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Abstract

The phase behaviour of aqueous dispersions of a series of synthetic 1,2-di-O-alkyl-3-O-(B-p-glucosyl)-rac-glycerols with
both odd and even hydrocarbon chain lengths was studied by differential scanning calorimetry and low angle X-ray
diffraction (XRD). Thermograms of these lipids show a single, strongly energetic phase transition, which was shown to
correspond to either a lamellar gel/liquid crystalline (Lp/L) phase transition (short chain compounds, 7 < 14 carbon atoms)
or a lamellar gel/inverted hexagonal (Lg/Hy) phase transition (longer chain compounds, #n =15 carbon atoms) by XRD. The
shorter chain compounds may exhibit additional transitions at higher temperatures, which have been identified as lamellar/
nonlamellar phase transitions by XRD. The nature of these nonlamellar phases and the number of associated intermediate
transitions can be seen to vary with chain length. The thermotropic phase properties of these lipids are generally similar to
those reported for the corresponding 1,2-sn-diacyl a- and B-p-glucosyl counterparts, as well as the recently published 1,2-
dialkyl-3-O-(B-p-glycosyl)-sn-glycerols. However, the racemic lipids studied here show no evidence of the complex patterns of
gel phase polymorphism exhibited by the above mentioned compounds. This suggests that the chirality of the glycerol
molecule, by virtue of its position in the interfacial region, may significantly alter the phase properties of a lipid, perhaps by
controlling the relative positions of hydrogen bond donors and acceptors in the polar region of the membrane. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction simple carbohydrate is attached via an o or B linkage
to either a diacyl- or dialkylglycerol. The diacyl com-

There is presently much interest in the thermo- pounds are important structural elements in the
tropic properties of glycosyl diglycerides in which a membranes of a wide variety of photosynthetic

plants and microorganisms [1-4]. For the most

part, physical studies of these compounds have

been confined to a few native lipids isolated from

* Corresponding author. Fax: +1 (780) 4920095; phqtosynthetlc organelles [5_9.]’ their hyfjrogenated
E-mail: rmcelhan@gpu.srv.ualberta.ca derivatives [10-13] and the native glucolipids isolated
! Present address: Department of Physics, Sapporo Medical from Acholeplasma laidlawii B [14-18]. More recently
College, Sapporo, Japan. we have reported the synthesis of both o- and B-p-
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glucosyldiacylglycerols [19,20] and details of their
physical properties [21-25], which show a rich pat-
tern of lamellar and nonlamellar polymorphism.

The corresponding dialkyl glucolipids have been
isolated from a relatively small number of sources,
most of which are halotolerant archaebacteria [3].
The chirality of the glycerol backbone in these native
glycosyl dialkylglycerols is exclusively 2,3-sn, whereas
that of their diacyl counterparts from eucaryotic cells
are exclusively 1,2-sn [3]. However, it is interesting
that some primitive organisms contain diacyl glyco-
lipids with the 2,3-sn chirality at glycerol while others
may have a racemic glycerol configuration [3]. This
raises the question of whether there is any biological
significance in such differences in glycerol configura-
tion.

The situation is further complicated in these gly-
colipids by the presence of a second chiral centre in
the sugar portion of the molecule (D- or L-glucose).
Thus, two lipids containing identical sugar head-
groups (D-glucose), but glycerols of opposite chiral-
ity, are not enantiomers but diastercomers. There
have been several recent studies that show that mol-
ecules differing in their chirality in the headgroup
and interfacial region may also have different phys-
ical properties [26-29]. This has prompted us to ask
whether the recent reports of the thermotropic prop-
erties of a small number of 1,2-dialkyl-3-O-(B-p-glu-
cosyl)- and (B-p-galactosyl)-sn-glycerols [30-35] are
also representative of the natural 2,3-sn diastereom-
ers, as has been implied [30,31]. Our own model
building studies suggested that differences in the
physical properties of the diasterecomers were indeed
likely [36]. In order to investigate this possibility, we
have made several improvements to a previously
published synthetic procedure [37] to facilitate the
synthesis of a series of compounds in which the con-
figuration of both the carbohydrate headgroup and
dialkylglycerol can be systematically varied. In the
first paper of this series, we wish to report the syn-
thesis and thermotropic phase behaviour of a series
of racemic dialkyl-B-p-glucosyl glycerols, with alkyl
chain lengths ranging from 10 to 20 carbon atoms,
using calorimetry and X-ray diffraction. Similar stud-
ies on the 1,2-sn and 2,3-sn compounds will follow
shortly.

