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Abstract Diacylglycerols (DAG) play an important role in 
metabolism, signal transduction and protein kinase activation. 
Naturally occurring DAGs usually contain a saturated chain in 
the 1-position and an unsaturated chain in the 2-position. We 
have investigated the physical behavior of 1-stearoyl-2-oleoyl-sn- 
glycerol (m-SODG) both in the dry and hydrated states by 
means of differential scanning calorimetry, X-ray diffraction, 
and NMR. In the dry state the saturated stearate and unsatu- 
rated oleate chains have difficulties in packing. As a result 
marked polymorphism occurs as the chains try to find a suitable 
packing. Eight phases were found in the dry state: a (transition 
temperature = 16.4OC; AH = 6.8 kcal/mol); B I ,  (20.7%; 13.8); 

(25.7OC; 11.9); y1 (-2.9OC; 0.5), and y2 (-5.9OC; 1.2), all of 
relatively low stability compared to 1,2 distearoyl-sn-glycerol ( B ' ,  
77.2OC; 30.6). y1 and yz are metastable low temperature phases. 
BI-& are bilayers (dool = 34.5, 43.4, 44.7, 46.1 A, respectively) 
with elements of tricjinic parallel chain packing, while p '  is a 
bilayer (dool = 47.1 A) with orthorhombic perpendicular chain 
packing. The metastable a! phase has hexagonal chain packing 
and an unusual eight-layer structure (do,, = 174 A). Hydrated 
sn-SODG contains about one-half of a water molecule per di- 
acylglycerol. Three phases can be distinguished y,, a, (15.1OC; 
6.7) and 6, (19.9"C, 14.3). Both CY, and 8, are bilayers but CY, 
has hexagonal chain packing and @, is predominantly triclinic 
parallel packing. Thus, when saturated and unsaturated chains 
must pack side by side, complex chain conformation, disorder, 
and instability result giving rise to marked polymorphism. 
Hydration appears to partly stabilize the interactions.-Di, L., 
and D. M. Small. Physical behavior of the mixed chain diacyl- 
glycerol, 1-stearoyl-2-oleoyl-sn-glycerol: difficulties in chain 
packing produce marked polymorphism. J Lipid Res. 1993. 34: 

83 (21.5OC; 13.8); 8 2  (22.2OC; 14.4); 61 (23.1OC; 12.3); @' 

1611-1623. 
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The biologically active isomer is 1,2-diacyl-sn-glycerol 
(1,2-DAG). They are the final substrate in the formation 
of the major storage lipid, triacylglycerol. The enzyme di- 
acylglycerol acyltransferase esterifies an activated fatty 
acid to the 3-position of 1,2-diacyl-sn-glycerol to form tri- 
acylglycerol. 1,2-Diacylglycerol can be phosphorylated to 
phosphatidic acid by DAG kinase. Phosphatidic acid is a 
precursor of a number of important phospholipids such as 
phosphatidylserine, phosphatidylinositol, and phosphatidyl- 
glycerol. Phosphatidylethanolamine and phosphatidyl- 
choline can be directly formed from 1,2-diacylglycerol 
through transfer of phosphoethanolamine or phosphocho- 
line from CDFethanolamine and CDFcholine to 1,2-DAG 
by transferases. DAG is also a substrate for diglyceride 
lipase which cleaves an acid leaving monoacylglycerol. 
The fatty acid cleaved may be arachidonic acid or another 
polyunsaturated fatty acid that are precursors of prosta- 
glandins and leukotrienes. DAG are also intermediate 
products of lipolysis reactions (2). Intestinal lipases (gas- 
tric or lingual, pancreatic, carboxy-ester lipases) hydro- 
lyze the fatty acids from the primary glycerol carbons (1 
and 3) to produce first DAGs and finally 2 moles of fatty 
acid and 1 mole of 2-monoacylglycerol. Lipoprotein lipase 
and hepatic triglyceride lipase also catalyze the hydrolysis 
of plasma triglycerides to diacyl and monoacyl glycerides. 
Finally the role of DAG in the phosphatidylinositol cycle 
is well known (3-5) .  The DAG formed in that reaction 
acts as an activator of protein kinase C and thus becomes 
an important molecule in regulating transduction of in- 
tracellular signals across the plasma membrane. Only the 
1,2-diacyl-sn-glycerol isomer is able to activate protein 
kinase C (6, 7). 

The physical properties of a few 1,2-diacyl-sn-glycerols 

Diacylglycerols (DAG) are central molecules in the 
metabolism of fats and phospholipids (1). Generally, DAG 
are minor lipid constituents in the membranes of cells but 
they play key roles in a variety of biological processes. 

