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Abstract The structural and thermotropic properties of a- 
hydroxy fatty acid (HFA) and non-hydroxy fatty acid (NFA) 
ceramides (CER) have been studied using differential scan- 
ning calorimetry (DSC) and X-ray diffraction techniques. The 
DSC of anhydrous HFA-CER shows a single, sharp reversible 
transition at 95.6'C (AH = 15.3 kcal/mol). At intermediate 
hydrations HFA-CER exhibited more complex behavior but 
at maximum hydration only a single reversible transition is 
observed at 8O.O'C (AH = 8.5 kcal/mol). X-ray diffraction of 
hydrated (74% water) HFA-CER at 20°C shows a lamellar 
structure with a bilayer periodicity d = 60.7 A; a single wide 
angle reflection at 4.2 A is characteristic of hexagonal chain 
packing. Above the main transition temperature at 91 'C, a 
hexagonal (HII) phase is observed. In contrast, DSC of anhy- 
drous NFA-CER demonstrates two thermal transitions at 
81.3'C (AH = 6.8 kcal/mol) and 85.9'C (AH = 3.5 kcal/mol). 
With increasing hydration, both transitions shift towards 
lower temperatures; at maximum hydration, on heating, the 
endothermic transitions occur at 72.7'C (AH = 9.8 kcal/mol) 
and 81.1"C (AH = 4.0 kcal/mol). On cooling, there is hyster- 
esis of both transitions. X-ray diffraction of NFA-CER (80% 
water) at 20% shows a well-ordered lamellar structure with a 
bilayer eriodicity d = 58.6 A and three wide-angle reflections 
at 4.6 1 4.2 k, and 3.8 A. At 77°C (between the two transi- 
tions), again a lamellar structure exists with reduced bilayer 
eriodicity d = 53.1 A and four wide-angle reflections at 4.6 1, 4.2 A, and 3.8 A are observed. Above the second transi- 

tion, only a single low angle reflection at 30.0 A is observed; 
a diffuse reflection at 4.6 A is indicative of a melted chain 
phase. Ih  Thus, HFA-CER exhibits a simple phase behavior 
involving the reversible conversion of a gel phase to a hexago- 
nal phase (b+HlI). However, NFA-CER shows a more com- 
plex polymorphic phase behavior involving two gel 
phases.Shah, J., J. M. Atienza, A. V. Rawlings, and G. G. 
Shipley. Physical properties of ceramides: effect of fatty acid 
hydroxy1ation.J. Lipid Res. 1995. 36: 1945-1955. 
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the exception of sphingomyelin, sphingolipids are usu- 
ally minor components of membranes. However, the 
sphingolipids and their breakdown products are now 
thought to be involved in various cellular processes, e.g., 
transport functions, immunological activity, cell growth, 
and differentiation (1-5). Consequently, there is a grow- 
ing interest in the structure and properties of sphin- 
golipids (6-8). 

The essential molecular features of sphingolipids are 
i )  a hydrophobic backbone called ceramide, which con- 
sists of a sphingosine base with an amide-linked fatty 
acid and ii) a polar head group. Ceramide itself is 
synthesized in the endoplasmic reticulum and trans- 
ported to the Golgi apparatus where it is converted to 
cerebroside, ganglioside, or sphingomyelin (9). Al- 
though ceramide acts as a precursor for cerebroside, 
ganglioside, and sphingomyelin, very low levels of free 
ceramide are found in membranes. 

Recently, it has been demonstrated that certain envi- 
ronmental signals that induce cell growth inhibition, cell 
differentiation, programmed cell death (apoptosis), and 
down-regulation of the c-myc protooncogene rapidly 
increase intracellular ceramide concentrations by in- 
creasing sphingomyelin turnover or  by increasing de 
novo synthesis (10-17). A role for the generated 
ceramide in mediating some of the activities of these 
extracellular signals (e.g., tumor necrosis factor-a (TNF- 
a) ,  y-interferon or 1-a, 25-dihydroxyvitamin Ds) was 
demonstrated with the use of water-soluble, cell-perme- 
able ceramide analogues (1 1, 13, 18, 19). These studies 
have established a potential signaling pathway involving 
sphingomyelin hydrolysis with the generation of a puta- 

