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Heating and cooling thermograms of unsuluml\.u MGDG samples isolated from: the leaves of Vicia faba are surprisingly
featureless. This refleets the low ¢ with phasc tronsitions in highly unsaturated lipids and the fact that these
transitions, in tiic case of MGDG, are to a large extent masked by thase assoeiated with the freczing and melting of ice. Careiul
choice of thermal heating/ ccoling regimes, combined with the use of real-time X-ray diffraction and freeze-fracture measure-

ments, permits a detailed analysis of the

¢ behaviour of the sysiem. The
shown to be basically similar to that seen in saturated MGDG samples. The |

s¢ behaviour of unsaturaled MGDG samples is
¢ which exists in the inverted hexagonal (Hex,,)

liquid crystal phasc at room temperature forms a highly disordered lametiar gel (L) phasc on cooling to temperatures below

about ~ 15°C. On ret this first iscs al a

of about - [0°C to form a well-defined L, phase, Above

about —2°C, this melts to re-form the Hex;; phasc. Samples re-cooled from temperatures between —2°C and 14°C revert
directly to the L, phase while samples ccoled from higher temperatores form the Ly, phase. This reficcts lhu fact that the

former samptles contain small amounts of unmeited L phasc lipid. The i
d with the of |

of the geacral pi

oflhcscc‘* rrvations are d in terms

Introduction

Study of the phase behaviour of the sugar-contain-
ing glycolipids, common in plant and bacteria! mem-
branes, has tended to lag behind corresponding studies
on the phospholipids which dominate the ition
of animal cell membranes. While there has been a
recent upstrge of interest in the properties of glucosyl-
diacylglycerols of the type found in bacteria {1-4],
much less attention has becn paid to the phase be-
haviour of the closely related galactolipids which domi-
nate plant membrane lipid composition.

The phase behavicr of the galactolipid monogalacto-
syldiacylglycerot (MGDQG) is of special interest in that
it is the major membrane [ipid found in photosynthetic
nembsanes of higher plants [51 1t is a non-bilayer
forming lipid which normally hydrates to form into
cylindrical inverted micelles that pack in a hexagonal
lattive giving rise to the inverted hexagonal. or Hex,,,
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phase at room temperature [6]. At lower temperatures,
this transforms to a lamellar phase. In the case of the
Cy, and C;y homologues found in biolegical mem-
branes. at least, the lipid transforms directly to the
lamellar gel (L) phase rather than via a lameflar
liquid crystalline {L,) phase (7). In its native form
MGDG is usually highly unsaturated. The main fatty
acid substituents in the chioroplast membranes of
higher plants are linolenic (18:3) and linoleic (18:2)
acids [5}. The mujority of tie published studies vn the
phase behaviour of MGDG have, however, been car-
ried out using fully-saturated lipids obtained by hydro-
genation [7-9] or highly saturated lipids isolated from
thermophilic cyanobacteria [16,11). Shipley et al. [6]
have performed X-ray diffraciion studies on unsatu-
rated MGDG isolated from Pelagonius: but these
studies were almost entirely restricted to measure~
ments above 0°C where the lipid was in the Hexy
phase. A value of —30°C was cited for the gel-to-liquid
crystal phase transition temperature but no data were
presented to support this value.

In this study a range of physical techniques are used
to investigate the phase behaviour of unsaturated
MGDG isolated from the leaf tissuc of Vicia fuba. The
phae behaviour of this lipid is shown to bt more
complex than is eenerally appreciated. The resuiss ¢b-
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tained raise a number of interesting questions regard-
ing the factors governing the measurement of lipid
phasc transitions at temperaturcs below the freczing
point of water.

Materials and Mcthods

Monogalactosyldiacylglycerol isolated from the
Ieaves of Vicia faba (broad bean) was purchased from
Lini¢ Products (Redhill, UK) and stored in chloro-
form/ methano! (2:1, v/v) under nitrogen at —70°C.
Gas chromatograpty and TLC meusurements werc
performed as described clsewhere {12,13] The acyl
chain composition was 84% by weight linolenic acid
(18:3), 5% linoleic acid (18:2), 2% oleic acid (18:1),
4% stearic acid (18:0) and 5% palmitic acid (16:0).
These values are in reasonably good agreement with
those rcported in carlier studies performed on Vicia
fabz MGDG [12,13). The lipid showed only a single
spot when subjected to TLC. As lipid extracted {rom
the TLC plates yielded identical thermograms io those
of the lipid as purchascd, the putchased material was
wsest without further purification.

