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Heating and cooling thcrmograms of unsaturated MGDG samples isolated from the leaves of Vicia faba arc surprisingly 
featureless. Thir reflec~.s the low cnthalpies associated with phase transitions in highly unsaturated lipids and the tact that these 
transitions, in the case of MGDG, arc to a large extent masked by those associated with the freezing and melting of ice. Carei'ul 
choice of thermal heating/cooling regimes, combined with the use of real-time X-ray diffraction and freeze-fracture measure- 
ments, permits a detailed analysis of the pt~ase behaviour of the system. The phase behaviour of unsaturated MGDG samples is 
shown to be basically similar to that seen in saturated MGDG samples. The lipid which exists in tile inverted hexagonal (Hex it ) 
liquid crystal phase at room temperature forms a highly disordered lamcllar gel (Lp) phase on cooling to temperatures below 
about - 15°C. On reheating, this first reorganises at a temperature of about - 10°C to form a well-defined Lcl phase. Above 
about -2°C, this melts to re-form the Hex n phase. Samples re-cooled from temperatures between -2°C and 14°C revert 
directly to the Let phase while samples cooled from higher temperatures form the L~ phase. This re0ccts the fact that the 
former samples contain small amounts of ur~melted Let phase lipid. The implications of these obs,.~rvatinns are discussed in terms 
of the general problems associated with the measurement of low-temperature phase behavlour of membrane lipids. 

I n t r o d u c t i o n  

Study of the phase bchaviour of the sugar-contain- 
ing glycolipids, common in plant and bacterial mem- 
branes, has tended to lag behind corresponding studies 
on the phospholipids which dominate the composition 
of animal cell membranes. While there has been a 
recent upsurgc of interest in the properties of glut:osyl- 
diacylglycerols of the type fot, nd in bacteria [1-4], 
much less attention has been paid to the phase bo- 
haviot,x of the closely related galactolipids which domi- 
nate plant membrane lipid composition. 

The phase behavior of the galaeto!ipio monogalacto- 
syldiacylglycerol (MGDG) is of special interest in that 
it i~ ~he major membrane lipid found in ptmto:~ynthetic 
membianes of higher plants [5]. It is a non-bilayer 
forming lipid which normally hydrates to fi~rm into 
cylindrical inverted micelles that pack in a hexagonal 
lattice giving rise to  the inverted hexagonal, or Hex n, 
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phase at room temperature [6]. At lower temperatures, 
this transforms to a lamellar phase. In the case of the 
Ctf , and CIS homologues found in biological mem- 
branes, at least, the lipid transforms directly to the 
lamellar gel (Lp) phase rather than via a lamellar 
liquid e~staIlinc ~L~) phase [7]. In its native, form 
MGDG is usually highly unsaturated. The main fatty 
acid substitucnts in the chloroplast membranes of 
higher plants are linolonic (18:3) and linoleic (18:21 
acids [5]. The majority of toe published studies on 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 [sol~ted f r o m  
thermophilic cyanobacteria [10,111. Shiploy et al. [6] 
have performed X-ray diffraci, ion studies on unsatu- 
rated MGDG isolated from Pelagonit#n but these 
studies were almost entirely restricted to measure- 
ments above 0*C where the lipid was in the Hex n 
phase. A value of - 30°C was cited for the gel-to-liquid 
crystal phase transition temperature but ne 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 tissue of Viola fi~ba. The 
pha,~e behaviour of this lipid is shown to be more 
complex than is generally appreciated. The results cb- 



tained raise a number of interesting questions regard- 
ing the factors governing the measurement of lipid 
phase transitions at temperatures below the freezing 
point of water. 

Materials and Methods 

Monogalactosyldiacylglycerol isolated from the 
leaves of Vicia faba (broad bean) was purchased from 
Lipid Produc~s (Redhill, UK) anti ~ stored in chloro- 
form/methano!  (2 : ! ,  v /v)  under r,dtrogen at -70°C. 
Gas chromatography and TLC measurements were 
performed as described elsewhere [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 (1'6:0). 
These values are in reasonably good agreement with 
those reported in earlier studies performed on Vicia 
faba MGDG [12,13]. The lipid showed only a silngle 
spot when subjected to TLC. As lipid extracted from 
the TLC plates yielded identical thermograms to those 
of the tipid as purchased, the pmchased material was 
us,~l wilhc::t further purification. 