The bilayer lipid matrix of cell membianes is com- 
posed of a heterogeneous mixture of different lipids, 
e.g., phospholipids, sphingolipids, and cholesterol. With 

Abbreviations: HFACER, hydroxy fatty acid ceramide; NF.1-CER, 
non-hydroxy-fatty acid ceramide; DSC, differential scanning 
calorimetry; TLC, thin layer chromatography. 
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tive second messenger molecule, ceramide. Ceramides 
have been shown to induce phosphorylation of the EGF 
receptor possibly by activating a protein kinase (20,21). 
A novel ceramide-activated protein phosphatase has 
been identified that may be involved in transducing the 
effects of ceramide (14, 22-24). Thus, the second mes- 
senger ceramide can dispatch the signal via activation of 
a protein kinase or a protein phosphatase. 

In addition, it has been long known that the perme- 
ability barrier of skin, which prevents the water loss and 
penetration of the harmful chemicals from the environ- 
ment, is localized in the horny layer (stratum corneum) 
of the epidermis (25,26). Ceramides are present in large 
amounts in the stratum corneum and are a major lipid 
constituent of the lamellar sheets present in the inter- 
cellular spaces of stratum corneum. These lamellar 
sheets are thought to provide the epidermal barrier 
property (27-29). The ceramides in skin are shown to 
be structurally heterogeneous and can be fractionated 
into two general classes (30, 31): those that contain 
amide-linked a-hydroxy fatty acids (HFA) and those that 
contain amide-linked non-hydroxylated fatty acids 
(NFA). Also, there is a variability of acyl chain length and 
degfee of sphingosine hydroxylation which provides a 
large variety of ceramide species. It has been suggested 
that the hydroxylated fatty acid and sphingosine base 
associate intermolecularly to increase lateral interac- 
tions via hydrogen bonds and thus, impart greater sta- 
bility to the membrane. It is interesting to note that in 
tissues where there is pronounced mechanical stress 
(e.g., kidney, intestine) higher contents of hydroxylated 
ceramide are found (32). 

Although the biological importance of the ceramides, 
in epidermis and cellular processes, is well established, 
relatively little effort has been made towards elucidating 
the physico-chemical properties of ceramides. A study 
of the thermotropic behavior of anhydrous tetra- 
cosanoyl-phytosphingosine indicates that the ceramide 
can form six crystalline phases depending upon the 
conditions of crystallization (33). Only one case was 
observed in which the two hydrocarbon chains parallel 
stacked in a double layer arrangement in which the 
longer C24:O fatty acid chain interdigitates with the 
sphingosine chain of the other molecule in the opposing 
leaflet (33,34). However, there is essentially no informa- 
tion concerning the physical properties of hydrated 
ceramides. A recent study of natural HFA ceramide 
(derived from bovine brain cerebrosides) and its inter- 
action with cholesterol suggested that hydrated HFA 
ceramide forms lamellar arrays (35). Here we compare 
the structural and thermotropic properties of natural 
HFA-CER and NFA-CER, derived from bovine brain 
cerebrosides, using X-ray diffraction and differential 
scanning calorimetry (DSC) techniques. 

MATERIALS AND METHODS 

Natural a-hydroxy and non-hydroxy fatty acid 
ceramides (HFA-CER and NFA-CER respectively; de- 
rived from the bovine brain cerebrosides) were obtained 
in the lyophilized form from Matreya Inc. (Pleasant Gap, 
PA). Silica gel 60 (0.040-0.063) was obtained from E. 
Merck (Darmstadt, Germany). Teflon membranes with 
0.5-micron pores were obtained from Alltech (Deer- 
field, IL). 