Diffevential scanning calorimetry (DSC).
were prepared by drying tie dipid using a vacuum
dessicator and then hydrating it with distilled water ir.
a ratio of 1:2 lipid/ water by weight so that water was
present in excess. Care was taken to avoid lipid oxida-
tion. Heating and cooling scans wer2 performed with a
Perkin-Elmer DSC 2 (Pcrkm Elmcr Ltd., Bucks., UK)
fitted wi*h a sub y. Temperature cali-
bration was achicved using indium and dodecanc stan-
dards and enthalpy calibration using indium. Transi-
tion temperatures were taken to be the intercept of the
tangent of the rising peak slope with the basclinc, A
scanning rate of § €°/min was employed. Control TLC
measurements showed no appreciable degradation of
the lipids during the course of the measurements.

X-ray diffraction. Real-time X-ray diffraction was
conducted at station 8.2 of the Daresbury Synchrotron
Radiation Source. The samples, prepared as described
above, were munted in the X-ray beam between mica
sheets in a niodified Linkam THM6M{ temperature-
controlled microscope stage (Linkam Scientific ipstru-
ments, Surrcy, UK). A monochromatic X-ray beam
(0.15 nm) was used and the diffraciicn pattern de-
tected by a quadrant detector. The samples were sub-
jected to controfled heating and cooling scans al rates
of 5 C°/min betwzen defined temperature limits. The
data coliection system allowed 255 diffraction patterns
to be collected ronsccutively with a 10 ps wait-time

Samples

between patterns. The cxpesure tiie for each pattern
Wi 4 s,
Freeze-fracture. les were ed in a temper-

ature-controlled environment chamber constructed in
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Fig. 1. Typical thermograms of an unsaturated MGDG sample cycled
between -~ SO°C and 20°C at a rate of § C°/min (a) vooling scan und
{b) heating scun.

this luboratory which allowed cooling and heating be-
tween 20°C and --50°C at rates approximating to 5
C*/min before plunge quenching in nitrogen slurry.
The samples were fractured and shadowed at —150°C
in a Polaron frecze-fracture unit (Bio-Rad, UK).

Resulis

Differential scanning celorimesry

Typical thermograms obtained for MGDG on heat-
ing and cooling between 20°C and —50°C are displayed
in Fig. 1. The thermograins are surprisingly feaiureless
when compared to the heating and cooling thermo-
grams ohtained with saturated MGDG sampies (7).

On cooling from 20°C, a large exotherm is observed
at around — 10°C as illustrated in Fig. ia. It, however,
merely reflects the freezing of supercooled water in the
sample, The degree of supercooling varied in cilierent
scans but freezing usually took piace at ¢ temperature
between —10°C and —18°C. A much smaiier vroad
exotherm, corresponding lo a molur enthalpy of ap-
proximately 1.0 keal /imol, centered at about —30°C
together with a sharper exotherm centred at about
—40°C is observed at lower temperatures, Samples
cooled just sufficicntly o trigges the heterogenedus
nucleation of water, reheated to --2°C and immedi-
ately recovied showed just the low enthalpy transitions
centered at —30°C and —40°C. The small exoiherm
ceatred at about —40°C is commonly seen in lipid
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Fig. 2. Typical thermograms of an unsutnrated MGG s»mple cycled
hetween ~5U°C and 15°C at a rate of § C*/min {a) cooling scan, (b)
heating scan and (c} heaung scan obtained when the sample was
heated from — 10°C to prevent icy. fusmation, instead of - S0°C.

samples [21] and is almast certainly due to the homoge-
neous nucleation of isolated pockets of supercooled
water, The broad exotherm centred at —30°C in con-
trast, would be expected to be associated with a lipid
transition,