Differential scanning calorimetry (DSC). S~mples 
were prepared by drying th¢ lipid as[ng a vacuum 
dessicator and then hydrating it with distilled water it, 
a ratio of I : 2 l ipid/waler by weight so that water was 
present in excess. Care was taken to avoid lipid oxida- 
tion. Heating and cooling scans were performed with a 
Perkin-EImer DSC-2 (Perkin-EImer Ltd., Bucks., UK) 
fitted wi'h a sub-ambient accessory. Temperature cali- 
bration was achieved using indium and dodecane 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 basel;,e. A 
;,canning rate of 5 C°/min  was employed, Control TLC 
measurements shotted 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 Dzrcsbury Synchrotron 
Radiation Source. The samples, pr,.'pared as described 
above, were modnted in the X-ray beam between mica 
sheets in a modified Linkam THM600 temperature- 
controlled microseol)c stage (Linkam Scientific ip~tru- 
meats, Surrey, UK). A monochromatic X-ray beam 
(0.15 nm) was used and the diffractio.n pattern de- 
tected by a qui~drant detector. The samples wt:re sub- 
jected to controlled heating and cooling scans at rates 
of 5 C°/min  between defined temperature limits. ] 'he 
data collectkm sy.,~tem allowed 255 diffraction patterns 
to be collected consecutiveh., with a 10 /zs wait-time 
between patterns. The cgpe:ure ti~,,~ for each pattern 
wa:; 4 s. 

Freeze-fracture. Samples were mounted in a temper- 
ature-controlled environment chamber construct,~d in 
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Fig. 1. Typical Ihcrmogram~ of an unsat,:ralcg MGDG sample cycled 
between -- 50°C and 20°C at a rate of 5 C°/min (a) cooling ~can and 

(b) heating scan. 

this laboratory which allowed cooling and heating be- 
'.wecn 20°C and --50°C at rates approximating to 5 
C°/min  before plunge quenching in nitrogen slurry. 
The samples were fractured a~d shadowed at - 150°C 
in a Polaron freeze-fracture unit (Bio-Rad, UK). 

Results 

Differential scmmbJg cMorimetry 
Typical thcrmograms obtained for MGDG on heat- 

ing and cooling between 20°C and -50°C are displayed 
in Fig. !. The thermogra~ns are surprisingly fea~ureless 
when compared ta the heating and cooling tilermo- 
grams obtained with saturated MGDG samples [7]. 

On cooling from 20°C, a large exotherm is observed 
at around - 10°C as illustrated in Fig. in. It, however, 
merely reflects the freezing of supercooled water ~n the 
sample. The degree of supercooling varied in ~ificrcnt 
scans but freezing uaue!!y took place at a temperature 
between -10°C and -18°C.  A tnt~,:h smaiicr broad 
exotherm, corresponding to a mular cnthalpy of ap- 
proximately 1.0 kcal/mol, centered :it about -30°C 
together with a sharper exotherm centred at about 
-40°C is observed at lower temperatures. Samples 
cooled just sufficiently to trigger the heterogeneous 
nucleation of water, reheated to --2°C and immedi- 
ately recoulcd showed just ',he low enthalpy transitions 
centered at -30~C and -40°C. The small exoiherm 
centred at about -40°C is commonly seen in lipid 
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Fig. 2. Typical Ihermograms of an unsatucated M(;DG s:,,rnple c~.cled 
between -5O°C and 10*C at a rate of 5 C*/min (a) cooling semi, (b) 
heating scan and (e)..~.,~a,ng scan obtained when the sample was 

heated from - 10°C fn prevent ice formation, instead of -50°C. 

samples [21] and is almost 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 wi:h a lipid 
transition. 

On reheating.the sample from -5(1°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 80C, as shown in Fig. lb. 
This behaviour was observed in rcpea:,,-d scans and did 
not appear to vary with time.spent at either 20°C or 
- 500C. 

Ti~e cooling thermogram is, howe.ve~.-, greatly ir,,flu- 
enced by the temperature to whith the sample is 
heated prior to cooling. If the cooled saraple is heated 
to 10*C rather than 20"C before re-coolie:g, a thermo- 
gram of the type displayed in Fig. 2a is obtained. A 
new exotherm appears with an onset ten',,perature of 
about - 2 ° C  a.r.d a molar enthalpy of approx. 9 
kcal/mol. This is followed by the usual ice exothetm at 
about -15"C. The small broad exotherm e,entered at 
- 30°C and the small exotherut seen at - 40"C are very 
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much redu~;ed under these conditions and often disap. 
pear altogether, 

The heating thermogram obtained on reheating 
samples cooled from 10°C a l ~  differs from that ob. 
tained from samples coaled from higher temperatures 
(cf. Fig. ib a~d Fig. 2b), The exotherm prior to the ice 
endotherm Ls no longer present suggesting that the 
cooling exotherm at about - 2 ° C  reflects the occur- 
rence of a transition to a low-temperature phase which 
can occur in samples heated to less tilan 12°C but not 
in those heated to higher temperatures. The exotherm 
se,~,n in the heating curves of samples cooled from 
te.nperatures above 12"C thus appears to reflect a 
belated occurrence of this transition to this Iow-tent- 
pervture phase. 