~ 

Abbreviations: DAG, diacylglycerol; sn-SODG, 1-stearoyl-2-oleoyl-sn- 
glycerol; DSC, differential scanning calorimetry; NMR, nuclear mag- 
netic resonance; TLC, thin-layer chromatography, 
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have been reported. However, most of the studies describe 
saturated chain diacylglycerols. For instance, the crystal 
structure of the P' form of 1,2-dilauroyl-sn-glycerol was 
reported by Pascher, Sundell, and Hauser (8). Dorset and 
Pangborn (9) reported a single crystal structure of the 8' 
form of 1,2-dipalmitoyl-sn-glycerol that was isostructural 
with the structure reported for dilauroyl-sn-glycerol 
molecule (8). Recently, we have reported on the structure 
and polymorphism of a series of saturated monoacid 1,2- 
diacyl-sn-glycerols synthesized from fatty acids with 12-24 
carbons, (10). The phase behavior of these stereospecific 
diacylglycerols is relatively straightforward. The shorter 
chain molecules ranging from C12 to C18 have a stable bi- 
layered 0' phase, isostructural with the Pascher et al. (8) 
and Dorset and Pangborn (9) structures, which melt at in- 
creasing temperature the longer the chain (C12 = 47.5OC, 
C16 = 7O.l0C, C18 = 77.2OC). On cooling several degrees 
below the 0' melting point, a metastable bilayered CY phase 
with hexagonally packed chains is formed. With incuba- 
tion at temperatures below the CY melting point, the CY 

phase will convert to the 0' phase with time. The behavior 
patterns of the long chain C22 and C24 1,2-diacyl-sn- 
glycerols are similar, except that on cooling of the CY 

phase, a sub-a! phase is formed with pseudo-hexagonal 
chain packing. All of the structures are bilayered and con- 
sist of orthorhombic perpendicular chain packing or a 
form of hexagonal chain packing. We have also studied 
the behavior of 1,2-dilauroyl diglyceride (DLG) in phos- 
pholipid bilayers and found the glycerol conformation to 
be different from that in the crystalline 0' form (11). In 
fact, it is quite similar to that of a phospholipid in a 
bilayer, in that the glycerol backbone is perpendicular to 
the plane of the bilayer with the hydroxyl group extended 
out of the bilayer and hydrogen bonded to water. Like 
phosphatidylcholine (12), the sn-2 chain bends over at the 
second carbon to lie parallel to the sn-1 chain. Using 13C- 
labeled DLG we were able to estimate the transbilayer 
diffusion (flip flop) of DLG across the phospholipid 
bilayer. A rate constant at 38OC of about 60 s-l was found 

Most biologic diglycerides, however, do not contain just 
saturated chains but most often have a saturated chain in 
the 1-position and an unsaturated chain in the 2-position. 
However, saturated chains do not mix well with unsatu- 
rated chains (13). It is striking to note that when octa- 
decane is mixed with 9-cis-octadecene no mixing in the 
solid state occurs (14). No eutectics, solid solutions, or 
compounds are formed. Thus, the question of how chain 
packing would be accommodated in a molecule with both 
types of chain attached to the glycerol is an interesting 
problem. A number of conformations have been sug- 
gested, some by computer modeling and others by anal- 
ogy to other molecules having dissimilar chains. A possi- 
ble packing was suggested that involves the lateral 
segregation of rows of unsaturated chains from rows of 

(11). 

saturated ones within the plane of the monolayer (14). 
Using computer modeling, Applegate and Glomset 
(15-17) calculated conformations for 1-stearoyl-2-oleoyl 
glycerol chain packing. They assumed that the glycerol- 
carbonyl region of the molecule had the crystalline con- 
formation of phosphatidylethanolamine (18) and a tram- 
antiskew-cis-antiskew-antigauche-trans conformation around 
the C-C-C =C-C-C-C which forces the two dissimilar 
chains to pack side by side. In many conformations the 
packing energy was unfavorable (15-17). The most 
favored conformation in monolayers (17) allowed maximal 
interaction of oleate chains in adjacent rows of molecules 
to form linear domains of 183 separated from linear 
domains of 18:O chains in the monolayer, rather like that 
suggested earlier (14). 

If the chains in the 1 position can point in the opposite 
direction from those in the 2 position to form an extended 
conformation like 1,3 diacylglycerols (19), then the satu- 
rated chains can form one layer and the unsaturated 
chains a separate layer. This kind of chain segregation 
occurs in several mixed chain triacylglycerols and can 
result in trilayer or hexalayered structures (13, 20-22). 
Given the paucity of information, it seemed important to 
study mixed chain DAGS in which a saturated 18 carbon 
chain was present on the 1-position and an unsaturated 18 
carbon chain on the 2-position. Thus our group (23) has 
synthesized 1-stearoyl-2-oleoyl-sn-glycerol (sn-SODG) and 
we have studied its physical behavior and polymorphism 
in the dry state and in the presence of water by X-ray 
diffraction, differential scanning calorimetry (DSC), and 
NMR. It is evident from the large number of poly- 
morphic forms of rather similar energy formed that the 
two chains have difficulty in deciding what is the most 
favorable conformation. 

MATERIALS AND METHODS 

Synthesis 

sn-SODG were synthesized as described by Kodali and 
Duclos (23). The purities of the compounds were checked 
by thin-layer chromatography (TLC) and lH NMR and 
were found to be >99% pure. The occurrence of poly- 
morphism was examined with two kinds of samples: crys- 
tallized from melt and crystallized from solvent. The sam- 
ples crystallized from solvent were made by crystallizing 
the compounds from hexane in a cold room (4OC) 
through slow evaporation. The crystalline samples were 
kept at low temperatures (0-4OC) during packing into 
X-ray and DSC containers to avoid melting. The 1,2- 
diglycerols were handled with care during the experi- 
ments to avoid 1,3-acyl migration (24). At the end of 
selected DSC and X-ray experiments, the sample was re- 
moved and checked for hydrolysis and acyl migration by 
TLC (44). 
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DSC experiments 

Dry sn-SODG DSC was carried out on a Perkin-Elmer 
DSC-7 (Norwalk, CT). Samples were put into a lyophilizer 
for 1 h to remove the trace amount of solvents. Each 
sample (1.5-5.0 mg), weighed to the nearest 0.01 mg, was 
sealed in a stainless-steel pan. An empty pan was used as 
a reference sample. Heating and cooling rates were 
5OC/min unless otherwise specified. The enthalpies of 
fusion (AHm) and crystallization (AHc) were determined 
by using 7 series/UNIX software. The machine was cali- 
brated by using the data obtained from high purity stan- 
dard material (indium). The estimated error margin for 
the indium standard is less than 0.5OC in the transition 
temperature and less than 2 %  in enthalpy. By systemati- 
cally altering the thermal protocol, eight polymorphic 
phases were found. 

