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Abstract The lamellar gel to lamellar liquid-crystalline
(Lg/L,) and lamellar liquid-crystalline to inverted
hexagonal (L,/Hj) phase transitions of a number
of phosphatidylethanolamines (PEs) and diacyl-
a-D-glucosyl-sn-glycerols  (a-pD-GIcDAGs) containing
linear saturated, linear unsaturated, branched or
alicyclic hydrocarbon chains of various lengths were
examined by differential scanning calorimetry and low-
angle X-ray diffraction. As reported previously, for
each homologous series of PEs or a-D-GlcDAGsS, the
Lg/L, phase transition temperatures (7,,) increase and
the L,/Hy; phase transition temperatures (7},) decrease
with increases in hydrocarbon chain length. The T,
and the especially the T}, values for the PEs are higher
than those of the corresponding «-pD-GlcDAGs. For
PEs having the same effective hydrocarbon chain
length but different chain configurations, the T;, and
Ty values vary markedly but with an almost constant
temperature interval (AT ,ni) between the two phase
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transitions. Moreover, although the 7, and T}, values
of the PEs and «-D-GIcDAGs are equally sensitive on
the temperature scale to variations in the length and
chemical configuration of the hydrocarbon chains, the
ATy N values are generally larger in the PEs and vary
less with the hydrocarbon chain structure. This sug-
gests that the PE headgroup has a greater ability to
counteract variations in the packing properties of
different hydrocarbon chain structures than does the
o-D-GIcDAG  headgroup. With decreasing chain
length, this ability of the PE headgroup to counteract
the hydrocarbon chain packing properties increases,
significantly expanding the temperature interval over
which the L, phase is stable relative to the corre-
sponding regions in the o-D-GIcDAGs. Overall, these
findings indicate that the PEs have a smaller propen-
sity to form the Hy; phase than do the a-D-GlcDAGs
with an identical fatty acid composition. In contrast to
our previous report, there is some variation in the
d-spacings of these various PEs (and o-D-GlcDAGES) in
both the L, and Hj; phases when the hydrocarbon
chain structure is changed while the effective chain
length is kept constant. These hydrocarbon chain
structural modifications produce different d-spacings in
the L, and Hj; phases, but those changes are consis-
tent between the PEs and o-D-GIcDAGs, probably
reflecting differences in the hydrocarbon chain packing
constraints in these two phases. Overall, our experi-
mental observations can be rationalized to a first ap-
proximation by a simple lateral stress model in which
the primary bilayer strain results from a mismatch
between the actual and optimal headgroup areas and
the primary strain in the Hj phase arises from a
simple hydrocarbon chain packing term.

Keywords Differential scanning calorimetry -
X-ray diffraction - Glucolipids -
Phosphatidylethanolamines -

Inverted hexagonal phase
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Abbreviations

DGDG: diglycosyl diacylglycerol

B-D-GleDAG: 1,2-di-O-acyl-3-O-(f-p-glucopyranosyl)-
sn-glycerol
a-D-GlcDAG: 1,2-di-O-acyl-3-O-(a-D-glucopyranosyl)-

sn-glycerol
p-D-GleDAlkG:
sn-glycerol
DSC: differential scanning calorimetry

ECL: equivalent chain length

Hy;: inverted hexagonal

L,: lamellar liquid-crystalline phase

Lg: lamellar gel phase

MGDG: monoglycosyl diacylglycerol

L/NL: lamellar/nonlamellar phase transition

PE: phosphatidylethanolamine

T, lamellar to inverted hexagonal phase transition
temperature

T,: chain-melting temperature of the lamellar gel phase
Ty.: lamellar to inverted nonlamellar phase transition
temperature

ATy ne: TNL_Tm (OC)

18:1¢A9-": 1,2-di-O-[cis-9,10-octadecenoyl]-

18:1tA9-: 1,2-di-O-[trans-9, 10-octadecenoyl]-

20:0,,: 1,2-di-O-[16’-ethyl-octadecanoyl]-

20:04,-: 1,2-di-O-[17",17’-dimethyl-octadecanoyl]-

19:0,~: 1,2-di-O-[16’-methyl-octadecanoyl]-

21:0,- 1,2-di-O-[15-cyclohexyl-pentadecanoyl]-

19:0~: 1,2-di-O-[17’-methyl-octadecanoyl]-

16:11A9-: 1,2-di-O-[trans-9, 10-hexadecenoyl]-

1,2-di-0-alkyl-3-O-(f-p-glucopyranosyl)-

* The numbers in the above abbreviated chemical no-
menclature indicate the total number of carbon atoms in
the hydrocarbon chain and the number (18:1), configu-
ration (cis or trans) and position of any double bonds (A
number) in the chain, whereas the subscripts (see below)
indicate the type and position of the branches in the
hydrocarbon chain (Lewis et al. 1989). Subscripts used
in the above abbreviations: i: methyl-isobranched;
ai: methyl-anteisobranched; ch: w-cyclohexyl-branched;
dmi: dimethyl-isobranched; eai: ethyl-anteisobranched.

Introduction

The monoglycosyl diacylglycerols (MGDGs) are im-
portant lipid components in the cell membranes of many
prokaryotic microorganisms and plants (Ishizuka and
Yamakawa 1985), where they seem to be the functional
equivalents of the PEs present in the cell membranes of
other prokaryotic microorganisms and eukaryotes. A
characteristic feature of naturally occurring PEs and
MGDG:s is that they tend to form lamellar phases when
dispersed in water at low temperatures, but inverted
nonlamellar structures at elevated temperatures (Seddon
et al. 1983, 1984, 1990; Jarrell et al. 1987; Mannock et al.
1988, 1990a, 1992; Lewis et al. 1989, 1990a, 1990b, 1994,

1997; Sen et al. 1990; Hinz et al. 1991; Mannock and
McElhaney 1991; Lewis and McElhaney 1992, 1993;
Turner et al. 1992; Trouard et al. 1994). The fact that
almost all cell membranes contain significant quantities
of “‘nonlamellar-forming lipids” has provided the im-
petus for a wide range of studies aimed at a definition of
the functional roles of such lipids (Gruner 1992, 1994),
as well as an understanding of the structural and phys-
icochemical properties which predispose lipids to form
such structures (Israelachvilli et al. 1977, 1980; Gruner
1985; Lewis et al. 1997).

The way in which a specific lipid chemical structure
determines its phase preference is only partly understood.
Israelachvilli et al. (1977, 1980) correlated lipid chemical
structure and intermolecular interactions with the ten-
dency of lipid molecules to form inverted, nonlamellar
structures in terms of the probable “shape’ of the lipid
molecule. Alternatively, mesomorphs with curved lipid/
water interfaces may be considered to be driven by a
spontaneous curvature of the constituent lipid mono-
layers, with transitions between the lamellar and curved
phases being driven by a competition between monolayer
spontaneous curvature and stresses in the hydrocarbon
chains in the curved phases (Kirk et al. 1984; Gruner
1985, 1992). Most of the data pertinent to such correla-
tions have been obtained from studies of hydrated PEs
and their analogues (Seddon et al. 1983, 1984; Lewis et al.
1989, 1997). Studies on such PEs indicate that the
lamellar liquid-crystalline to inverted nonlamellar phase
transition temperature (7}) is sensitive to structural
modifications in all regions of the PE molecule. Thus, for
example, the T;, values of aqueous PE dispersions de-
crease with increasing hydrocarbon chain length (Lewis
and McElhaney 1993), decrease when ester linkages be-
tween the hydrocarbon chains and the glycerol moiety
are replaced with ether linkages (Seddon et al. 1983,
1984), but increase with structural modifications which
increase the “‘size” of the polar headgroup or reduce its
capacity to form hydrogen bonds (Gagne et al. 1985;
Epand 1990; Trouard et al. 1994).

Changes in hydrocarbon chain structure also affect
both the hydrocarbon chain-melting phase transition
temperature (7,,) and the T}, of aqueous PE dispersions
(Lewis et al. 1989, 1997). Our initial analysis of calori-
metric measurements of PEs with comparable effective
hydrocarbon chain lengths (ECLs)' showed that the
difference between the T, and the T}, remains relatively
constant, irrespective of the temperatures at which their
chain-melting transitions occur (Lewis et al. 1989).