NFA-CER was purified by column chromatography 
on silica gel 60 eluting isocratically with MeOH-CH2Clz 
3.5:96.5 (v/v). Purities of the fractions were checked by 
thin-layer chromatography (TLC) on Silica gel 60 eluting 
with MeOH-CHzC12 5:95 (v/v). Pure fractions (Rf = 

0.22) were combined and the solvent was removed by 
vacuum rotary evaporation. The white solid was dis- 
solved in CH2C12, filtered through a 0.5-pm Teflon 
membrane and lyophilized from t-butanol. HFA-CER 
was purified by column chromatography on silica gel 60 
eluting isocratically with MeOH-CH2C12 6:94 (v/v). Pu- 
rities of the fractions were checked by TLC on Silica gel 
60 eluting with MeOH-CH2CI2 7.5:92.5 (v/v). Pure 
fractions (Rf = 0.26) were combined and solvent was 
removed by vacuum rotary evaporation. The white solid 
was redissolved in MeOH-CHZC12 6:94, filtered through 
a 0.5-pm teflon membrane, and lyophilized from t-bu- 
tanol. Fatty acid analysis of the NFA-CER ceramide using 
gas chromatography (36) showed that the principal 
chain lengths for the amide-linked fatty acids are C:24, 
C:22, and C: 18. 

Details of both the preparation of hydrated samples 
of NFA-CER and HFA-CER and the differential scan- 
ning calorimetry (DSC) and X-ray diffraction techniques 
used for their study are as described in the accompany- 
ing paper (37). 

RESULTS 

Thermotropic behavior of HFA-CER 
DSC heating curves of HFA-CER at different hydra- 

tions are shown in Fig. 1. On heating from 0"C, anhy- 
drous ceramide (Fig. 1, curve a) showed a single, endo- 
thermic transition at 94.6"C (AH = 15.3 kcal/mol). At 
3.8% hydration (Fig. 1, curve b), two overlapping endo- 
thermic transitions were observed at 82.3"C and 86.4"C. 
This was followed by a minor endothermic transition at 
95.6"C. On increasing the hydration to 8.0% water (Fig. 
1, curve c), the transition temperatures of the overlap- 
ping transitions decreased to 82.4"C and 86.0"C; the 
high temperature transition at 95.6"C was still present. 
On further increasing the hydration to 12.0% water (Fig. 
1, curve d), the high temperature peak disappeared and 
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Fig. 1. DSC heating scans of HFA-CER at different hydrations (wt% 
water): (a) 0% water; (b) 3.8% water; (c) 8.0% water; (d) 12.0% water; 
( e )  23.1% water; (f) 34.0% water; (g) 49.0% water; and (h) 73.5% water. 
The heating rate was 5'C/min. 

only one endothermic transition was observed at 82.7"C 
(AH = 8.6 kcal/mol). On increasing the hydration from 
12.0% to 73.5% water (Fig. 1, curves d-h), the transition 
temperature decreases to a limiting value (80.OoC). At 
73.5% water (Fig. 1, curve h), a single endothermic 
transition was observed at 80.0"C (AH = 8.5 kcal/mol). 

For HFA-CER, the effect of hydration on the transi- 
tion temperature (Tm) and the enthalpy (AH) is de- 
picted in Fig. 2. On increasing hydration from 0% water 
to 12.0% water, the transition temperature decreased 
from 94.6"C to 82.0"C (Fig. 2A; only the high tempera- 
ture transition was taken in account). No significant 
change in the transition temperature was observed with 
further hydration. The transition enthalpy (combined 
enthalpy where two overlapping transitions are present) 
exhibited a similar hydration dependence (Fig. 2B). On 
increasing hydration from 0% water to 12.0% water, the 
transition enthalpy decreased from 15.3 kcal/mol to 8.5 
kcal/mol. These data indicate that HFA-CER can incor- 
porate at least up to 12 wt% of water, as evidenced by 
the hydration dependence of the thermodynamic pa- 
rameters Tm and AH. 

On cooling, anhydrous HFA-CER showed a single 
exothermic transition at 86.8"C (AH = 13.7 kcal/mol). 

With increasing hydration the exothermic transitions 
shifted to lower temperature (data not shown) and for 
fully hydrated HFA-CER (73.5 wt% water) the transition 
temperature occurred at 75.4"C (AH = 8.3 kcal/mol; Fig. 
3, curve b). 