These thermal protocols were developed to identify 
each of the phases. 

a-Phase.2 A solidified sample was melted at 35OC, and 
the isotropic liquid was cooled to 8OC. The a-phase so ob- 
tained is stable for -4 h at 8OC. 

@,-Phase. A crystalline sample was melted at 35OC, 
and the isotropic liquid was cooled to -1OC and in- 
cubated for 45 h at that temperature. 

P3-Phase. A crystalline sample was melted at 35OC, 
and the isotropic liquid was cooled to 2°C and incubated 
for 6 h at that temperature. 

pp-Phase. A crystalline sample was melted at 35OC, 
and the isotropic liquid was cooled to 8°C and incubated 
for 8 h at that temperature. 

@,-Phase. A crystalline sample was melted at 3OoC, 
and was held at that temperature for 1 h. The isotropic 
liquid was then cooled to -2OOC. 

@'-Phase. Slow evaporation of sn-SODG-hexane solu- 
tion in a cold room at 4OC gave crystals of the @' phase. 

y,-Phase. A solidified sample was melted at 35OC, and 
cooled to the temperature between -3OC and -5OC. 

y,-Phase. A solidified sample was melted at 35OC, and 
cooled below -1OOC. 

Hydrated sn-SODG Samples containing water for DSC 
measurements were prepared by adding concentrated sn- 
SODG-hexane solution in the DSC pans, removing hex- 
ane by evaporation. The pans containing samples were 
maintained in a vacuum for 30 min. Samples were weighed 
and different amounts of water were added. The amount 
of water was estimated gravimetrically after the pans were 
sealed. Samples were heated to 35OC and shaken in pans 
for 15 min to equilibrate water with lipid. The samples 

were checked for hydrolysis and 1,3-acyl migration by 
TLC (24). No hydrolysis or 1,3-acyl migration were 
detected. The amount of water bound to sn-SODG was 
determined by 1) measuring the AH of the water melting 
peak as a function of waterlsn-SODG ratio; and 2) by 
analyzing the 'H and 13C spectra of the dry and hydrated 
sn-SODG. lH and 13C spectra were obtained on a Varian 
300 NMR spectrometer. 

These thermal protocols were developed for the phases 
of sn-SODG with water (subscript w is used to differenti- 
ate from the dry phases). 

@,-Phase. Samples were melted at 35OC, then cooled 
to 8"C, and incubated at that temperature for 20 min. 

a,-Phase. Samples were melted at 35OC, then cooled 
to 8OC. The a, phase so obtained is stable for less than 
15 min. 

7,-Phase. Samples were melted at 35OC then cooled to 
-2ooc. 

X-ray powder diffractions 
X-ray powder diffraction patterns of each sample were 

recorded using nickel-filtered CuKa radiation from an 
Elliot GX-6 (Elliot Automation, Borehamwood, U.K.) 
rotating-mode generator equipped with cameras using 
Franks double-mirror optics (30) and toroidal-mirror op- 
tics. The samples were packed into 0.7- or LO-" 
diameter Lindeman capillaries (Charles Supper, Natick, 
MA), sealed, and examined in variable-temperature 
sample holders. The rate of cooling and heating to a fixed 
temperature is 2-4OC/min. The photos were taken on a 
Toroid camera unless otherwise specified. The diffraction 
patterns were recorded using thermal programming simi- 
lar to those used in the DSC investigation. 

a-Phase. A melted sample was heated to 4OoC for 
30 min, and cooled to 8OC. X-ray diffractions were 
recorded for 4 h on a Franks camera. 

@*-Phase. A sample crystallized from solvent was 
melted and heated to 4OoC for 1 h (this temperature is 
5OC higher than that used for the DSC protocol to avoid 
the crystallization of P1 due to a somewhat greater tem- 
perature variation in the X-ray camera), then cooled to 
-l0C, and incubated at -1OC for 45 h. X-ray diffractions 

were recorded for 60 h on a Franks camera. 
P3-Phase. A sample crystallized from solvent was 

heated to 4OoC for 1 h, then cooled to Z0C, and incubated 
at 2OC for 10 h. X-ray diffractions were recorded for 24 h. 

P2-Phase. A sample crystallized from solvent was 
heated to 4OoC for 1 h, then cooled to 8OC, and incubated 
at 8OC for 8 h. X-ray diffractions were recorded for 24 h. 