On reheating the sample from —5(°C, an exotherm
starting at —10°C is first observed. This is, closely
followed by a large endotherm at 0°C, corresponding to
the melting of ice, and a smaller overlapping en-
dotherm centred at about 8°C, as shown in Fig. 1b.
This behaviour was observed in repeatad scans and did
not appear to vary with time spent av either 20°C or
-50°C,

The cooling thermogram is, however, greatly influ-
enced by the temperature to which the sample is
heated prior to cooling. If the cooled sample is heated
to 10°C rather than 20°C before re-coolirg, a thermo-
gram of the type displayed in Fig. 2a is ohained, A
new exotherm appears with an onsct tenwperature of
about -2°C and a molar enthalpy of approx. 9
keal/mol. This is followed by the usual ice cxotheim at
about —15°C. The small broad exotherm centered at
— 3°C and the sniall exothiern seen at —-40°C are very

™

much reduced under these conditions and ofien disap-
pear altogether.

The heating ther am obtained on rch
samples cooled from 10°C alsa differs from that ob.
tained from samples cooled from higher temperatures
(cf. Fig. 1b ard Fig. 2b). The exotherm prior to the ice
endotherm is no longer present suggesting that thc
cooling exotherm at about —2°C reflects the accur-
rence of a transition to a low-temperature phase which
can occur in samples heated to iess than 12°C but not
in those heated to higher temperatures. The cxotherm
secn in the heating curves of samples cooled from
temperatures above 12°C thus appears to reflect a
belated occurrence of this transition to this low-tem-
pereture phase,

Qn this basis, the heating endotherm centred at
about 8°C should correspond to the transition from the
low-tsmperature phase back to the high-temperature
phase that nosinally exists at temperaiures above 12 C.
Estimation of the enthalpy of this transition is difticult
in thermograms of the type shown in Figs. 1b and 2b
because of the ovetlap of the ice pcak. This problem
wus overcome by making sure thai tne temperature of
the sample did not fall low enough to trigger ice
formation, i.c., reheating the sample before the super-
cooled water present in the sample had a chance to
freeze, An example of such a measurement is shown i
Fig. 2c. The heating endotherm measured uncer these
conditions has an onset temperature of —2°C and =
molar enthaipy value of 9.6 £ 0.5 kcal/mol.

Samples cooled from temperatures above 12°C
lacked this new coolinz emiotherm and yielded ther-
mograms of the type shown in Fig. ia. ii, the sampies
were cooled to —10°C and reheated before water
freezmg ogcurred, the thermograms were completcly

indicating that the ples had ined in
the high-temperature phase through the cooling/
heating cycle.

‘The normal high P uie DllaSA. it
and unsaturated MGDG samples is Hex,, [8,12]. The
lov ature phase obtained on ceoling from the
Hex,, phose, in saturated samples at least, is L. This
Ly phase can then undergo an exothermic relaxation
or storage to onc of two possible crystalline sub-gei
phases L, or L, [7,9). The relationship between this
phase behaviour and that of the unsaturated lipids as
reflected in the thermal data is not immadiately obvi-
0us,

X-ray diffraction
In order to obtain a clearer idea of the origin of the
differert transitions seen in the thermal measure-
ments, real-time X-ray diffraction measurements were
mads vuder similar conditions to those used in the
38C endies. A series of diffraction patterns obtained
ern cooling the sample from 20°C to ~ 50°C at a rate of
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scan in the same relatively disordered phase seer in
the cooling scan. At around —20°C, a shouider beging
tn grow on the high d-spacing side of the first-order
peak and second- and third-order maxima character-
istic of a lamellar phase with a d-spacing of about 5.4
nm start to become visible, Above — 10°C, the intensity
of this new first-order peak increases rapidly. Shortly
afterwards, a new set of diffraction orders begin 1o
appear which by —2°C can be clearly assigned to an
Hex; phase. Continued heating leads to a grovith of
lhxs Hex, phasc at the expense of the newly formed-

{lar phase. By the time that the sample reaches

Scettaring Intenslty <=

8{nm=1)

Fig. 3. Selected frames from a series of real-time, nurrow-angie X-ray

siffraction paiterns of d MGDG during a cool-

ing scun from 20°C 10 - 50°C carnied out at u cooling rate of §

C°/min Hlusirating the conversion of the sample from the Hex,, to
the Ly phase.