2. Materials and methods
2.1. Synthesis

Racemic dialkylglycerols were prepared according
to the procedure of Baumann and Mangold [38]. All
other materials were prepared as reported earlier
[19,20]. All analytical measurements were consistent
with the assigned structures and were in agreement
with literature values (see below).

The synthetic procedures available in the literature
for the synthesis of glycosyl dialkylglycerols [37,39],
although convenient for the preparation of a limited
range of chain lengths, proved troublesome in our
hands for the preparation of longer chain com-
pounds. In some cases the proportion of orthoester
formation was high [39] or a significant amount of
the oo anomer was formed [37]. Therefore we decided
to modify a procedure which we have found useful
for the preparation of the B-p-glucosyl diacylglycer-
ols using 1,2-dibenzyl-sn-glycerol [40]. This was high
yielding and successful in all cases, including the
preparation of several P-p-galactosyl compounds
(D. Mannock, unpublished data). However, it was
necessary to warm the reaction mixtures containing
longer chain dialkylglycerols before addition of the
sugar bromide. The procedure utilized is as follows.

2.1.1. 1,2-Di-tetradecyl-3-0O-(2, 3, 4,
6-tetraacetyl-f-p-glucopyranosyl)-rac-glycerol
The dialkylglycerol (1 mmol), HgBr; (1 mmol) and
Hg(CN), (1 mmol) were dissolved in 10 ml dry ace-
tonitrile:dichloroethane (1:1, v/v). Two grams of
Drierite were then added and the solution left to
stand for 30 min. After this time, 1 mmol acetobro-
moglucose was added, the tube was sealed under
nitrogen, placed in the dark and shaken for 5-6 h,
when a further 1 mmole acetobromoglucose was
added. The shaking was then continued for a further
12 h. After this time, thin layer chromatography
(TLC, hexane:ethyl acetate, 3:1 v/v) showed the
complete disappearance of the dialkyl glycerol (R¢
0.6) and the formation of a product, dialkyl tetraa-
cetyl-B-p-glucosyl-rac-glycerol (Rs 0.4). The reaction
mixture was filtered under vacuum and the solid res-
idue washed with warm chloroform:methanol (1:1,
v/v). The solvents were evaporated, the syrup redis-
solved in 60 ml chloroform and this organic phase
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was then washed with 1 M aqueous KBr (3 X30 ml)
and water (1X30 ml). The combined organic phases
were dried over MgSQy, filtered on a Buchner funnel,
evaporated to dryness and applied to a column of
silica gel (40 g, 230-400 mesh) slurried in hexane.
The crude material was added in CCly/hexane (2:1,
v/v) and the column eluted with 2 column volumes
hexane, 8 column volumes hexane:ethyl acetate 12:1
(v/v) and 5 column volumes hexane:ethyl acetate
10:1 which eluted the product. The purified perace-
tylated B-p-glucosyl-dialkyl-rac-glycerol was subse-
quently crystallized from ethanol. Yields were typi-
cally 75%.

2.1.2. 1,2-Di-tetradecyl-3-O-( B-p-glucopyranosyl)-
rac-glycerol

The above peracetylated compound was subse-
quently deprotected. Although the method of Ogawa
and Beppu [37] was successful, impurities from the
ion exchange resin proved difficult to remove. There-
fore we modified a method which we had tried earlier
on the diacyl compounds [19].

The peracetylated dialkyl glucolipid (400-500 mg)
was added to 30 ml of triethylamine:methanol:water
(2:4:1, v/vlv) in a screw cap tube. This was heated at
50-70°C in an oven for up to 12 h. TLC (chloro-
form:methanol, 5:1, v/v) then showed a single spot
(Rr 0.8) which was the product dialkyl-B-p-glucosyl-
rac-glycerol. The solvent was removed under vacuum
and the resulting syrup repeatedly dried by evapora-
tion with benzene. The crude product was redis-
solved in chloroform and applied to a column of
silica gel (30 g, 230-400 mesh) slurried in the same
solvent. This was eluted with chloroform (2 column
volumes) and then with a gradient of either chloro-
form:methanol or chloroform:acetonitrile. The frac-
tions containing the derived product were combined
and evaporated to dryness and the material was crys-
tallized first from acetone or acetone:water, and
again from methanol or methanol:water, depending
on the chain length. The purified compounds were
collected and lyophilized from benzene:methanol
(9:1, v/v) over P,Os. Analytical data for the unpro-
tected glycolipids (unless stated otherwise) are as fol-
lows:

Chain length 10:0 11:0 12:0 13:0 14:0
(49-50) (50-2) (534
mp (°C) - 106-7 114-5 116-7 117-8

Soft. pt. (°C) - (45-6)

'H-NMR: (200 MHz, di-14:0 peracetate in
CDCl;, ppm) 0.83, 6H (CHs); 1.23, 48H (CH,);
1.5, 4H (OCH,); 2.0, 12H (CHj; acetates); 3.32-
5.22, 12H (H,, H,, Hs, Hy, Hs, Hea s, Hiap, Ho,
Hyap); H1 4.54 (8 Hz). The diastereomeric mixture
can be distinguished from the individual diastereom-
ers by the presence of a double doublet for the
anomeric proton (4.5-4.6 ppm) and two overlapping
triplets for Hy (4.92-5.0 ppm) of the glucose head-
group. There are also small differences in the cou-
pling constants arising from Hy o and Hyg and Hsa
and Hyp as reported for the diphytanyl glycerols
[41].

'H-NMR: (500 MHz, di-16:0 in DMSO/deute-
rium exchanged, ppm) 0.85, 6H (CHs); 1.23, 56H
(CHy); 1.5, 4H (OCH,); 2.92-4.92, 12H (H;_6aB
of glucose, Hy _3 glycerol); H;, 4.42 (DD, 6.5 Hz).
El. anal. di-16:0: expected C 70.04%, H 11.75%, O
18.20%; observed C 69.93%, H 11.84%, O 18.55%.

2.2. Physical measurements

High sensitivity DSC measurements were per-
formed using a Calorimetry Sciences Corporation
multicell DSC (Provo, UT, USA). The samples
were prepared by weighing the dry lipid into the
cell using a Fisher/Mettler M3 microgrammatic mi-
crobalance and 0.5 ml de-ionized water as added and
the cell was sonicated in a water bath for 20 min at
room temperature. The cells were then manually
dried and placed into the DSC, whereupon they
were cycled between 10 and 90°C to ensure uniform
mixing of the sample prior to measurement. Data
were collected over the range of 5-95°C at a rate
of 10°C/h and imported into Microcal (Northamp-
ton, MA, USA) Origin version 5.0 for analysis.

Samples for X-ray diffraction were prepared by
transferring 3-5 mg of dry lipid into a thin-walled
glass capillary (1.5 mm). Deionized water (1-2 times
the dry lipid weight) was added and the capillaries
were either flame sealed or sealed with 5 min epoxy.
The samples were mixed by repeatedly heating and
cooling the capillaries with a hot air gun and by
centrifuging the material back and forth in the capil-
lary. The samples were determined to be uniformly

15:0 16:0 17:0 18:0 19:0 20:0
(56-8)  (60-2) (65-7) (71-3) (745 (77-9)
1156 1123 1134 1101  107-8  101-2
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dispersed when different parts of the X-ray capillary
all yielded the same diffraction. The X-ray diffraction
experiments were performed over the range —20 to
90°C.

The XRD camera was attached to a Rigaku
RU200 rotating anode generator and used a linear
512 channel, 28.3 mm metal oxide semiconductor
multichannel photodiode to detect the low angle
scattering patterns, which were then digitally re-
corded on a computer [42]. The sample temperature
was regulated by means of a sample holder con-
nected to a computer controlled circulating bath,
the temperature of the sample was controlled with
a precision of *0.5°C. Measurements were taken
at approx. 2-3°C intervals following a 5-10 min

D.A. Mannock et al. | Biochimica et Biophysica Acta 1509 (2000) 203-215

equilibration period. Exposure times were typically
of the order of 10 min.

3. Results
3.1. Calorimetric measurements

Heating and cooling thermograms of a homolo-
gous series of dialkyl-B-p-glucosyl-rac-glycerols con-
taining hydrocarbon chains with odd and even num-
bers of carbon atoms obtained using the CSC DSC
are shown in Fig. 1. (The corresponding thermody-
namic parameters are listed in Table 1.) The pattern
of phase behaviour is consistent with the occurrence
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Fig. 1. High sensitivity DSC thermograms of a series of synthetic racemic dialkyl-B-p-glucosyl glycerols. The heating and cooling rates

are 10°C/h.
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Table 1
Phase transition properties of a series of synthetic 1,2-di-O-alkyl-3-O-(B-p-glucopyranosyl)-rac-glycerols
Lipid Phase transition temperature (°C) Enthalpy AH (kcal mole™")