'The effective chain length of a hydrocarbon chain is defined by the
total number of carbons in the “main chain”. For linear saturated
and unsaturated fatty acyl chains, the effective chain length equals
the total number of carbon atoms present, whereas for the bran-
ched fatty acyl chains the effective chain length equals that of the
total number of carbon atoms minus those present in the bran-
ch(es). For w-cyclohexyl fatty acyl chains, where three carbon at-
oms of the terminal six-membered ring actually form part of the
main chain, the effective chain length is equal to the total number
of carbon atoms present minus three



Interestingly, it was also found that, at the onset and
completion temperatures of the L,/Hy; phase transition
of PEs of comparable effective hydrocarbon chain
lengths, the measured X-ray d-spacings were nearly in-
dependent of the chemical structure of the hydrocarbon
chain. However, some of the structural dimensions
presented in that earlier work (Lewis et al. 1989) were
found to be incorrect, owing to ambiguity in the defi-
nition of “onset and completion temperatures” and
faulty temperature calibration arising from a voltage
bias in the temperature controller. The revised data now
appear in a recently published report from our labora-
tories (Harper et al. 2001) and that new list of d-spacings
at the L,/Hyy phase transition of those PEs is provided in
Table 5 of this work for comparative purposes.

In order to further extend our initial analysis of the
relationship between molecular structure and lipid
nonlamellar propensity (Lewis et al. 1989), we have ex-
panded our observations in two different directions.
Firstly, a more substantial structural investigation of the
18-carbon ECL PEs was undertaken (Harper et al.
2001). Secondly, new calorimetric and low-angle X-ray
diffraction measurements on two series of a-D-GIcDAGs
containing 16-carbon and 18-carbon ECLs (both natural
and synthetic) were performed, in order to investigate
potential differences in the ability of the PE and MGDG
headgroups to counteract the same hydrocarbon chain
structural variations through changes in their thermo-
tropic phase behaviour. In this new analysis, structural
variations of the lipid hydrocarbon chains are evaluated
in terms of variations in the 7y and its proximity to the
Tm. Such a comparison allows us to consider the dif-
ferences in the chemical nature of the PE and «-p-Glc
headgroups when attached to diacylglycerols containing
a range of acyl chains (Harper et al. 1993, 2001; Lewis
et al. 1997) in order to understand aspects of the
molecular basis of the L/NL phase transition which
cannot be addressed by studies of PE bilayers alone.

Materials and methods

With the exception of the 18:17A9- and 16:1¢A9-0-D-GIcDAGs, the
glycolipids used in this study were synthesized from appropriate
precursors using previously published methods (Mannock et al.
1990b). Details of the chemical structure of the hydrocarbon chains
and lipid polar headgroups are shown in Fig. 1. Samples of
18:1¢A9- and 16:1¢A9-0-D-GIcDAG were purified from polar lipid
extracts of Acholeplasma laidlawii B cultures which were made acyl
chain homogeneous in 18:17 and 16:17 acids, respectively (Silvius
and McElhaney 1978; Monck et al. 1992). Although we have suc-
cessfully grown A. laidlawii B cultures on supplemented media with
a range of methyl-iso-, methyl-anteiso- and dimethyl-isobranched
fatty acids, it was easier to synthesize 100 mg batches of these
o-D-GlcDAGs than to isolate them from cells because of the low
yield (34 mg/L). This strategy also permitted the preparation of
lipids containing fatty acids which resulted in either poor growth or
no growth of A. laidlawii B cultures. The PEs are the same as those
used in the recently published report by Harper et al. (2001) and
were prepared as described by Lewis et al. (1989).

Samples were prepared for differential scanning calorimetry
(DSC) as described by Mannock et al. (1990a) and were analyzed
with a Perkin-Elmer DSC-2C scanning calorimeter equipped with a
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Fig. 1 Details of the lipid polar headgroup and hydrocarbon chain
structures used in this study. The chain lengths shown are those of
the 16-carbon ECL series. The 18-carbon ECL series are two

carbons longer than those shown

PE-3700 thermal analysis data station. Duplicate samples were
initially cycled between —3 and 97 °C at scan rates of up to 10 °C/
min to ensure homogeneous hydration of the lipid. Once this
protocol was completed, each sample was then rescanned up to
four times at 1 °C/min in order to ensure that their thermotropic
phase behaviour was repeatable. The minimum and maximum
operating temperatures were selected and adjusted according to the
observed chain melting and L/NL phase transition temperatures.
For samples in which the above transitions fell above 10 °C and
below 90 °C, the temperature limits were set at —3 and 97 °C. For
samples in which the above phase transitions fell outside of this
range, the boundary temperatures were changed incrementally in
steps of 10 °C so that a flat baseline extending a minimum of 5 °C
either below or above the respective transitions was observed.
Where possible, this process was supported by reliable reports of
the above phase transitions from the literature (Caffrey 1993;
Marsh 1990). Data analysis was performed by importing the Per-
kin-Elmer-DSC-2 data files into Microcal Origin software (Mic-
rocal, Northampton, Mass.). The slope and curvature of the rough
data were corrected by baseline subtraction and the phase transi-
tion temperatures measured from the peak maximum.

Many of the glycolipids investigated here form Lg (or Lg") gel
phases which are unstable at temperatures below the 7;,,, and, once
cooled to such temperatures, the nucleation and growth of “stable”
lamellar crystalline (L) forms of the lipid occur. It is often the case
that the transition temperature of the L. phase of the lipid is higher
than the T, and with some lipids it may even be higher than the
Tne- Thus, depending upon the kinetics of the process, DSC
heating thermograms of such lipids can be very complex and the
metastable Lg/L, and sometimes the lamellar/Hy; endothermic
transitions of the lipid may be obscured by thermal events arising
from the formation or the melting transitions of the crystalline
polymorphs. In order to overcome this problem, some lipid
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samples were cooled to a temperature just below the 7, and were
then reheated before the L, phase could reform. In our experience,
this protocol does not introduce thermal artifacts when the nucle-
ation temperature of the L. phase is not close to the T,. By using
this approach, the transition temperatures of poorly energetic
thermal events can be measured in an accurate and repeatable
manner. This protocol allowed us to investigate the metastable
phase behaviour of this collection of lipids and was also a useful aid
in identifying the L,/Hy; phase transition which, at slow scan rates,
only differed by about 2 °C between heating and cooling mea-
surements.

The preparation of the PE and a-p-GlcDAG samples and the
small-angle X-ray methods are the same as those described in Lewis
et al. (1989). Briefly, X-rays were generated on a rotating anode
X-ray generator. The beam line was equipped with single-mirror
Franks optics, a thermostated (—30 to 100 °C) specimen stage, and
an area X-ray detector. The area detector was either the area
detector described in Reynolds et al. (1978) or the successor de-
tector in which the silicon diode vidicon camera was replaced with
a slow-scan CCD camera (the “intensifier/lens/CCD” camera de-
scribed in Tate et al. 1997). In what follows, “d-spacing” refers to
the unit cell basis vector length. Determinations of the phase be-
havior and structural dimensions of some of the PEs are described
in Harper et al. (2001). A detailed Fourier reconstruction of the
glycolipids has not been undertaken at this time (see Discussion)
and a complete thermodynamic and structural overview of both the
16- and 18-carbon ECL glycolipids will follow (D. Mannock et al.,
manuscript in preparation).

Results
Calorimetry

DSC was used to obtain accurate measurements of the
Lg/L, and L,/Hy; phase transition temperatures (7,, and
Ty values, respectively) of a wide range of a-D-GIcDAGs,
and X-ray diffraction was used to measure the d-spacings
of the lamellar and the inverted nonlamellar phases of
each lipid as a function of temperature and to assign
phase structures above and below the phase transitions
reported by DSC.

DSC thermograms of a representative glycolipid,
20:04mi-2-D-GIcDAG, are shown in Fig. 2a. The heating
thermogram (lower trace) contains three endothermic
events centred at 35.0, 38.6 and 56.4 °C, which are re-
versible on cooling (upper trace). The two highly ener-
getic components seen on heating between 30 and 40 °C
correspond to an L./Lg phase transition followed by an
Ls/L, phase transition, whereas the less energetic event
at 56.4 °C marks the L,/Hj; phase transition. These
phase transition temperatures and phase assignments
were confirmed by the low-angle X-ray diffraction
measurements.

Effects of hydrocarbon chain length on T;, and T\,

The T,, and Tynp values obtained from our DSC mea-
surements of 16- and 18-carbon ECL PEs and «-p-Glc-
DAGs are listed in Tables 1 and 2. These data and that
obtained from similar measurements of the diacyl
PEs, the 1,2-O-diacyl-3-O-(f-p-galactopyranosyl)- and
(p-p-glucopyranosyl)-sn-glycerols (Mannock et al. 1988,
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Fig. 2 A Typical heating and cooling DSC thermograms of 20:0.,;-
o-D-GlcDAG obtained at 1 °C/min. The heating scan is the lower
curve and the cooling scan is the upper curve. B A plot of the X-ray
diffraction d-spacings for 20:0,;-¢-D-GIcDAG as a function of
temperature. The filled symbols were collected in the heating
direction and the empty symbols were collected in the cooling
direction. The dotted lines indicate a temperature range over which
a phase transition was observed. The data for this glycolipid sample
were collected every 10 °C

2000, 2001), which outline the metastable phase behav-
ior for each headgroup variant, are summarized in
Fig. 3.