The reversibility of the thermal transition of fully 
hydrated HFA-CER is illustrated in Fig. 3. On heating, 
a single endothermic transition was observed at 80.0"C 
(AH = 8.5 kcal/mol, Fig. 3, curve a). Subsequent cooling 
showed a single exothermic transition at 75.4-C (AH = 

8.3 kcal/mol; Fig. 3, curve b). On immediate reheating 
HFA-CER exhibited a heating scan (Fig. 3, curve c) 
identical to the initial heating scan (Fig. 3, curve a). 
These data indicate that the transition of fully hydrated 
HFA-CER is reversible. 

X-ray diffraction of HFA-CER 
X-ray diffraction was used to determine the structures 

of the various phases of anhydrous and hydrated HFA- 
CER. X-ray diffraction of anhydrous HFA-CER at 26°C 
(Fig. 4A), below the transition temperature, showed 
lamellar reflections in the low-angle region, correspond- 

1001 1 
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Fig. 2. The effect of hydration on the transition temperature (A) and 
enthalpy (B) of HFA-CER. 
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Fig. 3. DSC heating scans of fully hydrated HF.4-CER (73.5 wt% 
water) (a) Heating curve; (b) corresponding cooling cune: and (c) 
immediate reheating curve. Heating/cooling rates, 5'C/min. 

ing to a lamellar repeat distance, d, of 54.1 A. The 
wide-angle region showed three strong reflections at 
4.3 A, 4.0 A. and 3.7 %, (arrow) characteristic of well-or- 
dered chain packing. When anhydrous HFA-CER was 
heated past the transition to 97'C, the diffraction pat- 
tern changed (Fig. 4B). The low-angle region showed a 
single strong reflection at 33.3 k (arrow), indicating a 
disordered phase. However, the presence of a single 
reflection does not allow the lattice type (lamellar, hex- 
agonal, etc.) to be unequivocally defined. The wide 
angle-region showed a diffuse band centered at 4.5 A 
(arrowed), indicative of a melted chain phase. The X-ray 

diffraction pattern recorded after immediately cooling 
to 26°C (data not shown) was essentially identical to that 
shown in Fig. 4A, indicating the reversibility of the chain 
melting transition. 

X-ray diffraction patterns of fully hydrated HFA-CER 
(74 wt% water) were also recorded at temperatures 
below and above the endothermic transition. At 26°C 
(Fig. 5A), the low-angle region showed several reflections 
characteristic of lamellar phase, d = 60.7 A. The wide-an- 
gle region exhibited a single strong reflection at 4.2 A, 
indicative of a gel phase with hexagonal chain packing. 
X-ray diffraction at 91 "C (above the thermal transition) 
showed low-angle reflections at 44.1 A, 27.2 A, 23.1 A, 
and 17.4 A (arrowed) indexing in hexagonal (HI or HII) 
geometry (Fig. 5B). The wide-angle region was charac- 
terized by a broad diffuse band centered at 4.6 A (arrow- 
head), characteristic of melted hydrocarbon chains. 
Cooling to 26°C resulted in an X-ray diffraction pattern 
(not shown) identical to that shown in Fig. 5A, indicating 
the reversibility of the bilayer gebhexagonal phase 
transition. 

Thermotropic behavior of NFA-CER 

Representative DSC heating scans of NFA-CER at 
different hydrations are shown in Fig. 6. The heating 
scan of anhydrous NFA-CER, over the range 0-lOO'C, 
exhibited two endothermic transitions (Fig. 6, curve a) 
at 81.3"C (AH = 6.8 kcal/mol) and at 85.9'C (AH = 3.5 
kcal/mol). With increasing hydration both transitions 
shifted progressively to lower temperatures. At 30% 
hydration (Fig. 6, curve b), the two endothermic transi- 
tions appeared at 73.8'C (AH = 5.1 kcal/mol) and 
84.2"C (AH = 5.8 kcal/mol). On further increasing the 

Fig. 4. X-ray diffraction patterns of anhydrous HFA-CER at: (A) 26'C and (B) 97'C. 