5 € /iuin s presented in Fig, 3. A very slow transition
beginning at around — 15°C and continuing to the cnd
of the scan is abserved. Mote detailed diffraction pat-
terns of samples measured at 20°C and —40°C are
presented in Fig. 4. Repeat scans were effeciively iden-
tical suggesting that radiation damage was not a major
factor in these measurcments.

The diffraction maxima of the sample measwed at
20°C, as anticipated, index in a ratio of 1:1/v3 : 1/vV4
and arc characteristic of a Hex,, phase with a J-spac-
ing of 5.71 nm. In agreement with the thermal data, a
broad transition starting at about - 16°C is scen on
cooling. The icw temperaiure diffraction pattern, how-
ever, is very poorly defined. The narrow-angle region
consists of a first order maximum together with some
indication of two poorly resolved peaks possibly corre-
spoending to second and third order maxima of a lamel-
lar phase. The d-spacing calculated from the first crder
maximum is 460 nm. Two poorly defined maxima
were visible in the wide angle region of the diffraction
patte.n a: 0.38 and 0,36 am (Fig. 4). These maxima
which first appear at —17°C are, for reasons vudined
below, attributed to the two stronger of the three
diffraction maxima of the hexagonai ice pattern [15].
No obvious wide-angle diffraction peaks of the type
normally associated with: cither the L, or L, phases of
MGDG [7,9] were observed.

A sccond set of X-ray diffraction patterns werc
collected as the semple was reheated from — SO°C. The
narrow-angle region of 2 sclection of these patterns is
dispiayed in Fig. 52. The sample started the heating

7°C, the Hex;, phase is the dominant phase and the
d-spacing has swollen to 5.8 nm.

Further cvidence of these iransitions comes from
the cor ding wide-angle data, of which
are presented in Fig. 5b. At —S50°C, the scatter in this
region is diffuse apart from the two small peaks at 0.38
and 0.36 nm. This situation continues until at —11°C,
the lipid chain order suddenly increases and two new
diffraction peaks appear at 0.485 and 0.43 nm. The
0.38 and 0.36 nm maxima disappear abruptly at 0°C
confirming that they arise from ice but the 0.485 and

Log Scattering intansity
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Fig. 4. X-ray diff patterns of d MGDG at

£4) 20°C uud (b} afier cooling 10 — 4U°C, The arrows m the low-unglc
regitnr inuicais the diffraction manimy useu o characterise the
phase. 'Thase in the wide-ungle indicate the maxiny: auribated to ices




0.43 maxima persist until around 6°C when they are
replaced by a broad peak centred at 0.46 nm charucter-
istic of fluid chains.

The wide-angle maxima at 0.485 and 0.43 nm clearly
reflect the packing of the lipid acyl chains. Simitar
maxima centred at 0.46 and 0.41 nm arc seen in the L,
phase of distearoyl MGDS [11] suggesting that the
transitory lamellar phase formed at — 10°C is an L,
phase. Freeze-fracture data, discussed below, walirm
that the pooely coeanised precursor phase is alse 4
lamellar phase. In the absence of wide-angle diffrac-
ticn mavima arising from the lig™' chains, assignment
of this latter phase is difficult. The obvious candidates
are the L, phase and the L, phase seen in saturated
MGDG samples stored at low temperatures {9,11].
Bo(h of these phascs, ia saturated MGDG at least, are

ised by smalier d than the L, phase
and are capable of undergoing exothermic transitions
to the L., phase. The fact that the L; phase is nor-
mally the first gel phase formed on cooling non-bilayer
lipids and that the L phases, if seen, are usually only
scen after storage at low temperatures strongly sug-
gests that the disordered lamellar phase initially formed
on cocling MGDG is a partially ordered Lz phase.