Typically, for any given homologous lipid series, the
T, increases with increasing hydrocarbon chain length
but with progressively smaller increments per additional
methylene unit. Figure 3 clearly shows that this beha-
viour is common to all headgroup variants. Thus, for a
given series of lipids, the transition temperatures be-
tween the lamellar gel phase and all liquid-crystalline
phases (lamellar or nonlamellar) describe a type of
“saturation” curve, which is presumed to approach a
limiting value at infinite hydrocarbon chain length
(Fig. 3). Linear transformations of the data along the
lines proposed by others (Nagle and Wilkinson 1978;
Marsh 1991) suggest that, upon extrapolation of these
glycolipid T,, values to infinite hydrocarbon chain
length, all the curves should converge in a temperature
range near to the melting point of polyethylene, inde-
pendent of the headgroup.
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Table 1 The effect of hydrocarbon chain length on the calorimetrically determined phase transition temperatures (°C) of monoglycosyl

diacylglycerols
Chain length T (°C) T (°C) T (°C) T (°C) T (°C) T (°C) Ref
(Lg/L,) (Lg/Hp) (L./Qm) (L./Hyy) (Qu/Hn) ATy N

n-Saturated a-p-glucosyl diacylglycerols (1,2-sn)
12 19.5 - - - - - ¢
13 32.9 - - - - - c
14 40.5 - 105.0% - — 64.5 ¢
15 50.7 - 82.0% - - 31.3 ¢
16 57.2 — 79.1° - 119.0 21.9 ¢

- - - - 61.8 ¢

17 63.4 — - 76.6 - 13.2 e
18 68.4 — - 74.5 - 6.1 ¢
19 - 73.7 - - - - c
20 - 76.8 - - - - c

n-Saturated o-D-glucosyl di-isoacylglycerols (1,2-sn)
14; 0.46 - 70.2° - - 69.7 d
15, 3.0 - 69.3 - - 66.3 d
16 25.1 - - 67.9 - 25.1 d
17; 34.5° - - 67.9 - 334 d
18; 44.5 - - 67.7 - 23.2 d
19; 51.0 — - 69.0 - 18.0 d
20; 57.7 - - 68.1 - 10.6 d

4Cubic phase
®Some 16-ECL-MGDGs exhibit L,/Q;; phase coexistence on
cooling

“Mannock et al. (1990a)
9Mannock et al. (unpublished data)

Table 2 The effect of hydrocarbon chain length on the calorimetrically determined phase transition temperatures (°C) of diacylphos-

phatidylethanolamines

Chainlength T (°C) T (°C) T (°C) Ref
(Lg/Ly) (L,/Hyp) ATy

n-Saturated diacylphosphatidylethanolamines (1,2-sn)
10 2.0 — - ac
11 16.9 - - a
12 31.3 - - ae
13 42.1 — — a=
14 50.4 - - -
15 58.4 - - ac
16 64.4 118.5 54.1 -
17 70.5 107.6 37.1 2
18 74.2 99.2 25.0 -
19 79.2 98.0 18.8 ¢
20 83.4 97.2 13.8 2

n-Saturated di-isoacylphosphatidylethanolamines (1,2-sn)
17, 42.3 104.0 67.1 b
18; 52.0 94.0 44.0 b
19; 59.0 88.0 29.0 b
20; 64.0 86.5 21.5 b

“Lewis and McElhaney (1993)
*Lewis et al. (1989)
“Seddon et al. (1983)

Although the T}, values of these lipids vary smoothly
as a function of hydrocarbon chain length, the type of
phase transition which occurs at the 77, is chain length
dependent (Fig. 3). With the shorter-chain members of
any MGDG homologous series, the process which oc-
curs at the Ty, is the Lg/L, phase transition which,
typically, is very energetic, highly cooperative and
thermally reversible with little or no hysteresis upon
cooling. With the longer chain lipids, the Hy; phase is the

only stable liquid-crystalline phase observed and, at the
T, the Ly phase converts directly to the Hy; phase via a
very energetic and highly cooperative phase transition
(Fig. 3). Interestingly, there does not appear to be any
discontinuity in the curve describing the chain length
dependence of the T,,, despite the differing nature of the
phase transitions that occur at longer chain lengths.
However, a discontinuity in the thermodynamic
parameters is most often observed in the chain length
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Fig. 3 Plots of the phase tran- 115 F - -
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Table 3 The effect of hydrocarbon chain structure on the calorimetrically determined phase transition temperatures (°C) of 1,2-di-O-acyl-

3-O-(a-p-glucopyranosyl)-sn-glycerols

Chainstructure T (°C) T (°C) T (°C) T (°C) T (°C) Ref
(Lg/Ly) (L./Qu) (L,/Hip) (Qu/Hu) ATyNL

Equivalent chain length: 16 carbon atoms
16:0 57.2 79.1% - 119.0 21.8 N
16:1¢A9 12.0 38.0% - 64.0 26.0, 52.0 d
18:0c; -13.3 - 33.1 - 46.4 d
18:04pmi 18.3 - 52.0 - 33.7 d
17:0, 16.2 - 56.6 - 40.4 d
17:0; 34.5 -b 67.9 - 33.4 d
19:0.1, 28.5 - 60.8 - 32.3 d

Equivalent chain length: 18 carbon atoms
18:0 68.4 - 74.5 - 6.1 ¢
18:1¢A9 29.3 - 34.0 - 4.7 ¢
20:0c0; 6.5 - 30.5 - 24.0 ¢
20:04m; 38.6 - 56.4 - 17.8 ¢
19:04 35.3 - 60.5 - 252 ¢
19:0; 51.0 - 69.0 - 18.0 ©
21:0¢p 45.8 - 63.6 - 17.8 ¢

“The di-16:12-MGDGs form an intermediate Qy; phase on heating
and cooling

®Some 16-ECL-MGDGs exhibit L,/Q;; phase coexistence on
cooling

dependence of the enthalpy values of a homologous
series as the Lg/L, and L,/Hy; phase transitions become
one event (Lewis and McElhaney 1993; Lewis et al.
1994; Mannock et al. 2000). This may simply be a
reflection of the fact that the T\, is primarily determined
by the thermodynamic stability of the gel phase.

At temperatures above the T}, the L, phases of the
shorter chain MGDG homologues become unstable
with respect to one or more inverted cubic phases and

‘Mannock et al. (1990a)
9Mannock et al. (unpublished data)
“Lewis et al. (1990a)

thermotropic events corresponding to L,/Qp phase
transitions are observed. Typically, the L,/Qq transi-
tions of these lipids are weakly energetic and poorly
cooperative processes which often exhibit considerable
hysteresis upon cooling. At first glance, our results
suggest that the L,/Qy phase transition temperatures of
the MGDGs studied here exhibit a relatively weak chain
length dependence. However, in compounds with a weak
L,/Qn phase transition temperature chain length
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Table 4 The effect of hydrocarbon chain structure on the calorimetrically determined phase transition temperatures (°C) of phosphati-

dylethanolamines

Chain structure T (°C) T (°C) T (°C) T (°C) T (°C) Ref
(Lp/Ly) (Lo/Qm) (L/Hm) (Qu/Hn) LVAWINS

Equivalent chain length: 18 carbon atoms
18:0 74.2 - 99.2 - 25.0 a—Cc
18:1¢A9 -16.0 - 10.0 - 26.0 d
18:17A9 37.4 - 65.0 - 27.6 e
20:0c4 24.0 - 52.0 - 28.0 b
20:0gmi 43.2 - 74.0 - 30.8 b
19:0, 44.6 - 80.5 - 35.9 b
19:0; 59.0 - 88.0 - 29.0 b
21:0ch 54.0 - 82.8 - 28.8 b
18:1ccA9,12 —40.0 - -15.0 - 25.0 f

#Lewis and McElhaney (1993)
PLewis et al. (1989)
“Seddon et al. (1983)

dependence, more than one cubic phase structure is
often observed with increasing temperature by X-ray
diffraction (usually with /a3d and Pn3m symmetry). In
the saturated straight-chain «-p-GIcDAGs, where the
dominant Qq; phase has /a3d symmetry at all tempera-
tures measured, a strong chain length dependence of the
L,/Qq phase transition temperature is observed (Fig. 3).
These differences in the pattern of Qg phase behaviour
probably originate from small differences in the curva-
ture free energy between these two Qqp phases and from
other factors such as headgroup and interfacial hydra-
tion (Turner et al. 1992; Templer et al. 1995).