@'-Phase. A sample crystallized from solvent was 
2The nomenclature of a, @, and 8' phases is based on Larsson's 

classification (13, 25). The wide angle spacings which reflect chain pack- heated to 300c for h, then down to 
ing show a single sharp reflection at 4.i-4.2 a in the a phase; a sirong X-ray diffractions were recorded for 24 h. 
reflection at -4.6 A and other reflections in the @ phase and strong @'-Phase. Crystalline powder from hexane was trans- 
reflections at - 4.2 and 3.8 A in the @' phase. The y phase nomenclature 
is based on the nature of transformation for unsaturated fattv acid ferred at OoC to the The X-ray diffractions were 
chains (26-29). recorded at 15OC for 48 h on a Franks camera. 
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at 8OC. It will then transform to other phases (e.g., p2- 
phase). In fact, some small transformation of the a-phase 
to the P2-phase occurs as early as 3 h (Fig. 2). The a- 

A CY 

A P'  
I I --I 

10.0 20.0 30.0 

Tompordvro ('C) 

Fig. 1. DSC melting curves for six phases of sn-SODG (the area of the 
peaks does not correspond to AHm). The P'-phase was heated at 
1°C/min, the others were at 5OC/min. The thermodynamic data and 
X-ray diffractions are summarized in Table 1 and Table 2. 

phase obtained from solvent (hexane) crystallized sample 
can only be obtained by heating the isotropic liquid to 
higher than 32OC (lower than 32OC will give PI- when 
cooled) and then cooling to 8OC. The a-phase obtained 
this way is less stable than those from melt-crystallized 
samples (see below). The melting point (Tm) of a-phase 
is 16.4OC; the crystallization temperature (Tc), 12.5OC 
and the enthalpy of fusion (AHm), 6.8 kcal/mol. X-ray 
diffractions show a-phase has a single intense wide-angle 
diffraction (Fig. 3), 4.25 A is indicative of hexagonal 
chain packing. The a-phase has a calculated long spacing 
of 174 A ,  which corresponds to eight asymmetric layers. 
The a-phase reversibly transforms to yl-phase and then 
y2-phase by cooling (5OC/min), (see Fig. 4a and b): 
T(yl); -2.9"C, AH (yl); 0.47 kcal/mol; T (y2); -5.9OC, 
AH ( 7 2 ) ;  1.18 kcal/mol. We were not able to obtain X-ray 
diffraction patterns for y1 and y2, because these phases 
are unstable at low temperatures below which y1 and y2 
formed and transformed to other phases (mixed 0-phases) 
in a few minutes (see Fig. 4b). 

The formation process of P4 is shown in Fig. 5. Cooling 
of an isotropic liquid from 35OC gave the a-phase (see 
above). Incubation at -1°C for 45 h produces nearly pure 
P4-phase. Incubation at -1OC for less time produces a 
complicated process, melting of a-phase, crystallization of 
p3, and partial formation of 0 4 .  The P4-phase obtained 
after 45 h incubation at -1OC melts at 20.7OC; AHm, 
13.8 kcal/mol. The wide-angle X-ray diffraction pattern 

&,-Phase. The sample was made with 30% water. 
Sample was melted at 35OC for 15 min, then cooled to 
8OC, and incubated at that temperature for 1 h. X-ray 
diffractions were recorded at 8OC for 20 h on a Franks 
camera. 

RESULTS 

Dry sn-SODG 

Dry sn-SODG sample revealed eight polymorphs and 
hydrated only three. The results on dry sn-SODG will be 
discussed first followed by results on hydrated samples. 
The DSC traces of simple heating and cooling process 
(O.l°C/min) showed complicated crystallization and melt- 
ing behavior characteristic of marked polymorphism. 
However, the isolation of each phase was achieved by 
changing the crystallization condition (heating patterns, 
incubation temperature, and time, crystallization from 
solvent). Fig. 1 displays the melting peaks of six of the 
polymorphs for sn-SODG. The thermodynamic data of 
each polymorph are given in Table 1. The X-ray diffrac- 
tion data are given in Table 2. 

Fig. 2 (incubation time < 3  h) shows the formation 
of a-phase. The a-phase is obtained from a melted 
melt-crystallized sample. It is formed by cooling (S°C/min) 
of the melt to 8OC. The sample is stable only for about 4 h 

TABLE 1. Thermodynamic data of eight phases of dry sn-SODG 
and the three hydrated phases of sn-SODG 

Phase TlnU  AH^ AS' T C d  
~~ 

oc kcal/mol cal.  K-1. mot' oc 
Dry 

P '  25.7 11.9 39.8 
P I  23.1 12.3 41.5 17.4 
6 2  22.2 14.4 48.9 

P I  20.7 13.8 47.0 
01 16.4 6.80 23.5 12.5 

- 2.9 0.47 1.72 - 5.5 

P 3  21.5 13.8 47 0 

5:. - 5.9 1.18 4.42 - 10.9 

Hydrated 
P, 19.9 14.3 48.8 

7,"' - 12.0 0.79 3.03 

"Temperature of melting transition peak value. 
'Enthalpy of melting. 
'Entropy of melting transition calculated from the enthalpy of melt- 

dTemperature of crystallization transition peak value. 
'Physical data for polymorphic transformation not melting. 
'Overlap with water peaks. 