81

A similar set of X-ray diffraction measurements was
carried out to determine the origin of the cxotherm
observed at around —2°C in samples cooled from
teniperatures below 12°C (Fig. 2a). The resulting pat-
terns are presented in Fig, 6. At 7°C, the sample was in
the Hex,, phase (d =5.85 nm, wide-angle diffraction
centred at 0.46 nm). At --5°C a transition to a highly
ordered lamollar phase took place which was coin-
pleted by —15°C. The low-teniperature phase obtained
under these conditions clearly differs from that ob-
tained when the samplcs are cooled from a starting
temperature of 20°C {cf. Figs 3 and 6).

A full diffraction pattern for tuis phase, collected at
—30°C, is presented in Fig. 7. Fouvr orsers of diffrac-
tion indexing in the ratio of 1:1/2:1/3:1 /4 indicate
that the phase is lamellar with a repeat spacing of 5.69
nm. The wide-angle region consists of two lipid peaks
centred at 0.48 and 0.43 nm and the two ice peaxs at
about 0.38 and 0.36 nm. The low-temperature phase, in
this case, is clearly identical to the transitory lamellar
phase formed in the reheating experiments illustrated
in Fig. 5 and shows all the characteristics of an L,
phase. The extra reflection at 0.786 min seen in the
central region of the diffraction pattern probably coi-
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Fig. 5. Selected frames from a series of real-time X-ray diffraction patterns of unsaturated MGDU measured during a heating scan {rom — —S0°C
0 20°C curricd out at a heating rate of § C°/min illustrating the con\:mun of the sample first from the disordered low-temperature gel phase to
The

the Ly phase and then from the L, to the Heayy phase (a) nac

and (b) wide-angle 1 at

which the duta was cu\lccled are indicated in lln- tigure.
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Fig. 6. Selected frames from 2 series of real-time. varrow-ungle X-ray

patteras of d MGDG i during a cool-

ing seun from 10°C to =50°C carried out @t o ceoling vatc of 5

C /min ilustrating the direct conversion of the Hexy to the o,
phause in samples retaining o ucteus of L, phase lipid,

responds to the maximum. attributed to an ordering of
the sugar residues of the lipid headgronps, scen at
about 0.69 nm in the distcaroy! derivative [9].
On-reheating (data not shown) this L phasc con-
verts directly to Hex ;. The transition started at —2°C;
the ire peaks disappeared by 1°C and the L, peaks
persisted 10 5°C. Again, this matches well with the
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Fig. 7. Keray diffraction pattern of unsaturated MGDG canled to
=MPC. The sample was pre-canted to — SO0PC, heated to HWI'C and
re-cooled to the measuring temperature directly before mea-
surement. Arrows indicate the aw-angle diffraction maxima used 10
characterize the lamelitr phase, Diffraction maxin.g indicated by A,
aitributed 1o the sugar headgroups, (he tipid chaine and iee,
tespec.ively.
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Fig. 8 Diagram illustrating the pattern of phase transitions observed

for unsaturated MGDG. Solid [ines indicate transitions observed in

the DSC. Dashed lines indicate the pussible involventent of a second
crystaliine gel phase {L ). See text for details,

therrnal dita displayed in Fig. 2b which showed just the
one lipid transition occurring at ~ 2°C. The lack cof any
exotherm at — 10°C reflects the fact that the lipid is
already in the L, phasc at low \ermperatures and that
as such no exothermic transition between the Ly and
L., phases occurs on heating.

"Yhe differencs between the phase behaviour of sam-
ples cocled from temperatures below 12°C and those
cooled trom higher temypceratures thus appears to re-
flect the retention of a smail component of lipid in ihe
L., phasc until around 12°C. This s then able to
ruoleate a Hexy; — L, transition on re-coaling the
saple, Above 12°C, the L, — Hex, transition goes to
cumpletion and this nucleation process then cannot
occur.

A diagram illustrating these various transitions is
presented in Fig. 8. It closely resembles earlier schemes
put forward to account fer the phase behaviour of
saturated MGDG samples [7.9). The existence of a
second gel crystal form L, as a possible intermediate
on the pathway from L, to L, it indicated in the
diagram. This is based on the obscrvation that an L,
phase that converts ta Ly on heating is formed on
low-temperature storage of the L, phase of saturated
MGDG samples [7]. Tt must be emphasised that no
e for the formation of L., was obtained
in the present experiments.