Upon heating these shorter chain glycolipids to
higher temperatures, the Qp phases undergo Qp/Hp
phase transitions. This sequence of phase transitions can
only be inferred at very short chain lengths, where the
required temperature range is above the recommended
safety limit for the analysis of hydrated samples in our
DSC instrument. Where Qy/Hj; phase transitions are
observed, they are weakly energetic and poorly cooper-
ative processes, but, unlike the L,/Qq; phase transitions,
are freely reversible and exhibit little or no cooling
hysteresis.

In the medium chain MGDG homologues, Lg/L,
phase transitions are clearly delimited at lower temper-
atures. However, when heated to higher temperatures,
Q1 phases are not normally observed in these samples
and the L, phase converts directly to the Hy; phase. With
these lipids, the L,/Hy phase transitions are weakly
energetic but fairly cooperative processes which exhibit
only a modest cooling hysteresis (typically <3 °C). The
L,/Hy; transition temperatures also decrease with in-
creasing chain length but at rates which are considerably
smaller than those which typify the chain length de-
pendence of the Qyi/Hyy transitions of the shorter chain
homologues. In this range of hydrocarbon chain lengths
there tends to be a relatively small temperature window
over which the L, phase is observed. This window be-
comes progressively smaller and vanishes when the
curves defining the L,/Hy; and Lg/L, phase boundaries
intersect, at which point only a single Lj/Hy; phase

dCullis and de Kruijff (1978)
°Epand (1990)
Dekker et al. (1983)

transition is observed (Fig. 3). For the purposes of this
study, the intersection of these two curves will be
considered as an arbitrary boundary between the
medium chain and long chain members of a homologous
series.

At short chain lengths, the saturated straight-chain
PEs and their methyl-isobranched counterparts are
lamellar and show no evidence of forming cubic phases
over the temperature ranges examined in our studies
(Lewis et al. 1989 and references cited therein). With
increasing chain length in the above-mentioned PEs, the
L,/Hy; phase transition, which is initially seen at much
higher temperatures than in the glycolipids of equal
chain length, shifts to lower temperatures. However, the
pattern of separate Lg/L, and L,/Hy; phase transitions is
not replaced by a single Lg/Hy; phase transition at the
longest ECLs examined in our studies (Lewis et al. 1989)
in either the straight chain or isobranched PEs.

Effects of hydrocarbon chain structure on 7, and T\

The effect of hydrocarbon chain structure was evaluated
by a comparative study of various a-D-GlcDAGs and
PEs of similar ECLs but containing different hydrocar-
bon chain structures. The results of parallel studies of
glucolipids of ECLs equivalent to linear chains consist-
ing of 16- and 18-carbon atoms are shown in Table 3.
The dominant feature of the data presented is that, for
any effective chain length, modification of the n-satu-
rated hydrocarbon chain structure, whether by branch-
ing or by the introduction of a double bond, results in a
lowering of both the Ty, and Tni. Irrespective of hy-
drocarbon chain length, both the T}, and Ty values of
this group of MGDGs decrease in the following order:
linear saturated > methyl-iso > w-cyclohexyl > dimethyl-
iso~methyl-anteiso > trans-monounsaturated > ethyl-
anteiso > cis-unsaturated > cis-diunsaturated. Both
transition temperatures become progressively lower as
the size of substituent groups at the hydrophobic termini
of the chains increases (18:0>18:0;>21:0,), as the
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Fig. 4 Plots of ATy Ny for both 80

the o-pD-GlcDAGs and the cor- b
responding PEs as a function of 70 |
effective chain length. Refer- F
ences to the original work ap- 60 -

pear in the legend to Fig. 3. The
symbols for each lipid are as
follows: filled circles: di-cis-
monounsaturated; filled trian-
gles: di-trans-monounsaturated;
empty squares: ethyl-anteiso-
branched; empty diamonds:
dimethyl-iso-branched; empty
triangles: methyl-iso-branched;
inverted empty triangles: meth-
yl-anteiso-branched; empty cir-

50

40

AT . CO)

a-D-Glce

PE

cles: w-cyclohexyl-branched;
filled circles: di-saturated; empty
hexagon: di-cis-diunsaturated

number of substituents at any given position increases
(18:0>19:0,; > 20:041m;), or as the position of the sub-
stituent is moved towards the centre of the chain
(19:0;>19:0,;). A similar pattern of behavior was
observed in our previous studies of aqueous PE disper-
sions, as seen in Table 4 (Lewis et al. 1989).

The other interesting feature of the glycolipid data
presented in Tables 3 and 4 is the relationship between
hydrocarbon chain structure, hydrocarbon chain length
and Typ. With the linear saturated and trans-monoun-
saturated lipids, the Tnp of the 16-carbon species is
lower than that of the 18-carbon homologue. This ob-
servation is contrary to expectations, since the tendency
to form a nonlamellar phase should increase with
increasing hydrocarbon chain length, as seen in com-
parable studies of hydrated PEs (Lewis et al. 1989). The
reason that this behaviour is observed with the MGDGs
but not the PEs is the existence of multiple nonlamellar
phases in the shorter-chain members of the former
compounds. The di-isoacyl-a-p-glucolipids (D. Mannock
et al. unpublished data) are good examples of this
behaviour, since Ty is almost chain length invariant
over the entire range of chain lengths studied, primarily
because the nature of the nonlamellar phase changes
from Qp to Hjp with increasing chain length (see
Tables 1 and 2). This also explains why the Ty values
of the 18-carbon homologues for a number of the other
branched-chain lipids are higher than those of the cor-
responding 16-carbon homologues in the a-D-GIcDAGs
(Table 3) but not the PEs, where the Hy; phase is the only
thermodynamically stable nonlamellar phase observed.

We also find that the difference between the T, and
Tni, values (i.e., the temperature interval between the
melting of the hydrocarbon chains to the formation of
the nonlamellar phase, ATy i) of the 18-carbon ECL
o-D-GIcDAGS is always smaller than that observed in
their 16-carbon homologues (Fig. 4). In addition to the
chain length dependence of ATy Ny, there are indications
from the progression of the ATy ,y. parameter in the
18-carbon ECL lipids in Fig. 4 that there is also a de-
pendence on chain structure in both lipid series. Closer

17 18 19 20 14 15 16 17 18 19 20

Effective Chain Length

inspection of the data for both the PEs and «-D-Glc-
DAGs shows that the ATy N values of the linear satu-
rated and trans-monounsaturated lipids occur at the low
end of the range observed for this parameter. In par-
ticular, in the 18 ECL glucolipids, the ATy i values of
the 18:0 and 18:1#A9 compounds differ from those of the
corresponding branched-chain lipids by approximately
15 °C. The corresponding data for the o-D-GIcDAGs
and PEs differ from one another in the range of their
ATy N1 values at a specific chain length (at 18-carbon
ECL the a-D-GlcDAGs range from ~5 to 25 °C,
whereas the corresponding PEs range from ~25 to
35 °C), suggesting that the PE headgroup has a greater
stabilizing effect on the lamellar phase with differences in
chain structure than does the glycolipid headgroup
(Fig. 3; Lewis et al. 1989).

X-ray diffraction measurements

Initial studies of the diacyl-a-D-GlcDAGs using small-
angle X-ray diffraction confirmed the phase transition
temperatures seen by DSC (Fig. 2a) and the diffraction
patterns obtained allowed the unambiguous differentia-
tion of the lamellar, Q; and Hyy phases present (Fig. 5).
An X-ray diffraction temperature profile for a repre-
sentative a-D-GIcDAG is shown in Fig. 2b. The tem-
perature dependence of the d-spacings clearly shows that
the phase behaviour seen on heating is reversible on
cooling. At lower temperatures between —40 and 30 °C,
a lamellar phase is observed with a d-spacing of 60.3 A.
Continued heating to above 40 °C shows a transition to
a lamellar liquid crystalline phase (55.5 A), which then
converts to a Hyy phase at about 55 °C (78.1 A). Rep-
resentative diffraction profiles of the L, and Hy; phases
from the 204,;-2-D-GIcDAG and a Qq phase diffraction
pattern from the di-16:17-0-D-GIcDAG are shown in
Fig. 5. Discontinuities in the X-ray spacings provided
confirmation of the lamellar/nonlamellar phase transi-
tion temperatures in both the PEs and the a-pD-GIcDAGs
(see Table 5 and later section). An analysis of the
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Fig. 5 Representative X-ray diffraction patterns for A the L, phase
at 50 °C, B the Hy; phase at 60 °C of 20:0.;-0-D-GIcDAG and C
the Qq; phase at 40.4 °C of 16:1tA9-2-D-GIcDAG

small-angle X-ray diffraction patterns allowed the un-
ambiguous differentiation between L,/Qp, Qu/Hp and
L,/Hy phase transitions.