01% 15.1 6.9 23.2 11.9 
r 

in.g transition. 
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TABLE 2. X-ray spacings (A) of six of the eight phases of dry sn-SODG and the 0, phase of hydrated sn-SODG" 

R W  

8' 81 82 83 0, a (Hydrated) 

47.1 av. 
47.1 (vs),l 
23.6 (w),2 
15.7 (s),3 

7.85(w),6 
7.40(w) 
6.96(w) 
6.49(w) 

5.50(w) 
5.14(w) 
4.81(w) 
4.69(w) 
4.52(m) 
4.48(m) 

4.3 1 (w) 
4.23(m) 
4.09(vs) 
3.92(w) 
3.88(s) 

5.99(w) 

4.34(s) 

34.5 av. 
34.4(vs),l 

11.5(s),3 

6.90(m), 5 

4.92(w),7 

4. SO(vs)' 

broadb 

4.0 1 (vs)~  
3.92(vs)' 
broad 
3.6 1 (vs)~  
3.2 1 (m) 

43.4 av. 
43.6(vs),l 
21.6(s),2 
14.5(vs),3 
11.0(m),4 
8.63(m),5 
7.23(w),6 
6.18(w),7 

4 .6l(vs)' 
broad 
4.41 ( v s ) ~  

4.1 l(vs) 

3.8 1 (s) 
3.58(m) 

44.7 av. 
44.6(vs), 1 
22.3(s),2 
14.9(vs),3 

8.94(m),5 

5.28(w) 
8.19(w) 

4.65(vs)' 

broad 
4.34(vs)d 

4.16(vs) 

46.1 av. 
46.1 (vs), 1 
23.1(m),2 
15.3(s),3 

9.2O(w),5 

4.72(vs)' 
broad 
4 . 5 8 ( ~ ) ~  
4.40(s) 

4.2 1 (s) 

174 av. 43.7 av. 
43.5(vs), 1 

86.0(w),2 2 1 . 9 ( ~ ) , 2  
58.0(m),3 14.6 (w),3 
43.5(s),4 

29.0(m),6 

17.4(w), 10 

4.71(w)' 
broad 
4 . 3 6 ( ~ ) ~  

4.2 5( s) 4.22(w) 

"Av., average 001 spacing calculated from all the orders. Relative intensity is given in parentheses: vs, very strong; s, strong; m,  medium; w, 

b,'+'Reflections diffuse between c and d.  
weak. The order of 001 reflection is indicated after the diffraction long spacing intensity. 

58.00 

50.00 

54.00 

5 52.00 

50.00 

48.00 

40.00 

44.00 

42. DO 

L--l  -- 

t OL crystallization 

40.00 4 
I I 

I I I I 
10.00 IS. 00 20.00 25.00 30.00 

Tamparatwo ('0 

Fig. 2. Transformation of n-phase to &-phase at 8°C as a function of incubation time. DSC curves are: cooling from 35°C to 8OC, incubation 
at  8°C for 1, 2, 3, 4 and 8 h, and then heating from 8OC to 35'C. Inset shows AHm (&) versus incubation time. A very small amount of p2 phase 
has formed by 3 h and by 8 h the transformation to & phase is nearly complete. 
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showed broad diffractions at 4.72-4.40 A and 4.21 A 
(Fig. 6). The long spacing is 46.1 A. 

The formation processes of p3 and p2 are similar to that 
of 0,. Cooling of an isotropic liquid from 35OC gave the 
a-phase (see above). Incubation at 2°C for 6 h produces 
nearly pure &-phase. The P3-phase melts at 21.5OC; 
AHm, 13.8 kcal/mol. The X-ray pattern showed very 
broad and intense diffractions at 4.65-4.34 A and 4.16 A .  
This is an indication of a somewhat disordered /3 subcell 
(13, 25). The lamellar repeat is 44.7 A. 

Cooling of an isotropic liquid produced by melting 
hexane crystallized sn-SODG from 35OC gave the a-phase. 
Incubation at 8OC for 8 h produced mainly the 02- 
phase. p2 melts at 22.2OC; AHm, 14.4 kcal/mol. The 
X-ray pattern showed very broad and intense diffractions 
at 4.61-4.41 A, and 4.11 A. This indicates a somewhat 
disordered 6 subcell. The lamellar repeat is 43.4 A .  

The P1-phase is formed by melting a solvent (hexane) 
crystallized sample at 3OoC for 1 h to remove the seeds of 
@' (higher than 32OC will give a-phase when cooling), and 
then cooling to below 17.4OC. Fig. 7 shows the formation 
of pl. Tm, 23.1OC; Tc, 17.4OC; AHm, 12.3. X-ray pattern 
showed very broad and intense diffractions at 4.60-4.01 A, 
and 3.92-3.61 A. This is an indication of a somewhat djs- 
ordered P subcell (13, 25). The lamellar repeat is 34.5 A. 
sn-SODG crystallized from hexane at 4OC by slow 

evaporation gave p' which melts at 25.7OC; AHm, 11.9 
kcal/mol (see Fig. 1). The X-ray small-angle pattern of 0' 
has many fine structural features (Fig. 8). The wide-angle 

- 

Fig. 3. X-ray Franks diffraction photo of the a-phase at 8OC, 4 h. 

54.00 - 

52.00 - 

f 50.00 - 
Y 

c 

u. 40.00 - 
*, 

P 
46.00 - 

44.00 - 

42.00 - 
t I I I I I I r 

-30.0 -20.0 -10.0 0.0 10.0 20.0 30.0 40.0 

Tmporaturo ('0 
Fig. 4. Formation of yI phase and yz phase. (a) Cooling at 5OClmin from 35OC to -2OOC first gives a-phase, which then transforms to y1 and 
then y2. (b) Heating at 5OClmin from -2OOC to 35OC transforms yz toy, and then partly to the a-phase. Some 0 phases were formed during tempera- 
ture reversal at -2OOC that melted above the a-phase. 

1616 Journal of Lipid Research Volume 34, 1993 



0 
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3 hr. 