1948 Journal of Lipid Research Volume 36,1995 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Fig. 5. X-ray diffraction patterns of 74.0% hydrated HFA-CER at: (A) 2G'C and (B) 91 'C. 

hydration to 52% water (Fig. 6, curve c) two well-resolved 
endothermic transitions appeared at 72.7"C (AH = 9.8 
kcal/mol) and 81.1-C (AH = 4.0 kcal/mol). On further 
increasing the hydration (74.4% water), no change in the 
calorimetric behavior was observed (Fig. 6, curve d). 

On cooling (data not shown), DSC of anhydrous 
NFA-CER showed two overlapping exothermic transi- 
tions at 69.5-C and 72.9'C (combined AH = 10.8 
kcal/mol). On increasing the hydration from 0-52 wt% 
water, both transitions shifted progressively to lower 
temperatures reaching limiting temperatures of 61.2-C 
and 64.9"C (combined AH = 12.6 kcal/mol), respectively 
(data not shown). On further increasing the hydration 
to 74.4% water, no change in the cooling curve was 
observed (Fig. 7, curve b). 

The polymorphic phase behavior of fully hydrated 

Temperature (C) 
Fig. 6. DSC heating scans of NFA-CER at different hydrations (wt% 
water): (a) 0% water; (b) 30% water; (c) 51.7% water; and (d) 74.4% 
water. The heating rate was 5'C/min for all the scans. 

NFA-CER is depicted in Fig. 7. The initial DSC heating 
scan (Fig. 7, curve a) showed two endothermic transi- 
tions at 72.7'C (AH = 9.8 kcal/mol) and 81.1"C (AH = 
4.0 kcal/mol). On cooling (Fig. 7, curve b) an exother- 
mic transition was observed at 64.9"C with a shoulder 
at 61.2"C (combined AH = 12.6 kcal/mol). On heating 

Fig. 7. Polymorphic phase behavior of fully hydrated (74.4 wt% 
water) NFA-CER (a) DSC heating scan from O'C to IOO'C; (b) DSC 
cooling scan from 100°C to O ' C  (c) heating from O'C to 77'Q (d) 
cooling back to O'C; (e) immediate reheating from O'C to 100°C (f) 
cooling from 100°C to O'C; (g) following heating scan; and (h) 
immediate cooling scan. 
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the sample to 77% (past the first endothermic transi- 
tion; Fig. 7, curve c) and cooling (Fig. 7, curve d), no 
exothermic transition was observed indicating that no 
phase change occurs during cooling. Subsequent heat- 
ing of the sample to 1OO'C (Fig. 7, curve e) showed only 
one endothermic transition at 81.8"C (AH = 10.4 
kcal/mol). Interestingly, the enthalpy of this transition 
(AH = 10.4 kcal/mol) was much higher than the enthalpy 
of the corresponding transition (AH = 4.0 kcal/mol) 
observed in the initial scan (Fig. 7, curve a). On sub- 
sequent cooling from 100°C to O"C, the original exother- 
mic transition was observed (Fig. 7, curves f and b). The 

subsequent heating (Fig. 7, curve g) and cooling (Fig. 7, 
curve h) scans were identical to the initial heating (Fig. 
7, curve a) and cooling (Fig. 7, curve b) scans, indicating 
that the initial phase behavior was reproducible after 
cooling from temperatures >82"C. 

x-raY diffraction Of NFA-cER 

X-ray diffraction patterns of anhydrous and hydrated 
NFA-CER were recorded at temperatures below and 
above the observed calorimetric transitions to deter- 
mine the structures of the various phases. For anhy- 
drous NFA-CER at 26"C, the low-angle region showed 

Fig. 8. Representative X-ray diffraction patterns of anhydrous NF.4- 
CER at: (A) 26'C, (B) 84'C, and (C) 95'C. 