The effects of changes in hydrocarbon chain length
and structure in these glycolipids were also examined by
comparison of the X-ray d-spacings at the phase tran-
sition temperature of the L,/Hy; phase transition of these
lipids. In general, the d-spacing at the phase transition
was determined by making a linear fit of the d-spacings
as a function of temperature for a given phase and then
evaluating the fit at the phase transition temperature
determined by the DSC work. In the case of 18:1cA9-PE
in the hexagonal phase, a quadratic fit was used. This
comparison was prompted by previous studies of an
analogous series of diacyl PEs (Lewis et al. 1989), where
we observed that these values were similar regardless of
hydrocarbon chain structure’. The measurements ob-
tained for d-spacings at the L,/Hy; phase transitions of
the 16- and 18-carbon «-D-GIcDAGs, as well as those of
the corresponding PEs (Harper et al. 2001), are sum-
marized in Table 5. The PE data in Table 5 (from
Harper et al. 2001) are more accurate than the data we
presented in Lewis et al. (1989). The diffraction data
were acquired by changing the sample temperature in
discrete steps and, after a short equilibration time at
each temperature, acquiring a new diffraction pattern.
The temperature interval between diffraction patterns
limits the precision with which one can use diffraction
data to assign the onset and completion of a phase
transition. This is especially problematic with L/NL

In Lewis et al. (1989), a table of “onset and completion” d-spac-
ings was constructed. Unfortunately, the idea of “onset and com-
pletion” is functionally ambiguous, as phase coexistence is seen
over a span of many degrees and the X-ray diffraction data were
taken in discrete steps as large as 10 °C. Hence, the “onset and
completion” d-spacings end up being dependent on the temperature
step size used
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transitions since, in practice, phase coexistence is seen
over a span of many degrees (e.g., see Tate et al. 1992).
Lewis et al. (1989) used steps as large as 10 °C. It was
also discovered that the temperature calibration of the
specimen stage was in error by a few degrees. Harper
et al. (2001) re-examined the diacyl PEs studied by Lewis
et al. (1989) but with finer temperature steps and
improved calibrations. From these improved data we
conclude that the unit cell basis vector lengths (i.e., the
d-spacings) on either side of the L,/Hy are generally
similar for all the diacyl PEs studied, although the more
accurate data shows considerably more spread than was
reported in Lewis et al. (1989).

Increasing the hydrocarbon chain length by the in-
sertion of additional methylene units is known to pro-
duce a relative increase in the d-spacings of the L, and
Hj; phases in the a-pD-GIcDAGs and PEs (Sen et al. 1990;
Lewis et al. 1989). The effect of changes in the hydro-
carbon chain structure of these lipids on the d-spacings
of both the L, and Hj; phases on both the normal
and reduced temperature scales (defined as 7-Ty,) are
shown in Fig. 6. On the reduced temperature scale, the
d-spacings of all lipids in the L, phase at a given tem-
perature are spread over a range of bilayer thickness, but
appear to follow a generally similar order. However, this
order is not well correlated with the phase transition
temperature measurements of the «-D-GlcDAGs and
PEs. The d-spacings in the Hj; phase show a much
greater range of values at a given temperature. In the
PEs the order of the d-spacings is similar in both the L,
and Hj; phases, except for lipids containing an
w-cyclohexyl-terminated acyl chain, which is known to
have atypical motional and packing properties (see
Discussion). In the 16- and 18-ECL «-D-GIcDAGS, the
dependence of the L, and Hy d-spacings on chain
structure follow the same general trend, but shows
minor differences in order between the phases and when
compared with the corresponding measurements in the
PEs. This suggests that the changes in hydrocarbon
chain length and structure have a similar effect on the
lipid phase behaviour despite differences in headgroup
structure. The question that remains unanswered is
which portion of the lipid molecule is driving the L,/Hy
phase transition (see Discussion).

Discussion
Calorimetry

An understanding of lipid phase transitions involves
knowledge of the way in which local lipid-lipid and lipid-
water interactions give rise to the component forces that
are ultimately responsible for the molecular packing and
phase behaviour. These phase properties can be con-
sidered in terms of the sum of all molecular interactions
from three single regions: the hydrocarbon chains, the
interfacial region and the lipid polar headgroup. Such
boundaries cannot be strictly delimited, because each
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Table 5 The structural data obtained for the phosphatidylethanolamines (d-spacing, w, r, </> and 4, all in A) and o-Dp-glucosyl
diacylglycerols (d-spacing, A) at the lamellar liquid-crystalline to inverted hexagonal phase transition

Diacyl-PE* ECL =18 carbons® Additional PE structural parameters

Tt (°C) d-spacing L, phase (A) Hy; phase (A)
Chain structure L, (A) Hy (A) w <[> A r <[> A
cis-Monounsat 10.0 52.1 77.9 12.8 19.7 61.0 22.9 17.6 47.7
trans-Monounsat  65.0 51.6 75.0 12.5 19.5 62.8 20.9 18.2 46.1
Ethyl-aiso 52.0 56.3 84.2 13.1 21.6 62.8 23.1 20.9 44.1
Dimethyl-iso 74.0 55.9 82.7 12.3 21.8 64.2 22.7 20.5 46.2
Methyl-aiso 80.5 54.0 78.6 12.2 20.9 64.1 21.5 19.6 46.3
Methyl-iso 88.0 54.4 79.1 12.2 21.1 64.2 21.7 19.7 46.7
w-Cyclohexyl 82.8 56.3 80.5 12.4 21.9 63.5 21.6 20.5 45.7
o-D-GlcDAG ECL =16 carbons ECL =18 carbons®

d-spacing d-spacing

Chain structure Ty n (°C) L, (A) Hy (A) Tune CC) L, (A)  Hy (A)
n-Sat’d — — 74.5 54.1 71.5
trans-Monounsat 38.0° 47.8 63.0 34.0 51.0 73.0
Ethyl-aiso 33.1 51.0 79.0 30.5 56.5 82.0°
Dimethyl-iso 52.0 52.0 76.0 56.4 55.0 79.0
Methyl-aiso 56.64 50.0 71.0 60.5 53.0 72.0
Methyl-iso 67.94 51.0 73.0 69.0 56.0 77.0
w-Cyclohexyl 60.8 53.0 70.0 63.6 57.0 74.0

“Harper et al. (2001)

®The d-spacings for the 18-carbon saturated and monounsaturated
lipids appear slightly smaller than those of the branched chain lipids
in both the lamellar and nonlamellar phases. The PEs haye errors of
+0.5 A, whereas the glycolipids have errors of +1-2 A. Refer to
the text for the method of determining the d-spacing at the phase
transition

“The di-16:1--MGDGs forms an intermediate Qy; phase on heating
and cooling

region is not isolated from the other and thus there must
be interaction throughout the entire lipid molecule.
Nevertheless, such delineation provides a convenient
means for comparisons that give insight into the effects
of structural changes on lipid phase properties. Since we
did not vary the glycerol-hydrocarbon chain linkage in
this study (both the PEs and the «-D-GIcDAGs have
diacylglycerol backbones), our data is interpreted in
terms of the contributions from changes in the hydro-
carbon chain length and structure, and from changes in
the polar headgroup structure.

Hydrocarbon chain length and structure

Increasing the length of the hydrocarbon chains in sat-
urated straight-chain glycerolipids increases the 7),, and
decreases the Tj,. Almost any structural modification of
the linear, saturated hydrocarbon chain (other than
chain length) causes a relative decrease in both the T},
and the T},. In most cases, modification of the hydro-
carbon chain structure destabilizes the gel phase
hydrocarbon chain packing relative to that of the linear,
saturated hydrocarbon chain (see Tables 3 and 4).
However, the presence of substituent groups that de-
crease the tightness of lipid hydrocarbon chain packing

dSome 16-ECL-MGDGs exhibit L,/Qu phase coexistence on
cooling

“The d-spacing data for 18-ethyl-aiso-MGDG in the Hy; phase ex-
hibits a kink close to the L,/Hy; phase transition. Therefore, it was
not possible to produce a smooth line that fitted the data exactly, as
was done for the other data sets. Instead, we list a Hy phase
d-spacing measured experimentally at a temperature close to the
phase transition