10 hn 

/ 

c,$, melt I ,  

Fig. 5. 
(5OClmin). 

Formation of the 0, phase. The four heating curves (5OC/min) are incubations at -1OC for 1 min, 3, 10, and 45 h after cooling from 35OC 

diffractions 4.38, 4.09, and 3.88 A indicated that it has a 
0' structure (01) (13, 25). The p' phase has a lamellar 
repeat of 47.1 A. 
Hydrated sn-SODG 

To determine the amount of water incorporated into sn- 
SODG, the water(mg)/sn-SODG(mg) ratio was plotted 
against AHm of the H 2 0  melting. Eight values from 
weight ratios of 0.043 to 0.618 were studied. With 0.043 
H20/sn-SODG ratio, no H 2 0  melting was noted indicat- 
ing that the water was bound. The line describing the re- 
lation was: water(mg)/sn-SODG(mg) = 0.0120 AHm + 
0.0187. AHm of water determined from the slope is 
83.3 cal/g. The error is less than 5%, indicating reason- 
able accuracy. The intercept indicated 0.67 mol of H 2 0 /  
sn-SODG but the standard deviation of the intercept was 
high and allowed from 0 to 1.3 mol H20/sn-SODG. 
Therefore we used IH and 13C NMR to trace the water 
effect on liquid sn-SODG. 

Liquid sn-SODG was put in a capillary cylinder 
(8 pl/cm, Wilmad) and the contents were mixed with 
water (30% by volume) by centrifuge in the sealed capil- 
lary cylinder. After mixing, the capillary tube was placed 
in an ultracentrifuge and spun in an SW41 rotor for 
30 min at 15,000 rpm to separate the two phases com- 
pletely. The capillary cylinder with sample w a s  then in- 
serted in a 5-mm NMR tube containing CDC13/TMS. 
Comparison of 1H NMR spectra between the neat liquid 
of sn-SODG and sn-SODGlwater shows that there is an 

. 

, 
Fig. 6. X-ray Franks diffraction photo of the 01 phase at -l0C, 60 h. 
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phase of the dry state, though AHm is about the same 
(6.70 and 6.80 kcal/mol). 

In the presence of water, the phase behavior of m-SODG 
is simplified. X-ray diffractions of p, are: 43.5(vs),l; 
21.9(vw),2; 14.6(~),3; 4.71(w) broad 4.36(w); 4.22(w). The 
bilayer periodicity is the same as dry p2 phase but the in- 
tensities are different indicating that p, is not the same 
structure as p2 or any other dry 

/i pi me't+' i \  i 
2 al 

phase. 
O l  --Aw--' ,/' '1 

t 

DISCUSSION 

Lamellar structure 

The long spacings of the six phases of sn-SODG can be 
divided into three groups: I) - 45 A ,  (46.1), p 3  (44.7), 
0 2  (43.4), 0' (47.1); 2) 35, 0, (34.5); (3) 174 A ,  a (174). 
The first set of long spacings is similar to the length of 
bilayers of the known D S  and E containing stearoyl and 
oleoyl chains (40-55 A )  (31, 32). Therefore, the four 
phases (oh, p3, p2 and 0') have bilayer structures. The in- 

have I(dool) > I(doo3) > I(doo2), which is also characteris- 
tic for a bilayer structure of fatty acids and mono-acid 

s 
Q) 

t crystallization 

1 I I I tensity of the first three reflections in these four phases io. m is. w 2o.W 25. m 
1- <*a 

Fig. 7. Formation of the 8, phase. Cooling from 3OoC to -2OOC at 
5'C/min after incubation at 3OoC for 1 h crystallized Br. Heating from 
-2O'C at 5'Clmin melts 81 (only partial region is shown). 

extra peak at 4.75 ppm (equivalent to 1 proton), which is 
different from that of the unbound water (4.82 ppm, in 
the blank experiment). Therefore, on a time average, each 
sn-SODG binds to half of an H20 molecule. The -OH 
group of sn-SODG shifts from 4.31 to 4.11 ppm upon 
forming a water complex. The upfield shifts of both H20 
and -OH in the sn-SODGlwater complex suggest that the 
H-bonding is weaker compared to pure water and pure 
liquid sn-SODG. NMR shows that the 3 sn-glycerol 
carbon, -CHZ-OH, shifts upfield from 60.91 to 60.75 ppm 
while the sn-1 carbon, CH2-OCO- shifts downfield from 
62.72 to 62.85 when H20  is added. Also, the two carbons 
of the C = O  groups shift downfield by 0.2 ppm while the 
other carbons shift less than 0.04 ppm after adding water, 
consistent with the previous study on hydration of di- 
glyceride carbonyls (11). Taken together, the 'H and t %  
NMR results indicate the formation of an sn-SODG/ 
water complex with H 2 0  loosely H-bonding to the polar 
region of the diglyceride molecule. 