1950 Journal of Lipid Research Volume 36,1995 
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Fig 9. Representative X-ray diffraction patterns of filly hydrated 
(80% water) NFA-CER at: (A) 26'C, (B) 77'C, and (C) 9O'C. 

lamellar reflections corresponding to a bilayer repeat 
distance of 56.0 A (Fig. 8A). The wide-angle region 
showed two reflections (arrowed) at 4.2 8, and 4.0 A. On 
heating to 84'C (past the first endothermic transition), 
the diffraction pattern changed slightly (Fig. 8B). The 
low-angle region still showed the presence of a lamellar 
structure but with a reduced bilayer periodicity of 
52.0 A. In the wide-angle re 'on four reflections (ar- 
rowed) were observed at 4.4 14.1 A, 3.9 A, and 3.7 A, 

indicating an ordered phase. On cooling from 84°C to 
26°C. the diffraction pattern (not shown) remained 
essentially same as that shown in Fig. 8B. Above the 
second thermal transition (at 95"C), the low-angle re- 
gion in the diffraction pattern exhibited a single strong 
reflection at 31.3 A, indicative of a disordered phase. 
The wide-angle region showed a broad reflection at 
4.5 A (arrow head) characteristic of melted-chain phase. 
On cooling from 95°C to 26°C. the diffraction pattern 

Shah et al. Natural ceramides 1951 
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(not shown) was similar to that of Fig. 8A. 
The X-ray diffraction pattern of fully hydrated (80% 

water) NFA-CER, at 26"C, showed reflections in the 
low-angle region corresponding to a lamellar bilayer 
periodicity of 58.6 A (Fig. 9A). The wide-angle region 
showed two strong reflections at 3.8 A and 4.2 8, (ar- 
rowed), and a weak reflection at 4.6 A (indicated by 
arrow heads). On heating the sample past the first 
endothermic transition (77"C), the X-ray diffraction 
pattern showed low-angle reflections, still correspond- 
ing to a lamellar structure although with a reduced 
bilayer periodicity of 53.1 A (Fig. 9B). The wide-angle 
region showed a strong sharp reflection at 4.0 8, (ar- 
rowed) and three weaker reflections at 4.6 A, 4.2 A, and 
3.8 8, (indicated by arrow head), again indicating a 
well-ordered phase. On cooling back to 26"C, the dif- 
fraction pattern (not shown) was identical to the re- 
corded at 77°C (Fig. 9B), indicating that on cooling the 
first endothermic transition is irreversible. The X-ray 
diffraction pattern at 90°C (above the second endother- 
mic transition) showed a single reflection in the low-an- 
gle region at 30.0 A (Fig. 9C) and a diffuse band at 4.6 A, 
(arrow head) again indicative of a melted-chain phase. 

DISCUSSION 

The calorimetric studies of HFA-CER demonstrated 
that its thermotropic behavior changes with hydration. 
HFA-CER showed a simple, reversible thermal behavior 
for both the anhydrous and hydrated forms. Anhydrous 
HFA-CER exhibits a reversible transition at 95.4"C (AH 
= 15.3 kcal/mol; Fig. 1). On increasing the hydration to 
12% water, the transition temperature progressively 
lowered from 95.4"C to 80.0"C and the transition en- 
thalpy decreased from 15.3 kcal/mol to 8.5 kcal/mol 
(Fig. 2A and B). This suggests that HFA-CERcan hydrate 
approximately up to 12% water. 

The X-ray diffraction pattern of anhydrous HFA-CER 
taken at 26°C (Fig. 4A) showed numerous lamellar 
reflections in the low angle region, corresponding to a 
bilayer periodicity of 54.1 A. Bovine brain ceramide has 
an abundance of C22 and C24 hydrocarbon chains and 
the expected chain length for one molecule would be 
approximately 26.25 8, and 28.75 A, respectively. The 
observed bilayer distance is slightly smaller than the sum 
of two chain lengths and head groups (approximately 4 
8, each; see ref. 33). Probably, HFA-CER is able to form 
a partially interdigitated bilayer where the amide-linked 
fatty acid chain (chain length = 28.75 8,) of one molecule 
lies against the sphingosine chain (chain length = 2 1.25 
A) of the other ceramide molecule. This may account 
for a bilayer periodicity of - 58 A. The small discrepancy 
in the observed and calculated periodicities can be 

explained by chain tilting relative to the bilayer normal. 
The wide-an le region displayed reflections at 4.3 8,,4.0 