Lg/Ly  Lg/Hn Le/Qu  Qu/Qu QuHn Lo/Hn Lg/ly Lg/Hn Le/Qu Qu/Qu  Qu/Hn Lo/Hp
10:0 3.66 - 49.2 61.1 - - 2.7 - 0.28 0.18 - -
11:0 20.9 - 43.7 55.2 96.0 - 3.2 - 0.33 0.08 - -
12:0 32.6 - 54.2 64.2 83.8 - 4.7 - 0.57 0.29 0.23 -
13:0 43.2 - 54.4 60.3 72.6 - 5.5 - 0.74 0.46 0.27 -
14:0 51.9 - - - - 6.1 - - - - 1.5
15:0 - 58.6 - - - - - 9.7 - - - -
16:0 - 63.9 - - - - - 11.3 - - - -
17:0 - 69.1 - - - - - 12.1 - - - -
18:0 - 72.8 - - - - - 13.3 - - - -
19:0 - 76.7 - - - - - 14.6 - - - -
20:0 - 79.2 - - - - - 15.7 - - - -

of both lamellar and type II nonlamellar phases, but
there is no evidence of the gel state polymorphism
reported for the 1,2-sn compounds [30,36] even after
substantial annealing times (3 years). In the rac-B-
GIcDAGs studied here, two distinct patterns of
phase behaviour are apparent. The shorter chain
compounds (7 =10-14) all exhibit a highly energetic,
lower temperature event and one or more weakly
energetic, higher temperature events. On the basis
of our earlier studies of glycolipid phase properties,
these events were tentatively assigned to a lamellar
gel/lamellar liquid crystalline (Lg/Ly) phase transi-
tion, a lamellar liquid crystalline/inverted cubic (L/
Qu) phase transition, and to an inverted cubic/in-
verted hexagonal (Qp/Hy) phase transition, respec-
tively. As might be expected, the chain melting, Lg/
Lo, phase transition is strongly chain length depen-
dent and is reversible on cooling. The poorly ener-
getic, higher temperature events are fairly broad and
are most easily discernible at fast heating rates.
Whereas the transitions involving the Hy phase are
reversible on cooling, the Qq phases remain stable
over a wide range of temperature and their transi-
tions back to the lamellar phase tend to be substan-
tially supercooled. Although these weakly energetic
thermal events show some evidence of chain length
dependence, the pattern of behaviour is not straight-
forward. Generally, as the chain length is increased,
so the temperature intervals between the Lg/L and
Lo/Qn events (AT;) and the L,/Qp and Qpu/Hy
events (AT,) decrease at similar rates. Thus with in-
creasing chain length, the chain melting phase tran-

sition temperature (7,) increases whereas the tem-
perature of the transition from the lamellar liquid
crystalline to the nonlamellar phase (7nr) decreases.
At a chain length of 14 carbon atoms, the separate
Lo/Qu and Qq/Hy; transitions are replaced by a sin-
gle reversible L,/Hy; phase transition as AT, becomes
zero (Fig. 1) and AT}, the temperature window in
which the L, phase is stable, is reduced to only
5°C. At still longer chain lengths (rn=15-20), only
a single highly energetic event is observed by DSC,
probably corresponding to a reversible Lg/Hy phase
transition.

Despite repeated attempts over a period of 3 years
to induce the Lg phases in these rac-B-GIcDAGs to
form crystalline (L.) phases under a wide variety of
nucleation and incubation conditions, we were un-
able to identify conditions under which the Lg/Lc
conversion process occurred. In the absence of solid
state phase polymorphism, there are no easily visible
scan rate-dependent effects in the chain melting
phase transitions. However, the inverted bicontinu-
ous cubic phases show substantial hysteresis on cool-
ing, confirming previous suggestions that such struc-
tures are likely to be extremely stable once they have
been formed. A relative comparison of the rate of L.
phase formation and nonlamellar preference for the
diastereomeric and rac-B-GlcDAGs is shown in Ta-
ble 2.