Eight samples containing different amounts of water 
were used for the DSC measurement. Only three phases 
were detected for sn-SODG in all these samples, e.g., a,, 
Ow, and y, phase. The a,-phase has Tm, 15.loC, AHm, 
6.70 kcal/mol. The pw phase has Tm, 19.9OC, AHm, 14.3 
kcal/mol. The transition temperature from a, to yw is 
-12.OoC, AH, 0.79 kcal/mol. The a, phase is not stable. 
It transforms to p, phase in less than 15 min. The melt- 
ing point of the a, phase is about l0C lower than the a- Fig. 8. X-ray Franks diffraction photo of the 8' phase at 1S0C, 48 h. 
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DGs and TGs (26). In the a-phase of sn-SS (lo), SSS (33), 
OS0 (21), and SOS (26), the molecular axes are sug- 
gested to be perpendicular to the base plane. Therefore, 
the average bilayer length of stearoyl-oleoyl glycerols is 
51 * 3 A. If we use this as the estimate bilayer length of 
sn-SODG, the tilt angles with respect to the base plane for 
different phases are: b4, 65'; p3, 61'; &, 58O; p', 67'. 
Thus, these phases not only have very similar energies, 
but also similar lamellar structures. The pi phase has a 
lamellar spacing of 34.5 A ,  which is shorter than the 
other four bilayered phases. The even reflections are ab- 
sent in the PI phase. The molecular axis is tilted more 
towards the base plane (43O) in the bilayer structure. The 
lamellar repeat for the a-phase is most unusual (174 A), 
a structure of eight asymmetric layers! The long range 
ordering of sn-SODG is higher than that of mixed chain 
triglycerols (six layers -120-130 A)  (20, 21, 26). 

Subcell structure 

The a form of sn-SODG packed in a hexag!nal array, 
giving a single very strong reflection at 4.25 A .  Hence, 
the stearoyl and oleoyl chains in the diglycerol were ar- 
ranged as rotationally disordered. The four /3 phases (PI, 
&, b3, p4) all have an intense reflection 4.60-4.72 A ,  

characteristic of a b-type packing (13, 25). However, all 
these phases show broad diffraction rings in the short 
spacing region (Table 2, Fig. 6), suggesting that they have 
complicated and probably somewhat disordered chain ar- 
rangement. In contrast, the b' phase has many fine and 
sharp reflections. The three most intense short spacings 
are: 4.34(s), 4.09(vs), 3.88(s). Therefore, the molecules in 
this phase adopted an 0 I packing arrangement (13, 25). 
Subcell structure of 0 I for a cis-monounsaturated fatty 
acid was first found in petroselenic acid (low melting 
form) (34). This requires the molecular axis not to be per- 
pendicular to the glide plane (b-glide). The molecular 
axis of 0' is 67O to the base plane, which is reasonable for 
a 0 I subcell. 

Packing of sn-SODG chains 

The b and b' phases of sn-SODG packed in a bilayer 
structure. However, from the long and short spacings one 
cannot determine whether the bilayer structure adopts a 
hairpin [like simple 1,2-sn-diglycerols (8-lo)] or an ex- 
tended linear or V-shape [like 1,3-diglyceride of ll-bro- 
moundecanoic acid (19)] conformation. A molecular 
modeling study on 1,2-sn-SODG gave interesting results 
(15-17). The calculation proceeded by assuming I )  1,2-sn- 

Fig. 9. 
and chain conformations are based on X-ray long and short spacings. The conformation around the double bond is unknown. 

Possible structures of m-SODG. The headgroup conformations are assumed to be similar to 1,2-dilauroyl-sn-glycerol (8). The angles of tilt 
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SODG adapted hairpin conformation identical to the 
conformation of dilauroyl phosphatidylethanolamine 
(PE) determined by single crystal X-ray diffraction 
(18); 2) the oleoyl chain has a trans-antiskew-cis-antiskew- 
antigauche-trans torsion sequence about the double bond. 
This is very similar to the torsion sequence of the oleoyl 
group in the single crystal structures of cholesteryl oleate 
at  123OK (35). The results showed: a) the conformation of 
oleoyl was highly irregular in 1,2-sn-SODG. This ir- 
regularity was caused by the cis double bond. 6) A single 
saturated chain helped to stabilize the conformation of the 
monoene and yield a lower packing energy. However, the 
monoene could not simultaneously achieve optimum con- 
tacts when placed between two saturated chains, and the 
packing energy per interacting pair of molecules was con- 
sequently higher. c) The molecule resisted being placed in 
the conformation which would create maximal van der 
Waals contacts between the straight sn-1 chain and the 
kinked sn-2 chain by tilting the mean axis of the latter. 

These results seemed not to favor the hairpin confor- 
mation, although it had been imposed by the constraints 
adopted. However, as indicated by mixed chain tri- 
glycerols (21, 22, 26), stearoyl and oleoyl chains certainly 
have the ability to pack together. If the oleoyl chain 

adopted a different torsion sequence, the result might be 
surprising. X-ray single crystal studies of three molecules 
containing the oleoyl group showed that the methylene 
groups around the double bond are quite flexible and can 
adopt many torsion sequences. The torsion sequence 
around the double bond of oleic acid is skew-cis-antiskew 
(132', -2', -128O) (36) while that of cholesteryl oleate at 
123'K (35) is skew-cis-skew-gauche (128', lo, 123', 70'). 
Furthermore, even for the same compound, cholesteryl 
oleate, different temperatures gave different conformation 
of the oleoyl chains. The conformation of the oleoyl chain 
in cholesteryl oleate at 295'K (37) has many more gauche 
bonds than that at 123OK. Recent studies on the single 
crystal structures of cG-monounsaturated fatty acids pro- 
vide further information about the torsion preferences 
around the double bond. The y1 phase of erucic acid (38) 
has skew-cis-skew (989 2', 95') torsion sequence; the low 
melting phase of petroselenic acid (34) has skew-cis- 
antiskew (157', O', -160'); the high melting phase (39) 
has two independent molecules: I) skew-cis-skew (919 lo, 
130'); skew-cis-skew (137', lo, 119'). This structural infor- 
mation indicates the torsion angles next to the cis double 
bond prefer to have skew or antiskew conformation. How- 
ever, the degrees of the angles, the directions of the bend- 

a -2.9' - - 
-5.5O 

-5.9O 

p-phases 

Fig. 10. Phase transformations of dry sn-SODG. 
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ig.goc, ~H=14.3 kcal/mol 
R v  - melt 

15.5OC 
AI-IS.7 kcal/mol 

-1 2.O0C 
AH=0.79 kcal/mol 

Fig. 11. Phase transformations of hydrated sn-SODG 

ing, and the rest of the torsion sequence are uncertain fac- 
tors that can be changed to satisfy the structure and 
energy requirement. 

