78°C. The three low-temperature transitions at 66°C,
essentially the same behavior. The multiple transitions 0b69°C, and 72°C probably represent interconversion of var-
served on heating are indicative of lipid polymorphic be-ious metastable forms. From this point, repeated cooling/
havior, whereas the hysteresis behavior observed on coolingeating cycles show some variability, most notably the
is indicative of the slow conversion from the melted chainprogressive decrease in the enthalpy associated with the
L, bilayer phase to the more ordered gel or crystalline78°C transition (see, for example, Fig.c3;6). Two slightly
phase. This hysteresis behavior has been observed for sydiferent protocols were used to convert C16:0-LacCer to its
thetic C16:0-ceramides (Shah et al., 1995) and differentost stable form, either during the initial heating scan (Fig.
natural, partially synthetic, and totally synthetic cerebro-3, a and b) or after cooling from the high-temperature,
sides (Ruocco et al., 1981; Curatolo, 1982; Reed and Shipresumably chain-melted, form (Fig. 8, and h). The

ley, 1987, 1989; Haas and Shipley, 1995; Saxena et alformer involved heating to the exothermic transition at
1999). Thus this behavior appears to be particularly preva=~68°C and cooling (Fig. &), whereas the latter required
lent for GSLs and is less consistently observed for phosincubation at 68°C followed by cooling (Fig.d. Presum-
pholipids, for example. At a slower heating rate (1.5°C/ably both procedures lead tmmpleteexothermic conver-
min), the first heating scan (Fig. 8) of C16:0-LacCer sion to the stable, high melting temperature (78°C) form
shows different behavior presumably due to both 1) thgFig. 3,b andh).

heating of an initially unequilibrated C16:0-LacCer/water Interestingly, hydrated C16:0-Cer, -GalCer, and -GluCer,
sample and 2) the slow heating rate. The initial endothermi@and now -LacCer are all capable of exhibiting an exother-

Thermotropic behavior
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FIGURE 5 Schematic representa-
tion of the temperature-dependent ERESE
structural changes of fully hydrated ﬁﬁﬁﬁq
C16:0-LacCer. |

A B Liquid crystal (C) D

mic conversion from a metastable form to a stable, highwide-angle reflections, we note that the bilayer periodicity
melting temperature form. The stable form undergoes chaiof the stable phase increases with the addition of sugars;
melting to a liquid crystalline phase; the temperature dethus, C16:0-Cerd = 41.8 A) < -GluCer (53.9 A)<
creases in the sequence C16:0-Cer (90°€)-GluCer -GalCer (55.2 A)< -LacCer (65.5 A). Thus, the addition of
(87°C) > -GalCer (85°C)> -LacCer (78°C). Thus the a single sugar (Glu or Gal) to C16:-Cer leads to an increase
sequential addition of sacccharide units to the parent C16:(y periodicity of 12-13 A; the second sugar results in a
ceramide leads to a progressive decrease in the stability @firther 10—12-A increment. These data suggest that the
the stable phase (or conversely, an increase in the stabilighono- and disaccharide units orient with their long axes
of the melted-chain, liquid crystalline phase). The higherarallel to the bilayer normal. However, it should be pointed
transition temperatures (78-90°C) exhibited by these sphingyt that both the thickness of the hydration layer and chain
gosine-based lipids compared to synthetic phospholipidgt contribute to the measured bilayer periodicity, and it is
(40-50°C) is thought to be due to both increased hydrogefo; clear at this stage whether these structural parameters
bond capabilities in the sphingosine interfacial region and ¢ jgentical for the different C16:0-GSLs studied. Interest-
highly ordered, “crystalline” chain packing mode. Interest—ingw, the two strong, sharp, wide-angle reflections of C16:0-
ingly, we now show that the addition of sugars actually| o ~q, (at 1/4.4 At and 1/4.1 XY are identical to those
results in a decrease in the stability of the stable phase. Thl& C16:0-GluCer but differ from those of C16:0-GalCer

sequential addition of sugar units may in fact present ?1/4_7 A1 and 1/4.2 &Y. Again, this might indicate that
lateral molecular packing problem due to incompatibilitiesthe common ceramide-glucosé moiety of GluCer and
between the packing requirements of the sugar headgroups y

S . . . acCer produces a similar molecular packing and bilayer
and the underlying interfacial and chain packing modes. organization for C16:0-GluCer and -LacCer.

At 78°C, the transition temperature of the stable phase of
C16:0-LacCer, a chain melting transition occurs and a la-
Structural behavior mellar, liquid crystalline phase forms, as shown by the

We have used x-ray diffraction to characterize the structureBresence of the diffuse wide-angle reflection at 1/ 46 A

of some, but not all, of the phases exhibited by hydratedt 84°C, the bilayer periodicity of this | phase is 59.4 A.
C16:0-LacCer (see Fig. 5). First, the stable phase that exisfs16:0-Cer shows only a single broad low-angle reflection at
from 0-78°C exhibits a lamellar bilayer structure with a 29-9 A, suggesting a nonbilayer melted chain phase (per-
bilayer periodicityd = 65.5 A (Fig. 4, A and B). The haps inverse micellar, inverse hexagonal). The addition of a
presence of several sharp reflections in the wide-angle resingle sugar, either glucose or galactose, clearly favors the
gion (the two strongest at 1/4.36 and 1/4.11*f are formation of a classical | bilayer phase; the bilayer peri-
indicative of an ordered (“crystalline”) chain packing ar- odicities for C16:0-GluCer and -GalCer are 50.8 and 50.2
rangement in this bilayer phase of C16:0-LacCer. ThisA, respectively. Thus addition of the second sugar unit,
stable bilayer phase is present up to 78°C (for example, segalactose, of LacCer results in a 9-A increment to the
Fig. 4 B), at which point the stable phase undergoes chaitpilayer periodicity, again suggesting (but not proving; see
melting. While differences in the chain packing mode of thequalifying statements above for the stable phase) an orien-
stable phases of C16:0-Cer, -GalCer, -GluCer, and -LacCdnation of the galactose group parallel to the membrane
are evident from differences in the pattern of the stronghormal.
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On cooling from the I, bilayer phase to 20°C, a different This research was supported by research grants HL-26335 and HL-57405
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