3.2. X-Ray diffraction measurements

The X-ray diffraction patterns obtained for this
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series of glucosyl dialkylglycerol diastereomeric mix-
tures are consistent with the thermotropic phase be-
haviour observed by DSC and confirm the transition
temperatures measured by DSC. A plot of the long
spacings of the rac-B-GIcDAG series as a function of
temperature is shown in Fig. 2. For all rac-f-
GIcDAGSs studied, the X-ray measurements at tem-
peratures below the major endothermic event seen in
DSC show a series of low angle reflections consistent
with a lamellar gel Ly phase. Fig. 3 shows a plot of
the first order spacings for the Lg phases of this
series of dialkyl glucolipids. The slope of the regres-
sion line is approx. 0.26, which translates into an Lg
phase in which the chains are untilted.

In the shorter chain compounds upon heating
from the Lg phase, there is a decrease in the repeat
distance as the Lg phase converts to an L, phase.
Further heating produces additional changes in the
diffraction pattern as the Lo, phase transforms into a
Qu phase. At lower temperatures in this phase re-
gion, the diffraction patterns appear to suggest a
mixed phase region, probably consisting of at least
two Qq phases whose structures we have been unable
to identify at this time. At higher temperatures in the
cubic phase region, a diffraction pattern which is
characterized by low angle XRD spacings in the ratio
v2:/3:y4:y6:/8:y9:/11 appears. This phase has been
identified as belonging to space group Q*** (Pn3m)
on the basis of similar studies in phosphatidyl-

Table 2

ethanolamines [43-48] and a phase diagram of B-
GIcDAG previously reported [49].

In the di-12:0 and di-13:0 compounds at temper-
atures above the transition to the Q*** phase, a tran-
sition to the reversed hexagonal (Hj;) phase is ob-
served with a characteristic series of low angle
spacings in the order 1:1/y5:1/y4:1/y7):11y9 [5,6].
The cylinder axis to cylinder axis distance of this
hexagonal phase, given by d, =1/y3) and d, is 61
A for both the di-14:0- and di-16:0-B-GIcDAG at
68°C and 73°C, respectively, which is in good agree-
ment with the value obtained for a native B-p-galac-
tosyl diacyl glycerol with polyunsaturated chains [6].
In the XRD measurements of the di-14:0--
GIcDAG, there is no cubic phase and the higher
temperature thermal event seen on heating of these
compounds can be assigned to a simple L,/Hy; phase
transition.

At longer chain lengths (n = 15), the complex pat-
tern of thermograms arising from lamellar/cubic and
cubic/cubic phase transitions are replaced by a single
highly energetic transition. At temperatures below
this transition, the diffraction pattern is characteristic
of a lamellar gel (Lg) phase. Immediately above the
transition a pattern characteristic of an Hy phase is
evident. Thus, the L, and cubic phases must be ab-
sent in these longer chain compounds and the single
thermal event seen by DSC can be confidently as-
signed to a direct Lg/Hy phase transition.

A comparison of the phase properties of dialkyl glycosyl glycerols containing either a chiral or a racemic glycerol backbone®

Headgroup B-p-Glucopyranoside B-p-Galactopyranoside
#C At./Chiral

Phase 1,2-sn 1,2-rac 2,3-sn 1,2-sn 1,2-rac 2,3-sn
12:0 L. PR 0 0 sk kok ok Sk ks
14:0 0 0 0 0 0 0
14:0 0 0 0 0 0 0
120 HII ek sksksk ***1/2 sk sk K3k
140 seskeskok seskesiesk sesfeskosk sekk ek sksksk

4In the case of the L, phases the number of * symbols indicates the rate of L. phase formation. More * symbols represents a faster
rate of conversion to the L. phase. For the nonlamellar phases, the number of stars represents the temperature range over which that
phase is stable and the temperature at which that phase is formed on heating. The greater the range over which the phase is stable
and the lower the temperature of the transition to that phase, the greater the number of * symbols. Zero indicates that the phase did
not exist under the conditions specified in the table margins. These estimates can only be qualitative.
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Fig. 2. Low angle X-ray diffraction measurements of the racemic dialkyl-B-p-glucosyl glycerols, showing plots of the cell lattice param-

eter (a, A) as a function of temperature (°C).