mode. 
Increasing the temperature to 97°C (above the main 

transition), the X-ray diffraction pattern displayed a 
diffuse wide reflection at 4.5 A, indicative of melted 
hydrocarbon chains (Fig. 4B). The low-angle region 
showed a single strong reflection at 33.3 A, indicating 
of long-range (stackindpacking) disorder, in addition 
to the short-range (chain-packing) disorder. However, 
the presence of a single low-angle reflection does not 
allow the geometry of the matrix (lamellar, hexagonal, 
melt, etc.) to be determined. Cooling to 26°C produced 
a diffraction pattern (not shown) identical to the initial 
one (Fig. 4A), indicating that the thermal transition of 
anhydrous HFA-CER is reversible, consistent with the 
DSC data (see Fig. 3). 

X-ray diffraction of fully hydrated (74% water) HFA- 
CER at 26°C (Fig. 5A) showed a lamellar phase with a 
bilayer periodicity of 60.7 A, -6 8, greater than anhy- 
drous HFA-CER (d = 54.1 A). This difference in the 
bilayer periodicities of the anhydrous and hydrated 
forms is presumably due to the additional water layer 
between the lamellar sheets and/or a reduction in chain 
tilt relative to the bilayer normal. The wide-angle region 
showed a single wide reflection at 4.2 A indicative of a 
hexagonal chain packing. This is a less specific type of 
chain packing and is probably due to the disrup- 
tion/weakening of lateral interactions between 
ceramide molecules due to water-ceramide interactions 
at the bilayer interface. Thus, at low temperature, anhy- 
drous HFA-CER forms bilayers with crystalline chain 
packing, whereas the hydrated bilayers show the less 
specific, hexagonal chain packing. 

Above the chain-melting transition at 91 "C (Fig. 5B), 
low-angle reflections corresponding to a hexagonal 
phase are observed. This non-bilayer phase has also been 
observed in other lipids with small or non-polar 
headgroups and is possibly involved in membrane fu- 
sion and modulation of protein activity (38-41). How- 
ever, at this point, we cannot conclude whether the gel 
phase converts directly to hexagonal phase (Lp-Hn) or 
it converts to an La phase stable over a small tempera- 
ture range which then converts to the hexagonal phase 
(Lp--&+H11). In any case, both the X-ray diffraction 
and DSC data confirm that the (Lp+Hl[) transition is 
reversible, the original bilayer phase being re-formed on 
cooling. Thus, the DSC and X-ray diffraction data indi- 
cate that anhydrous and HFA-CER show simple, revers- 
ible phase behavior. Low temperature incubation for 
short time periods does not affect the subsequent cal- 
orimetric behavior, suggesting the gel phase is quite 
stable. Although longer incubations could possibly con- 

A, and 3.7 1 suggestive of a crystalline chain packing 
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the presence of three phases. The phase present at 26°C 
is a bilayer gel phase with a periodicity of 56.0 A (Fig. 
8A). At 84"C, a more ordered bilayer phase with a 
reduced periodicity of 52.0 A with crystalline chain 
packing is present (Fig. 8B). On cooling anhydrous 
NFA-CER from 84'C to 26"C, the diffraction pattern 
(not shown) was identical to that shown in Fig. 8B, 
indicating that no phase change occurs during cooling. 
Above the second transition, a disordered melted-chain 
phase of undefined geometry is present (Fig. 8C). 