in the gel state, thus decreasing T, also restricts the
conformational freedom of the hydrocarbon chains in
the liquid-crystalline state, at least on the reduced tem-
perature scale. Thus, the cross-sectional areas occupied
by monolayers of synthetic PCs and synthetic a-p-Glc-
DAGs of comparable ECLs at the air-water interface
decrease in the liquid-expanded state in the order: linear
saturated > methyl-iso- > methyl-anteiso- > w-cyclohexyl-
branched, when compared at equivalent temperatures
above their liquid-condensed/liquid-expanded phase
transition temperatures (Rice et al. 1987; Balthasar et al.
1988; Ashgarian et al. 1989, 2000). The area occupied per
molecule increases with increasing hydrocarbon chain
length at comparable reduced temperatures within each
of these four series of synthetic PCs (Rice et al. 1987;
Balthasar et al. 1988; Ashgarian et al. 1989). Similarly,
the chain-averaged orientational order of the lipids of
the Acholeplasma laidlawii membrane decrease in the
order: cis-monounsaturated > trans-monounsaturat-
ed > methyl-anteiso-branched > methyl-iso-branched >
linear saturated when compared in the liquid-crystalline
state at comparable reduced temperatures above the gel/
liquid-crystalline phase transition temperature (Mac-
donald et al. 1983, 1984, 1985a, 1985b, 1985c). The
extent of such effects can usually be correlated with the
bulk and the rigidity of the substituent groups as well as
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Fig. 6 Unit cell basis vector lengths (A) versus A temperature (°C)
for 16-carbon ECL a-p-GIcDAGs, B reduced temperature [7-T},
(°C)] for 16-carbon ¢-pD-GIcDAGs, C temperature (0 °C) for
18-carbon a-D-GlcDAGs, D reduced temperature [7-T;, (°C)] for
18-carbon a-p-GlcDAGs, E temperature (0 °C) for 18-carbon PEs
(from Harper et al. 2001), F reduced temperature [7-T}, (°C)] for
18-carbon PEs. The d-spacings at T-T}, (°C) are listed in Table 5.
The symbols for each lipid are as follows: filled circles: di-
cis-monounsaturated; filled triangles: di-trans-monounsaturated;
empty squares: ethyl-anteiso-branched; empty diamonds: dimethyl-
iso-branched; empty triangles: methyl-iso-branched; empty inverted
triangles: methyl-anteiso-branched; empty circles: w-cyclohexyl-
branched; filled diamonds: di-saturated; empty octagons: di-cis-
diunsaturated

their position on the chain. One exception to this rule is
glycerolipids with acyl chains containing a terminal cy-
clohexyl group. In such cases, the cyclohexane ring ap-
pears to increase disorder in the gel phase, but increases
the order of the liquid-crystalline phase, producing a
smaller change in the chain-averaged orientational order
of the lipids across the transition relative to those of
saturated straight-chain compounds of the same ECL.
The inverse chain length dependence of 7Txp can be
correlated with increases in the cross-sectional area of
the melted chains. In the case of the a-D-GIcDAGs
studied here, many of the shorter-chain lipids also
readily form one or more inverted cubic phases at tem-
peratures below the formation of the Hyy phase. It has
been suggested that these Qp phases may represent a
compromise in terms of lipid molecular packing which
can be explained in terms of small differences in the
monolayer curvature or elastic free energy term of each
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inverted nonlamellar phase (Turner et al. 1992; Seddon
and Templer 1993; Templer et al. 1994, 1995). One
contribution towards this curvature free energy term
comes from the intrinsic differences in chain packing/
volume of the various hydrocarbon chain structures.
This seems likely since it has been shown that the
addition of n-alkanes can relieve the packing stress as-
sociated with the formation of an Hy; phase, effectively
lowering the 7j, (Kirk et al. 1984; Gruner 1985).
However, this does not explain the differences in the
distribution of Ty, Ty and ATy, on the absolute
temperature scale of the PEs and the «-D-GIcDAGs.

A comparison of the T},,, T}, and ATy N values for
the full range of chain lengths and chain structures in
both the PEs and a-D-GIcDAGs is possible using the
data listed in Tables 1, 2, 3, 4. The T, and T}, values of
the «-pD-GIlcDAGs are lower on the absolute temperature
scale than those of the PEs, yet cover a similar span
of temperatures in each lipid (7}, values: PEs, 54.2 °C;
oa-D-GIcDAGs, 51.9 °C; T}, values: PEs, 47.2 °C;
o-D-GIcDAGS, 44.0 °C). These T, and T}, values follow
a similar order in both the PEs and «-p-GIcDAGS,
which is dependent on the hydrocarbon chain structure
as follows: saturated straight chain>methyl-iso->
w-cyclohexyl- > methyl-anteiso- > dimethyl-iso- > trans-
monousaturated > ethyl-anteiso-branched. Consequent-
ly, the ATy N values generally show the same order of
dependence on hydrocarbon chain structure in both the
PEs and the a-D-GlcDAGs. This strongly suggests that
the differences in the hydrocarbon chain structure have a
generally similar effect on the L/NL phase properties in
both classes of lipids. However, in the PEs the ATy nL
values are generally larger than those of the a-pD-Glc-
DAGs (ranging from 5 to 25 °C in the 18-carbon ECL
o-D-GIcDAGs and from 25 to 35 °C in the 18-carbon
ECL PEs). Higher values of ATy indicate that the
PEs have a smaller propensity to form the Hj; phase
than do the a-pD-GlcDAGs with an identical fatty acid
composition. At this same ECL, the range of ATy /nL
values in the PEs is less than those in the a-D-GIcDAGs
(Fig. 4). The narrower range of ATy i values in the PEs
suggests that the PE headgroup has a greater ability to
counteract variations in the packing properties of
different hydrocarbon chain structures, such as the
hydrocarbon chain cross-sectional area and the chain-
averaged orientational order (see the discussion above)
than does the o-D-GIcDAG headgroup. This idea is
supported by the observation that, over the entire range
of chain lengths and structures of both headgroup con-
figurations, the ATy N values for the «-D-GlcDAGs
with linear, unbranched-chains are significantly smaller
than those with branched-chain structures (solid dia-
monds and solid triangles in Fig. 4). The corresponding
values for the PEs are also at the lower end on the range
of AT N1 values, but are not radically different from the
PEs with other chain structures.

Figure 4 also shows that in the o-D-GIcDAGs, the
ATy N1 values for the straight-chain (solid diamonds)
and methyl-iso-branched (open triangles) compounds
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fall along roughly parallel straight lines which differ in
their y-axis intercepts, whereas in the corresponding PEs
the straight lines are replaced by two curved, parallel
lines. In both cases, the regular increase in ATy N, with
decreasing chain length supports previous observations
that shorter chain lengths, and hence smaller bilayer
thicknesses, stabilize the L, phase and thus increase the
L,/Hy phase transition temperature. In addition, Fig. 4
suggests that the ability of the PE headgroup to coun-
teract the hydrocarbon chain packing properties in-
creases with decreasing chain length, significantly
expanding the temperature interval over which the L,
phase is stable relative to the corresponding regions in
the a-D-GIcDAG:S.

On the basis of the DSC and X-ray diffraction mea-
surements performed in this study, we have outlined the
relationship between these L/NL phase transitions in the
saturated straight-chain PEs and a-D-GIcDAGs in terms
of a general phase diagram outlining the dependence of
these transition temperatures on hydrocarbon chain
length (Fig. 7). Increases in chain length increase 7, and
decrease T}, whereas changes in chain structure shift
both T, and Tj, to lower temperatures in both the PEs
(Fig. 7A) and a-p-GIcDAGs (Fig. 7B) and may also
result in small changes in ATy N, depending on the
packing properties of the hydrocarbon chains in the Lg,
L, and Hy; phases.

The underlying mechanism responsible for differences
in the L/NL phase properties of PEs and a-D-GIcDAGs
(cf. Fig. 7A and B) containing the same hydrocarbon
chain structures is not immediately clear. It is obvious
that the molar specific volumes of the branched hydro-
carbon chains in the fluid phase are greater than those of
the unbranched hydrocarbon chains of comparable
length (see tables 1 and 2 of Harper et al. 2001). This is
most readily visible in the lipids studied here by a low-
ering of the T;,. These differences in hydrocarbon chain
molar specific volume are determined by a combination

of factors including conformational disorder, the effi-
ciency of the hydrocarbon chain packing in the fluid
state, and the elastic properties of the chain which de-
termine the average length of the hydrocarbon chains
above the T,,. The degree of conformational disorder
required to induce the lamellar to inverted nonlamellar
phase transition, as well as the rate at which confor-
mational disorder in the liquid-crystalline phase in-
creases with increasing temperature, is likely to differ
between compounds containing hydrocarbon chains
with different structures and chain lengths (Macdonald
et al. 1983, 1984, 1985a, 1985b, 1985¢; Lewis et al. 1994).
Thus, the relative change in both the length of the chains
and cross-sectional area at the methyl terminus as a
function of temperature would not be expected to follow
the same simple relationship in lipids containing these
different hydrocarbon chains. The extent of conforma-
tional disorder required to promote the formation of an
inverted nonlamellar phase in a lipid bilayer has recently
been investigated for some straight-chain lipids using
FTIR spectroscopy (Senak et al. 1991; Mendelsohn and
Senak 1993), but this has not been extended to bran-
ched-chain compounds, nor applied to branched hy-
drocarbon chains in the bilayer configuration.