This gradual change in the pattern of phase behav-
iour on heating can be seen in the plots of cell lattice
parameter (@) as a function of temperature in Fig. 2.
These data clearly demonstrate the decrease in the
temperature range over which both the L, and Qq
phases can exist as the chain length increases. This
window is 80°C broad in the di-10:0 rac-B-GlcDAG
and is reduced to nothing at a chain length of 15
carbon atoms. These measurements also show that
the cubic phases evident in compounds with a chain
length less than 12 carbon atoms are stable over a
very wide temperature range (approx. 60°C in the di-
10:0 compound). Inverted cubic phases have recently
been observed in a wide range of PCs [50-52] at low-
er water contents and in di-dodecyl-PE (DDPE)
[47,48] and N-methylated DOPE [46] in excess water.
More recently, studies of diacyl [21,23,24] and dialkyl

[30,34-36,49] glycolipids have also reported the exis-
tence of cubic phase structures. However, this work
is the first occasion on which a sufficient number of
shorter chain members of a homologous series of
dialkyl glycolipids have been available to permit
the changes in both the L,/Qpn and Qpu/Hy phase
transition temperatures as a function of chain length
to be fully appreciated. What is immediately obvious
from this data (Figs. 1,2 and 4, upper panel) is the
discrepancy in the L,/Qp phase transition tempera-
tures of the odd and even chain compounds. The L,/
Qu phase transition temperatures of di-11:0 and di-
13:0-B-GIcDAGs are lower than those of di-10:0 and
di-12:0, respectively. Why this should be the case is
not immediately apparent and is suggestive of some
type of odd-even alternation, which has previously
been attributed to end group effects in the formation
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Fig. 3. A plot of the d-spacing versus chain length for a series
of racemic dialkyl-B-p-glucosyl glycerols.

of crystalline phases ([21,22] and refs. cited therein).
However, it is possible that it simply reflects differ-
ences in the kinetics of formation of the Qy phases in
these compounds and perhaps the nature of the Q
phases formed at this transition.

The temperature-dependent variation in the lattice
dimensions of the nonlamellar phases in these com-
pounds is quite considerable (Fig. 2). The long spac-
ings for the Hy; phases in several of these lipids can
be seen to decrease by approx. 5 A over a temper-
ature interval of 20°C. A similar variation in the
repeat distance of a Hj phase as a function with
temperature and water content has been reported
for a polyunsaturated B-p-galactosyl diacylglycerol
[6]. In comparison, the lattice parameter of the
Pn3m cubic phase decreases by almost 20 A over a
range of 50°C in the di-10:0 compound. Although
the change in the latter lipid appears to be smooth
and continuous, the decrease in this parameter in the
cubic phase regions of the di-11:0 and di-12:0 com-
pounds may be discontinuous. The deviation of the
lattice parameter as a function of temperature can be
correlated with a small, broad thermal event in the
corresponding DSC thermogram, suggesting that
more than one cubic phase exists in this region in
some members of this series, in agreement with ear-
lier measurements of PEs [48,53] and glycolipids

[36,49]. Thus, the weakly energetic event seen in
this region by DSC probably corresponds to a Qf/
QY transition. These observations also suggest that
increasing the chain length effects the kinetics of Qy
phase formation. Additional support for this idea
can be found in the sample of di-13:0, where addi-
tional lines are visible in the cubic phase region
which cannot be attributed to the L, phase.

4. Discussion

The calorimetric and XRD studies of this series of
synthetic rac-B-p-GlcDAGs show the existence of a
single Lg lamellar gel phase in all compounds which,
depending on chain length, may convert to either an
L, phase (n = 14) or an Hy; phase (n = 15) on heating.
In compounds where L, phases exist, a transition to
a Qq mixed-phase region is seen at approx. 60°C,
which then converts to a single Qp (Q***, space
group Pn3m) phase at higher temperatures. At still
higher temperatures, the cubic phase may convert to
an Hy phase. On cooling, the transition from the Hy
phase is reversible, but those from the Qy to the Ly
phase are hysteretic. Our earlier studies of the di-
12:0-B-GlcDAGs demonstrated the existence of two
cubic phases on heating whereas only Pn3m was visi-
ble on cooling [49]. The one exception to this is the
di-14:0 compound, where the L, phase converts di-
rectly to a Hyy phase without forming a cubic phase
intermediate. On nucleation and extended annealing
of samples of the rac-B-GlcDAGs, there was no evi-
dence of more highly ordered lamellar crystalline
phases like those observed in the 1,2-sn-B-GlcDAGs
and B-GalDAGs [30,34-36,54,55]. This absence of
crystalline phases and the number of chain length
variants available in this series has greatly simplified
the interpretation of the thermotropic phase behav-
iour and has made it possible to view the complete
range of lamellar and nonlamellar mesophases which
would otherwise be obscured in the above mentioned
chiral compounds.