DSC heating scans of fully hydrated NFA-CER (74.4% 
water) also suggested the presence of three phases (Fig. 
6, curve d). X-ray diffraction at 26°C (below the first 
endothermic transition) showed a bilayer structure, pe- 
riodicity = 58.6 %, with an ordered, crystalline chain 
packing (Fig. 9A). Above the first transition at 77"C, a 

~~~~~~~~~~~~ ~~~~~~~~~~ / g&: bilayer structure with a reduced bilayer periodicity of 
53.1 A and a well-ordered crystalline chain packing is 
present (Fig. 9B). Possible explanations for the reduced 
bilayer periodicity would be an increased tilt of the 

a reduction in the hydration layer. On cooling from 
77°C to 26"C, the diffraction pattern is essentially iden- 
tical to that of Fig. 9B. This indicates that the first 
endothermic transition (Tm = 72.7-c) of NFA-CER is 
irreversible on cooling, consistent with the DSC data. 
Above the second transition (95°C) the single low-angle 
reflection at 30.0 A and a diffuse reflection at 4.6 8, (Fig. 
9c)  is indicative of a disordered, melted-chain phase. 
Thus, NFA-CER exhibits polymorphic behavior with two 
low temPerature bi1aYer gel Phases- One Phase (bilayer 
Periodicity = 58.6 A) is Produced upon cooling the 
sample from the melted-chain phase and is stable from 
0 to 73°C. The second bilayer Phase (Periodicity = 53-1 
A) is Produced upon heating NFA-CER to 77°C and then 
cooling. This bilayer phase is stable over the tempera- 
ture range 0 to 80°C and undergoes chain-melting to the 
hiF$ temPerature* disordered Phase. 

In summary, HFA-CER exhibits a simple phase behat,- 
ior that involves the interconversion of bilayer gel and 
hexagonal melted-chain Phases (Fig. 10). Hob'e\'er, 
NFA-CER shows a more complex PolYmorPhic Phase 
behavior. On heating, NFA-CER converts from a gel 
Phase (Perhaps metastable) to a more stable gel Phase 
before going through the chain melting transition. Pre- 
sumably the Presence of the a-hYdroV group in HFA- 
CER prevents the formation of multiple phases. A sin& 
lar type of phase behavior is shown by natural bovine 
brain cerebrosides; the hydroxy cerebroside fraction 
shows a simple Phase behavior whereas the non-hydroxy 
cerebroside fraction displays a complex polymorphic 
Phase behavior (7). It Seems reasonable to suggest that 
increased hydrogen bonding involving the a-hydroxy 
group is responsible for the simpler phase behavior of 

1 ~~~~~~~~~~ 

._.,... i *. :.;.2:;.; :... e~~~~~~~~~~ ~~~~~~~~~~ ' 

Hydroxy ceramides 

~~~~~~ r ~~~~~~~~~~ 

5 6 ~ ~ ~ ~ ~ ~ ~ ~ ~  ~~~~~~~~~~~~ - 

Nan-hydrox y ceramides 
Fig. 10. Summar). of the phase behavior of fully hydrated HFhCER ceramide molecule re1ative to the bilayer normal and/or 
and NFA-CER. 

Vert hydrated HFA-CER to a mOre stable gel phase 
characterized by a more ordered chain packing mode as 
observed for synthetic cerebroside sulfate (42), the chain 
heterogeneity of HFA-CER is probably going to inhibit 
this process. 

The calorimetric studies of NFA-CER indicate that 
this mixed-chain ceramide showed a more complex 
phase behavior with two transitions observed at all 
hydrations (0-74% water; Fig. 6), the transition tempera- 
tures decreasing on increasing hydration. When fully 
hydrated (74.4% H20) NFA-CER was heated past the 
first endothermic transition (77'C) and cooled, no exo- 
thermic transition was observed (Fig. 7, curve d). This 
indicates that the phase transition undergone during the 
first endothermic transition is irreversible on cooling. 
On reheating the sample to 100°c, a single endothermic 
transition is observed at 81.1 -C (AH = 10.4 kcal/mol) 
with increased enthalpy (Fig. 7, curve e), indicating the 
presence of a well-ordered phase exhibiting a high tran- 
sition enthalpy on chain-melting. The calorimetric be- 
havior suggests that the initial, lower melting bilayer gel 
phase is in fact metastable with respect to the second, 
higher melting gel phase, although no exothermic event 
is observed between the two calorimetric transitions. 
However, the wide-angle X-ray diffraction data do sug- 
gest that the high-melting bilayer phase has a more 
ordered chain packing mode than the low-melting phase 
(see Fig. 9A, B). 

A similar protocol was followed to record the X-ray 
diffraction patterns. On heating, the anhydrous NFA- 
CER showed two endothermic transitions, indicating 
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HFA-ceramides and cerebrosides. Studies of synthetic 
cerebroside sulfate have suggested that hydroxylation 
leads to increased intermolecular interactions which in 
some way inhibits formation of a stable state (42). Bll 
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