Freeze-fracture electron mticroscopy

As afinai confirmation of this scheme, the identity
of the different phases was cxamined by freeze-frac-
ture measurements. The heating and cooling regimes
used in the DSC and X-ray diffraction measvrements
were reproduced in the controlled heating/ cooling
chamber mentioned in Mcthods, alluwing samples to
be thermally guenched at different stages in the cycle.
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Fig, 9. Freeze-fracture electronmicrographs of samples thermatly quenched following different heating /covling repimes (a) sumple cooled from
20°C t - 50°C, (b) sample pre-cooled W —~ S0°C, re-heated to 16°C prior (o fine] cooling o = WC, Scale bars 1 zm,



Samples quenched directly from 20°C were in the
Hexy, phase as cxpected (data not shown). Samples
cooled from 20°C to ~50°C at a rate of 5 C°/min
formed liposomal struciures indicating that they were
in a Jameilar phase. However, as iliustrated in Fig. 9a,
a significant amount of Hex, phase lipid remains
indicating that the tramsition to the lamellar phase
docs not reach completion. The clectronmicrograph
presented in Fig. 9b, shows a replica of a sample whick

has first bzen cooled to —50°C, allowed to rewarm to-

10°C and then rzceooled to — 10°C before thermal
quenching. According to the scheme proposed ahove,
the sample should be in the L_, phase. The replica
cleariy shows that the lipid is in u non-liposomal lamel-
lar phase. The bilayers are arranged in curved multi-
Tamellar stacks distributed in a haphazard fushion
closeily ing struclures p: lv reporied for
the L, phase of saturated MGDG sampies [10].

Estimation of size of nucleating L, fraction

Traces of the diffraction patterr of the 1. phase
can be detected up to a temperature of around 8°C in
narrow-angle X-ray diffraction nicasurements of the
type shown in Figs. 5a. The proportion of the lipid
remeining 12 the L, phase is, however, more easily
estimated from D3T measurements.

A series of DSC sczas were made to determine the
enthzlpy of the Hex,, — L., transition on cooling fol-
lowing an initial pre-heating to different tenuperaiurcs
in the range 6-14°C. The measured enthalpy values.
fisted in Table 1. i slowly with i ing tem-
perature between 6 and 12°C and then fall abruptly to
zero. The true enthalpy of this transition is taken to be
9.6 kcal /mol, the value obtained from heating scans of
the type shown in Fig. 2c. The reductions in enthalpy
of the transition on cooling are attributed to the pres-
ence of lipid that has remained in the L, phase and as
such docs not contribute to the subsequent Hex; — L,
transition. The proportion of lipid remaining in the L,
phase at the different starting teraperatures (i.c., the
proportion of nucteating L., in the samoles) is taken io
cqual the proportional reduction of the measured en-
thalpy with respect to the value calculated from a full

TABLE 1

E3ti of she i
phase of samples preheated to zlr,fmnl lemwmmus

Upper 1emperature Enthalpy of Proportion of
prior to cooling Hexg-L, lipid remaining i1
Cy transition L, phase
(kcal/mot) (%)

[ 25105 22

2 82,05 T
1w S.1+05 5
2 63200 3
14 ()] o

heating curve. This varies fiom 22% a1 6°C down to 3%
at 12°C. These values were independent of the time
spent at the given temperatures and probably reflect
the p of smal! of more-saturated
wwolecular specics that have rather higher phase transi-
tions titan the bulk of the sample,

Discussion

Unsaturated MGDG isolated from the leaves of the
broad bean Vicia faba consists predominantly of the
dilinolenoy! (di-18:3) derivative of the lipid [12,13]. Iis
phase behaviour, after duc allowance is made for the
obnervational difficulties associated with the fact that
moy of the important transitions take place at temper-
atures below the freezing paint of water, is summarised
in Fig. 8. This behaviour is very similar w0 tha. previ-
ousiy reported for the fully saturated distearoyl (di-
18:0) derivative {7.9]. In both cases, the high-tempera-
tuzre phase is the Hex, phasc and this converts to an
L, phase which subsequently undergoes aa exothermic
reorganisation to an L, phase(s). X-ray diiraction
measurements revealed the formation of an L ; ohase
dirertly equivalent to that scen for saturated lipids. No
dircct evidence was found for the formation of the
corresponding L, phase sheerved on low-temperature
storage of the saturated lipid. This may, however, sim-
ply reflect the difficulties involved in performing the
appropriate long-term storage expeviments.