The transition temperatures and enthalpy changes
associated with endothermic transitions of the rac-p-
GIcDAGsS are listed in Table 1. The Lg/Ly (and Lg/
Hy;) phase transitions are strongly chain length de-
pendent in both their transition temperatures and
enthalpies and, when plotted as a function of chain
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length (Fig. 4), describe a smooth curve characteristic
of a simple chain-melting process. The Qp/Hy and
Lo/Hj; phase transition temperatures decrease mark-
edly with increasing chain length, reaching a mini-
mum at a chain length of 14 carbon atoms. At longer
chain lengths, the L, phase is absent and the temper-
ature of the transition to the Hyy phase (now an Lg/
Hy; phase transition) increases slowly as a function of
chain length, continuing as a smooth curve from the
Lg/Ly transition temperatures seen in the shorter
chain compounds. In contrast, the L,/Qy; phase tran-
sition temperatures show relatively little chain length
dependence. However, a comparison of the DSC and
XRD data (Figs. 1 and 2) reveals significant differ-
ences in the L,/Qp phase transition temperatures
which most likely arise from kinetic effects originat-
ing from the different thermal protocols used by each
technique. A plot of the enthalpy values for the chain
melting transitions of this series of rac-B-GIcDAGs
versus hydrocarbon chain length is shown in Fig. 4
(lower panel). A discontinuity clearly exists in this
plot at a chain length of 15 carbon atoms. This cor-
responds to the first occurrence of an Lg/Hy phase
transition with increasing chain length and must rep-
resent the combined AH values originating from
chain melting and the change from a lamellar to an
Hy morphology.

The basic pattern of thermotropic phase behaviour
described here for these rac-p-GlcDAGs is one which
is similar to that seen in several other nonlamellar
phase-preferring phospho- and glycolipid systems,
such as the diastereomeric diacyl and dialkyl glycosyl
glycerols [21-24,30-35] and the PEs [43-48]. Events
such as the L,/Qq and Qu/Hy phase transitions in-
volving the double diamond cubic phase (previously
termed 2-D-monoclinic in our earlier paper [21]) be-
longing to space group Pn3m, have been observed in
our own studies of 1,2-diacyl-3-O-(c- and B-p-gluco-
syl)-sn-glycerols [21,23,24] as well as in studies of
DDPE [47,48,53] and N-methylated DOPE [46].
Transitions of the Ly,/Hy; type are more widespread,
having been reported on numerous occasions in
aqueous dispersions for both diacyl and dialkyl gly-
colipids [9-13,21,23,24,30-35] and PEs [47,48,56]. In
contrast, reports of Lg/Hy phase transitions are
somewhat fewer, but such transitions have been ob-
served in a study of a PE at high salt concentrations
[57]. These studies all suggest that the Lg/Hy phase

transition is a characteristic of lipids containing long
chains and small headgroups.

A comparison of the Lg/L, phase transition tem-
peratures of the rac-B-GlcDAGs with those for the
corresponding 1,2-sn-B-GIcDAGs ([30,35,36]; D.
Mannock, unpublished experiments) show close
agreement. However, the values obtained for the
2,3-sn compounds tend to be slightly lower, espe-
cially in the shorter chain compounds ([54,55,58];
D. Mannock, unpublished observations), suggesting
that the chirality of the glycerol moiety plays only a
minor role in determining the Ty, of these lipids (see
below). The chain melting phase transition temper-
atures of the diastereomeric (1,2-sn and 2,3-sn) P-
GalDAGs and their mixtures (rac) (D. Mannock,
unpublished experiments) are also close to those re-
ported here for the rac-B-GlcDAGs. These observa-
tions suggest that small changes in the carbohydrate
isomeric configuration do not significantly alter T,.
Even more extensive headgroup modifications, such
as the substitution of the sugar headgroup with a
phosphorylethanolamine headgroup, tend to raise
Ty [47], whereas insertion of two carbonyl groups
into the polar/apolar interface lowers T;, in the cor-
responding diacyl glycolipids [21,23,24,60] and PEs
[47].