Once the hydrocarbon chains are melted, one can
infer that this difference between the molar specific
volumes of the hydrophobic domains of two lipids with
the same headgroup configuration can then exert their
effects upon parameters such as intrinsic monolayer
curvature and the “preferred shape” of the lipid mole-
cule (however defined).

Headgroup and interfacial regions
From the thermodynamic data presented here for PEs

and MGDGs with two hydrocarbon chains, the extent
of the involvement of the polar headgroup in the L/NL
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phase properties in unclear. Recent investigations into
the formation of inverted phases in single-chain am-
phiphiles suggest that both the headgroup and the
chains are involved in determining both the lamellar and
nonlamellar phase morphologies (Woo et al. 1995; Lei-
tao et al. 1996; Sottmann and Strey 1997, 1998). DSC
studies of MGDGs containing two hydrocarbon chains
have shown that changing the orientation of the hy-
droxyl groups around the sugar ring or changing the
carbohydrate configuration from a hexopyranoside to a
pentopyranoside does not significantly alter T, but does
produce substantial changes the L/NL phase preference
(Hinz et al. 1991; Mannock and McElhaney 1991;
Mannock et al. 1992; Seddon et al. 1996; Duesing et al.
1997). However, it is not clear from the above mea-
surements exactly what role is played by the headgroup
and exactly how it regulates the L/NL phase preference
in MGDG:s. It is also not clear why the MGDGs tend to
form inverted cubic phases readily, whereas PEs with the
corresponding acyl chains do not (but see Cantor 1995;
Woo et al. 1995).

There are several important contributions to the
properties of a lipid polar headgroup including steric
effects, headgroup dynamics, hydrogen bonding, hy-
dration and electrostatic interactions. At a simple level,
one can view the a-D-GlcDAG headgroup as a bulky,
nonionic ring and the PE headgroup as a linear, ionic
chain. Differences in the relative increase in headgroup
T, relaxation and segmental order parameters measured
across the L/NL phase transitions in phospho- and
glycolipids have been reported and discussed by Jarrell
et al. (1987). Increasing the headgroup steric bulk by the
addition of one or more methyl groups to the headgroup
has different effects in the PEs and MGDGs (Gagne et al.
1985; Trouard et al. 1994). Sequential methylation of PE
lowers the T, and raises the T}, because the addition of a
methyl group increases the steric bulk, which weakens
the headgroup/headgroup attractive forces and allows
more water to penetrate into the interfacial region (Rand
and Parsegian 1992, 1997). As a consequence, the ten-
dency of the lipid to form nonbilayer structures de-
creases. Monomethylation of the f-p-GlcDAIKG also
lowers the T, yet it also appears to drastically decrease
the headgroup and interfacial hydration which, in turn,
destabilizes both the L; and L, phases and, as a result,
the L/NL tendency increases and the 7y is lowered
(Trouard et al. 1994). Thus, the same chemical modifi-
cation of a lipid headgroup can have opposite effects on
the L/NL phase preference in different lipid classes.
Moreover, chemical modification of the polar head-
group may also involve changes in the polar headgroup
hydration. This latter conclusion is supported by ob-
servations in which the substitution of D,O for H,O in
some diacyl PEs lowered the L,/H;; phase transition
more than it raised the Lg/L, phase transition (Epand
1990).

For the moment we can only assume that this
variation in lipid phase properties with headgroup
structure is a reflection of the ionic nature of the
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phospholipid interface which stabilizes the lamellar
phase relative to the nonlamellar phase (Rand and
Parsegian 1997). Lewis and McElhaney (2000) have
recently demonstrated that, in mixtures of cationic
lipids with various zwitterionic and anionic lipids, the
tendency to form nonlamellar phases is greatest when
the membrane surface charge approaches neutrality.
Whether a similar relationship is responsible for the
disparate L/NL behaviour of the PEs and o-D-Glc-
DAGs cannot be definitively answered at this time.
However, when the two lipids have chemically distinct
headgroup structures (p-glucose and phosphoryletha-
nolamine), the magnitude and nature of local interac-
tions (coulombic, steric and hydrogen bonding
including hydration) must be different and it is prob-
ably these headgroup contributions which are respon-
sible for regulating the ability of the respective
headgroups to counterbalance the packing properties of
the different hydrocarbon chain structures. This view is
supported by recent measurements of PE/DGDG bi-
layers using atomic force microscopy, which show that
the PEs possess a long-range electrostatic double-layer
force which is absent in the glycolipid (Dufrene et al.
1998 and refs cited therein). The sum total of these
events must ultimately determine the free energy of the
lamellar and nonlamellar phases in the two glycerolipid
headgroup configurations studied here.

X-ray diffraction

In order to examine the relative changes in d-spacings
independently of the L,/Hy; phase transition tempera-
ture, Ty, we replotted our X-ray d-spacings on a nor-
malized reduced temperature scale (7-T}; cf. Fig. 6a, c,
and e with Fig. 6b, d and f). It is clear from Fig. 6b, d
and f that the hydrocarbon chain length and structure
significantly alter the dimensions of both the L, and Hy;
phases in both the PEs and the MGDGs. The magnitude
of the d-spacings in the L, phases of the 16- and 18
carbon ECL o-pD-GIcDAGs (Fig. 6b, d and f) changes
with the structure of the hydrocarbon chains. Lipids
containing unbranched acyl chains have consistently
smaller spacings than do those that contain branched
chains. This suggests that the d-spacings are dependent
on the hydrocarbon chain-averaged orientational order,
which can be correlated with the bulk and the rigidity
of the substituent groups (see our earlier discussion).
In Fig. 6b, d and f, the lamellar d-spacings increase
in the following order: cis-monounsaturated > trans-
monounsaturated > methyl-anteiso- > methyl-iso- > linear
saturated > dimethyl-iso- > ethyl-anteiso- > w-cyclohexyl-
branched. In the Hj; phase the d-spacing decreases
rapidly with increasing temperature (Fig. 6b, d and f). In
addition, the d-spacings of the Hy; phases are dependent
on chain structure and increase in both the PEs and
the a-D-GIcDAGs in the order: frans-monounsaturat-
ed > cis-monounsaturated > methyl-anteiso- > methyl-iso-
> w-cyclohexyl- > dimethyl-iso- > ethyl-anteiso-branched.
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However, it is not apparent from the d-spacings alone
which part of the lipid molecule is responsible for this
change in Hy; dimensions. It is also interesting that the
dimensions of the Hj; phases of the 18-carbon-ECL
a-D-GIcDAGs are smaller than are those of the corre-
sponding PEs.

These similarities in the dependence of the Hy di-
mensions on chain structure in the PEs and o-p-Glec-
DAGs suggest that the mechanism of the L,/Hy; phase
transition might be regulated primarily by changes in the
length of the hydrocarbon chains across the transition in
both lipid classes. Fourier reconstruction was used to
determine the structural dimensions of the 18-carbon
ECL PEs (Harper et al. 2001) from their d-spacings
(Fig. 6e, f). These measurements were only performed
on the PEs because insufficient quantities of the glycol-
ipids were available to perform similar Fourier recon-
structions. Moreover, several additional problems arise
in obtaining data from these glycolipids using the hy-
dration/swelling method commonly employed in
phospholipid structural measurements. Of these, the
most difficult to overcome is the poor hydration prop-
erties of these MGDGs. Sen et al. (1990) managed to
overcome this problem in their measurements of a series
of saturated straight-chain a-p-GIlcDAGs by increasing
the thickness of the bilayer by changing the length of the
hydrocarbon chains in order to rebuild the continuous
transform from the scattering amplitudes (Adachi 2000).
However, in the work of Sen et al. (1990), this meth-
odology was only reliable for lipids containing saturat-
ed, straight hydrocarbon chains with chain lengths
ranging from 14 to 20 carbon atoms. At shorter chain
lengths, it was more difficult to accurately determine the
position of the lipid/water interface because the pene-
tration of water molecules into the lipid bilayer shifted
the position of the polar/apolar interface relative to that
of the electron density minimum at the bilayer centre. In
the present study, because changing the hydrocarbon
chain structure also altered the density minimum at the
bilayer centre, it was not possible to apply the method of
Sen and co-workers. Furthermore, the absence of an
electron dense phosphorus atom in the glycolipid inter-
face makes it impossible to use the same methods which
have been applied to the PEs (Turner and Gruner 1992).
The absence of these key characteristics makes the cal-
culation of the lipid/water interface in these MGDGs
much more difficult. Indeed, any Fourier reconstructions
obtained from the glycolipid chain structure variants
would all be unique and would require the application of
different and more complex analytical methods.