The major diffe:ciice between the unsaturated and
saturated lipids is that the Hexy, — L, trausition in the
unsaturated lipid appears to be both much hroader and
of a much lower enthalpy than the correspondinyg tran-
sition in saturated lipids. In our experimepts, the Hex,,
= L, transition starts at about ~ 15°C and appears to
be incomplete, as judged by freeze-fracture electron
microscopy, even ai temperatures as iow as —50°C.
There is alsc ne sign of the sharp wide-angle diffrac-
tion muximum at about 0.4; nm normelly associated
with the hexagonal packing of tne acyl chains in the L
phase.

There are 2 number of well-documénted studies of
low-temperature gel to Hguid-crystal phase transitions
occurring in phosphatidylcholines in which one, or
hoth, the acyl chains ase polyunsaturated [16-24). A
cnmimon feature of these reports is that the transitions,
like those reported here far polyunsaturated MGDG.
are characterised by broad transitions with low en-
thaipies. T! cse effacts are pamculany marked i the
case of hatidylcholines ing two poly-
unsaturatcﬁ residucs whcic the transitions often span
26-30°C and have mofar enthalpies of only 1-2
keal /mol [23,24]1
Keough and Karicl [23] have suggested that this
broadening of the tr might reflect the forma-
tion of very disordered gel phases, or the involvement




oi intermediate states in the transitions, n lipids con-
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taining fighly » d acyl chains. M
nerfoimed on a series of phosphatidylcliolines contain-
ing stearate (18:0) or cicosoate (27:0) in the sn-!
position and a scrics of correcmaading acids with in-
creasing numbers of cis double bonds in the sn.2
position tend 1o support the view that acyl cnain pack-
ing efficiency decreases with the inclusion of increased
numbers of double bonds [21,22], In the case of MGDG,
our X-ray diffiaction measurements show ao evidence
of transitional phases but the polyunsaturated chains
are clearly extremely disorganised in the L, phase.
Regular chain packing is, however, reisaposed on con-
version to the L, phase (Fig. 50},

The possibic e{lc"' ui the presence of ice on lipid
phase irensitions has received ittle atiention. The oc-
currence of lipid phase transitivns in frozen systems
presupposes the existence of sufficient unfrozen water
to allow the spatial re-orgamisation asrocimed with
such transitions to take place. The fact that concen-
trated lipid dispersions rermally contain appreciable
amounis of unfrozen water at temncraiures well below
the treezing point of their bulk water was first pointed
out by Ch 2t al. [14]. Bronst and S )
{25] have recentiy re-investigated the freezing of water
in rated lipid i Carctul DSC meas-
urements performed by these authors indicatz that
unfrozen water can persis* in such suspensions to tem-
peratures below -~80°C. "hey also demonstrated that
the melting of ice in such lipid samples commences at
temperatures as low as —50°C.

Bilayer to non-bilayer transitions of the type ccur-
ring in MGDG involve considerably more structural
re-organisation of the lipid than occurs in the gel to
liguid-crystal transitions exhibited by biloyer forming
lipids such as the phosphatidylcholi The possibli
that some of the broadening effccts seen at low tem-
peratures seen in the case of MGDG are related to the
presence of icc thus cannot be completely excluded.
The non-bilaver to bilayer transition occurring in
MGDG coincides with the gol to liquid-crystal transi-
tion, i.c., it is a Hexy — L, transition. The effect of
doyble bonds on the less-energetic iransition from
Hexy, — L, commonly seen in lipids such as the phos-
phatidylethanclamines, has vet to be examined.
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