A comparison of the L,/NBL phase transition
temperatures of the rac-B-GlcDAGs with those of
the chiral B-GIcDAGs reveal similarities between
the 1,2-sn and 1,2-rac lipids, whereas those of the
2,3-sn lipids appear to be shifted to slightly lower
temperatures [36]. This is particularly evident with
the transition to the Hy phase. XRD measurements
also suggest that there is a difference in the number
of cubic phases found in the 1,2-sn, 1,2-rac and 2,3-
sn-B-GIcDAGs, or that there may be a difference in
which the stability of the respective cubics with
changing backbone configuration [36]. There are
also notable differences in the L,/Hj; phase transi-
tion temperatures of the chiral and rac-B-GlcDAGs
and comparable B-GalDAGs suggest that differences
in glycerol chirality and headgroup configuration al-
ter the lamellar to nonlamellar phase transition tem-
peratures more than those of the chain-melting phase
transitions (Table 2). The headgroup contributions
to this process are even more pronounced in the
corresponding  dialkyl-pentopyranosyl-glycerols in
which the ‘effective size of the headgroup’ is reduced
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[59]. In such cases, the nature of the nonlamellar
phase (and thus the nonlamellar phase preference)
may shift in favour of Hy; and micellar cubic phases,
such as the Fd3m phase [59], without substantially
changing the chain-melting phase transition temper-
ature. This discontinuous relationship between ‘head-
group size’ and lamellar/nonlamellar phase prefer-
ence suggests that the above headgroup and
interfacial modifications play a role in regulating
the ability of the polar region to counterbalance
the volume of the hydrocarbon chains at the lamel-
lar/nonlamellar phase transition. To what extent oth-
er variables such as the enthalpy and entropy of the
above transitions are affected by these changes in
headgroup and interfacial configuration is presently
unclear and must await measurements on the new
generation of nanocalorimeters.

A closer inspection of Fig. 4 (upper panel) shows
that the phase boundary between the L, and cubic
phases increases gradually in temperature with in-
creasing chain length, whereas that for the Q**/Hy
phase boundary decreases sharply and then gently
approaches a minimum before meeting the Lg/Hy
phase boundary. Interestingly, plots of the lamellar/
nonlamellar phase transition temperatures as a func-
tion of chain length of lipids in which the headgroup,
interface and hydrocarbon chain structure have been
systematically varied, as well as plots of analogous
PEs, show L,/Qpu and Qu/Hp phase boundaries
whose linear dependence also varies. This supports
earlier suggestions that the chemical diversity of lip-
ids in biological membranes exists, in part, to regu-
late membrane curvature.

Recent investigations of 1,2-dialkyl-3-O-(B-p-gly-
cosyl)-sn-glycerols [30,34,35] have reported the for-
mation of highly ordered L. phases under suitable
annealing conditions. Such gel phase polymorphism
is absent both here in the rac-B-GlcDAGs and in the
2,3-sn-B-GIlcDAGs, suggesting that the chirality of
the glycerol moiety is important in the hydrogen
bonding interactions necessary to form such highly
ordered phases. Our own studies of space filling
models and molecular modelling using CHARM
show that while the two diastereomers have similar
molecular shapes, the relative positions of the hydro-
gen bonding groups in the interfacial regions of these
diastereomers are different. Thus, the ability of each
diastereomer to eliminate water from the interfacial

region and rearrange to form hydrogen bonds with a
neighbouring headgroup, and hence its ability to
form L. type phases, is not the same. In the diaster-
eomeric mixture, the above differences are further
compounded by the problem of packing two mole-
cules with different conformations together (see [23]
for a full discussion).

A combination of all these factors will determine
whether or not a given lipid molecule is capable of
forming a highly ordered L. phase as well as the
kinetics of transformation of such phases. In the
di-14:0-B-GalDAGs, where transitions involving the
stable L. phases occur at different temperatures, the
rate of formation of the L. phase changes with the
chirality of the glycerol backbone in the order 1,2-
sn>rac>2,3-sn. The absence of L. phases in the
racemic and 2,3-sn-B-GlcDAGs suggests that the
two headgroups (B-p-Gal and B-p-Glc) have very
different hydrogen bonding properties and that in
the glucosyl series formation of L. phases may not
be so highly favoured. Thus, regulating the head-
group and interfacial properties of a glycolipid in a
biological environment at lower temperatures would
favour a well hydrated, less ordered membrane. In
extreme environments, the absence of highly ordered
phases would tend to produce a more stable mem-
brane with a reduced tendency for phase separation
that would also maintain its barrier properties under
such circumstances.

The observations reported here, in combination
with the recent reports on the physical properties
of some chiral B-Glc- and B-GalDAGs, suggest that
both the headgroup structure and the chirality at the
glycerol offer a simple but effective means by which
an organism can alter the physical properties of its
membrane at higher temperatures by regulating its
nonlamellar tendencies, and consequently, its mem-
brane curvature. Further details of the physical prop-
erties of chiral and racemic glycolipids will follow
shortly.
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