Not only does the oleoyl chain have many flexibilities, 
but the stearoyl chain can also adapt gauche conforma- 
tions along certain bonds. In the B-phase of stearic acid, 
the torsion angles of C1-C3 are in gauche conformation 
(40). Furthermore, the torsion angle around the carbons 
2 and 3 of the sn-2 chain of phospholipids (41) and 
1,2 dipalmitoyl 3-acetyl-sn-glycerol (42) is gauche. The 
structure differences and the conformational flexibilities 

of the stearoyl and oleoyl chains probably provide the in- 
ternal basis for the complex phase behavior of sn-SODG. 
The and 8' phases having very similar enthalpy and en- 
tropy of melting (AH -13 kcal/mol; AS -44 cal 
K-' mol-') are much less than saturated 8' 1,2-DGs 
(1,2-SS, AH -31 kcal/mol; AS -90 cal K-1 mol-'). This 
suggests that sn-SODG phases take considerable energy to 
pack. The structure irregularity between stearoyl-oleoyl 
causes sn-SODG difficulties in finding a comfortable low 
energy arrangement. 

The experiments with H20 show each sn-SODG binds 
half a water molecule. This suggests that the molecules in 
this phase (&) have a hairpin conformation, with the 
hydrophilic heads (OH or C=O) H- bond to the H 2 0  
molecules. We do not know the conformation around the 
glycerol of the dry phases. However, to go from an ex- 
tended conformation with the two acyl chains pointing in 
opposite directions to a hairpin conformation with the 
chains lying side by side would entail marked changes that 
could only occur with partial melting. Since p2 can trans- 
form to & and & without melting, it may also be a hair- 
pin conformation. Also, CY can transform to & without 
melting. Thus we speculate that P,, aw, a, 02, 03, and P4 
all have hairpin conformations. Since the 0' diffraction of 
sn-SODG is very similar to the @'-phase of 1,2-SS (lo), the 
P'-phase of sn-SODG may also be in a hairpin conforma- 
tion. Our best guess at the structure of the different 

-10 0 10 20 30 
Temperature e) 

Fig. 12. Energy diagram for dry sn-SODG. 
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phases of sn-SODG is given in Fig. 9. The contribution 
of the double bond to the packing is probably to cause 
short range, local distortions of chain arrangements. 
Though the double bond does not fit well with the packing 
environment, it probably does not change the packing 
drastically from hairpin to an extended conformation. 

The y forms (yi and y2) were only found on cooling of 
a-phases, the other @ and 0' phases did not have y trans- 
formations when cooled to low temperature. The transi- 
tion enthalpies for the y phases are quite small ( - 1 kcal/ 
mol). When the a-phase of saturated long-chain 
1,2-DAGs is cooled they undergo a low enthalpy transfor- 
mation to the "sub a-phase." This phase has a distorted 
hexagonal chain packing, something intermediate between 
a true hexagonal packing and orthorhombic perpendicular 
(0 I) packing (10). It is possible that the y forms described 
here represent such a structure. Transformations called y 
were observed for unsaturated fatty acids with odd C 
atoms on the -CH3 end [oleic acid (28) and erucic acid 
(29)J. These transformations are believed to be conforma- 
tion changes from disorder to order (43). The disordered 
structures were caused by the rotational disorder of the 
methylene groups around the double bonds. It is well 
known that the metastable a-phase commonly has more 
disordered conformers than the stable phases (13). 

Phase transformations and thermodynamic stability 

The transformations between the eight phases of dry sn- 
SODG are complicated. Fig. 10 shows the relationship 
between these phases. Fig. 11 shows the relationship of 
the hydrated phases. The @'-phase crystallized from hex- 
ane melts to an isotropic liquid at 25.7OC. Cooling of the 
melted liquid will not give @' back. When the liquid was 
heated below 32OC, it crystallized pi. However, when the 
liquid was heated to above 32OC, it crystallized a and 
then transformed to other 0 phases according to different 
conditions. It appears that the liquid has a memory of cer- 
tain structures. The relative thermodynamic stability for 
these phases is shown in the energy diagram (Fig. 12). 
Because the polymorphic transformation went monotrop- 
ically, the order of stability is @', 01, &, 03, 04,  and a.  
Because p2 transforms to p3 at 2OC, P3 is more stable than 
& below 2OC; p3 transforms to @* at -1°C; p3 is less 
stable than p4 below -1OC. Since a transforms to y1 and 
y2 reversibly, y2 is the most stable form at the temperature 
below -5.9OC among the three; yi is the most stable form 
between -5.9OC to -2.9OC; a is the most stable phase 
at higher than -2.9OC among the three. (BIO 
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