In the Fourier reconstructions of the 18-carbon ECL
PEs, the structural parameters of interest are the unit cell
basis vector lengths (d), the water thickness (w and 2r),
the average lipid thickness (</>) and the average area
per lipid headgroup (A4). Those structural parameters are
defined in Fig. 8 (Harper et al. 2001) and the resulting
dimensions, plotted on a reduced temperature scale, are
shown in Fig. 9. Comparison of the unit cell basis vector
lengths and the water thickness on the reduced temper-

N
A w

Fig. 8 Typical terminology used in this study to describe A the L,
dimensions (d is the d-spacing, / is the lipid length and w is the
thickness of the water layer between the lipid bilayers) and B the
Hj; dimensions (d is the d-spacing, /,;, is the minimum lipid length,
Imax 18 the maximum lipid length and r is the water core radius).
Note that, in both diagrams, A is the headgroup area at the lipid/
water interface and S is the area of the hatched region

ature scale (Figs. 6f and 9a) shows that the Hy; phase is
not formed at a critical L, phase bilayer thickness, as we
had previously suggested (Lewis et al. 1989). From Fig. 9
it is clear that in the L, phase the average lipid length
(Fig. 9b) decreases with increasing temperature for all
hydrocarbon chain structures, while the headgroup area
at the lipid/water interface (Fig. 9c) is forced to increase.
The thickness of the water layer in the L, phase gradually
decreases and is within 1 A for all hydrocarbon chain
structures at the phase transition. The water layer
shrinks at roughly the same rate as the headgroup area
expands, implying that the aspect of the headgroup area
that sets the water layer spacing varies inversely with
headgroup area. At the L,/Hy; phase transition, the
water layer thickness abruptly increases while the head-
group area shows a dramatic decrease. At the same time,
the lipid length shrinks by about 1.5 A, irrespective of
the hydrocarbon chain structure. Above the transition to
the Hy phase the headgroup area remains constant,
while the water-layer thickness decreases with increasing
temperature for all chain structures examined. There is
also a gradual change in the lipid length with increasing
temperature, but the rate of change is the same above
and below the transition.

The following picture has been suggested as an ex-
planation for this behaviour (Harper et al. 2001). As the
temperature increases in the lamellar phase, gauche
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Fig. 9 A Water layer thickness versus reduced temperature [7-T},
(°C)]. B Average lipid length versus reduced temperature [7-T}
(°C)]. C Headgroup area at the lipid/water interface versus reduced
temperature [7-T}, (°C)] for the 18-carbon ECL PEs. Values of w
(orr), <I> and A at T-T}, (°C) are listed in Table 5. The symbols
for each lipid are as follows: filled circles: 18:1¢A9-PE; filled
triangles: 18:1tA9-PE; empty squares: 20:0.,;-PE; empty diamonds:
20:04mi-PE; empty triangles: 19+-PE; empty inverted triangles: 19 -
PE; empty circles: 21:0.,-PE. Note that in the Hy phase the
headgroup area was constant to within the error bars of these
measurements

rotamers are excited in the chains, resulting in a gradual
decrease in the lipid length. With this decrease in length
comes a concomitant increase in the area per molecule at
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the lipid/water interface as the hydrocarbon chains splay
outward. At a nearly constant volume per lipid mole-
cule, the one-dimensional geometry of the lamellar
phase has only one degree of freedom, so a reduction in
the lipid thickness necessarily results in an increase in the
area per headgroup. At the L,/Hy; phase transition, the
energetic cost of maintaining this increase in the head-
group area becomes too great and the system is forced to
adopt the Hyy phase. Since the two-dimensional geome-
try of the Hy; phase has two degrees of freedom, the lipid
monolayer thickness can change independently of the
area per lipid headgroup and thus the lipid chains and
headgroups are allowed to assume their respective de-
sired states. The fact that the headgroup area in the Hyy
phase does not depend on the hydrocarbon chain
structure is clearly shown in Fig. 9c. This in turn sug-
gests that the unfavorable change in lipid headgroup
area, enforced by the change in the lipid layer thickness
in the lamellar phase, may be viewed as driving the
phase transition (Tate and Gruner 1989).

To test the hypothesis that there is a desired head-
group area for a given headgroup in the PEs and o-p-
GIcDAGs, we developed a simple model. The purpose of
this model was not to provide an elaborate and complete
description of all of the physical forces responsible for L/
NL phase transitions, but to model the new perspective
suggested by our data. This simple model assumes that a
component of the system free energy is minimized when
the headgroup area, 4, is equal to some desired area A4,
The simplest mathematical form for such an energy is
Fy = oa((4 — Ag)/A4)*, where o is a constant. In the Hy;
phase there is a packing energy, as described in Gruner
(1992), which arises from disorder in the hydrocarbon
chains and, therefore, is probably entropic in nature, so
it would be temperature dependent. The simplest form
for such a dependence is Fp= T, where f§ is a constant
and T is the absolute temperature (Kelvin). If we assume
that packing energy considerations in the lamellar phase
are negligible and that headgroup area changes in the
hexagonal phase are negligible (e.g., see Gruner 1992),
then at the phase transition one expects Fa = Fp, i.c.,

Table 6 A comparison of the

calculated and measured L/Hy, Lipid Transition temperatures (°C)

phase transition temperatures ] .

for the PEs and #-D-GlcDAGs PE Measured Calculated Difference

containing 18-carbon effective .

chain length acyl chains. The %g%fﬁg égg éé +Jr1}1

headgroup area used for the 20:0 ] 52'0 53 +1

glycolipid calculations was 20:02'““ 74'0 70 4

45.4 A® 19:0,; 80.5 78 25
19:0; 88.0 87 -1
21:0cp 82.8 85 +2.2
o-D-Glc Measured Calculated Difference
18:1:A9 34.0 50 +16
20:0¢4; 30.5 34 +3.5
20:04m; 56.4 48 -8.4
19:04 60.5 59 -1.5
19:0; 69.0 70 +1
21:0cp 63.6 67 +3.4
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BT = a((4 — Ag)/40)*. Rearranging yields a/ff =
T/(4—Ay/Ayp)". We may use the data in Fig. 9c and
Tables 3, 4, 5 to find 4 and T in the L, phase and 4, in
the Hy; phase at the L,/Hy; phase boundary. The average
value of the packing parameter is about o/f=3000 (K)
for the average desired headgroup area of 4q=47.5 A2,
As a check on the accuracy, if we reverse the process by
setting o/f=3000 and 4y,=47.5 A? and calculate where
the L,/Hy; phase transition temperature, T, for the PEs
in terms of the measured values of 4 at the L,/Hy; phase
boundary, we get calculated T values which are within
error (5-10 °C, see Table 6).

For comparative purposes, if we assume that the
headgroup area in the L, phase of the corresponding
o-D-GIcDAGS is set by the chains and that the ratio of
constants is the same (i.e., o/f=23000), then the only
difference is the desired headgroup area, 4,. From our
previously published phase diagram of the di-dodecyl-
p-D-Glc-rac-glycerol (Turner et al. 1992), we have a
corresponding headgroup area, 4,=45.4 A2, The data
calculated from this reverse application appear in
Table 6 and show excellent agreement with the observed
L,/Hy; phase transition temperatures in four out of the
six a-D-GlcDAGs. This suggests, but by no means
proves, that the general mechanism of the L/NL phase
transition is the same in both lipids, despite the obvious
differences in the chemical configuration of their head-
groups.

The crude mathematical model presented here must
only be considered as preliminary and not as a definitive
analysis of the L/NL phase transition. Despite the ab-
sence of complex variables describing the various
headgroup and hydrocarbon chain interactions, which
are often evident in a theoretical treatment of the L,/Hyy
phase transition event, this empirically derived analysis
seems to have some merit. It should be noted that similar
functional forms for the free energy have been inde-
pendently developed (Marsh 1996a, 1996b), though im-
portant contrasts exist. For instance, this model
considers the lateral elastic strain to be primarily local-
ized in the headgroup region, while Marsh distributes it
throughout a given monolayer. As a first approximation
of the structural parameters involved in driving the L,/
Hiy; phase transition, the model presented here suggests
that those same parameters determine the transition to
the Hy phase in both the PEs and the o-pD-GlcDAGS.
Such an explanation would certainly explain the differ-
ences in the nonlamellar phase preference in the various
hexopyranoside and pentopyranoside diacyl- and dial-
kylglycerols which have been investigated to date (Hinz
et al. 1991; Mannock and McElhaney 1991; Mannock
et al. 1992; Seddon et al. 1996; Duesing et al. 1997).
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