On this basis, the heating endotherm centred at 
about 8°C should correspond to the transition from the 
low-t:',mperature phase back to the high-temperatttre 
phast' that nocmally exists at temperatures above 12 C, 
Estimation of the enthalpy of this transition is difficult 
in thermograms of the type shown in Figs. lb and 2b 
because of the overlap at' the ice peak. This problem 
was overcome by making sure thai the temperature of 
the sample did not fall low enough to trigger ice 
formation, i.e., 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 in 
Fig. 2c, The heating endotherm measured uniter these 
conditions has au onset temperature of - 2 "C  and a 
molar enthaipy value of 9.6 + 0.5 kcal/mol. 

Samples cooled from temperatures above 12"C 
lacked this new coolin~, eadotherra and yielded ther- 
mograms of the type shown in Fig. ia. if, file samples 
were cooled to -10°C and reheated before water 
freezing occurred, the thermograms were completely 
featureless indicating that the samples had remained in 
the high-temperature phase through tiae cooling/ 
heating cycle. 

The normal high-temperature phase in saturated, 
and unsaturated MGDG samples is Hexl, [8,12]. The 
low-temperature phase obtained on cooling from the 
H e x .  phi, so, in saturated samples at least, is Ltj. This 
L/j phase can then undergo an exothermi¢ relaxation 
ot~ storage to one of two possible crystalline sub-gel 
phases Let or Lez [7,9]. The lelationship between this 
phase behaviour and that of the unsaturated lipids as 
reflected in the thermal data is not immediately obvi- 
OtiS. 

X-ray diffraction 
In order to obtain a clearer idea of the origin of the 

differer,.t transitions seen in the thermal measure- 
ments, real..time X-ray diffraction measurements were 
mads  onder similar candid:ions to those used in the 
I~SC ~mdies. A series of diffraction patterns obtained 
or:, cooling the sample from 20°C to - 50°C at a rate of 
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Fig. 3. Selected frames from a series of real-time, narrow-angle X-ray 
6iffraetion patterns of unsaturated MGDG measured during a cool- 
ing scan from 21Y'C to -SIFC carried out at a cooling rate of 5 
C~/min illuslraling the conversion of the sample from the tlex n to 

the Lp phase. 

scan in the same relatively disordered phase seen in 
the cooling scan. At around -20°C, a shoulder beginz 
t.o grow on the. high d-spacing side of the first-order 
peak and second- and third-order maxima character- 
istic of a iamellar phase with a d-spacing of about 5.4 
nm start to become visible. Above - 10°C, the ir~tensity 
of this new first-order peak increases rapidly. Shc, rtly 
afterwards, a new set of diffraction orders begm to 
appear which by -2"C can be clearly assigned to an 
Hextt phase. Continued heating leads to a growth of 
this Hex n phase at the expense of the newly formed- 
lamellar phase. By the time that the sample reache~ 
7°C, the Hex; t phase is the dominant phase and the 
d-spaclng has swollen to 5.8 rim. 

Further evidence of these transitions comes from 
the corresponding wide-angle data, examples of which 
~re presented in Fig. 5b. At -50°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°(2, 
the lipid chain order suddenly increases and two new 
diffraction peaks appear at 0.485 and 0.43 rim. The 
0.38 and 0.36 nm maxima disappear abruptly at 0°C 
confirming that they arise from ice but the 0.485 and 

5 ~t~/ii~in is prcscn,'cd in Fig. 3. A very slow transition v 
beginning at around - 15°C and continuing to the end / 

of the: scan is observed, rvlot,c detaile{J diffraction pat- I 
terns of samples measured at 26°C and -40°C are tL 
presented in Fig. 4. Repeat scans were effectively iden- / v 
tical suggesting that radiation damage was not a major 
factor in these measurements. 

The diffraction maxima of the sample measured at 
20"C, as anticipatea, index in a ratio of l : l / (3"  : l /v~- 
and are characteristic of a Hex n phase with a d-spac- 
ing of 5.71 nm. In agreement with the thermal data, a 
broad transition starting at about -16°C is seen on 
cooling. The ;ty.v temperature 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- 
spending to ~e~ond and third order maxima of a lamel- -~ 
iar phase. The d-spacing calculated front the first crde~ 
maximum is 4.60 nm. Two poorly defi,~ed maxima 
were visible in the wide angle region of the diffraction 
patt¢'.'n a~ 0.38 arid 0.36 nm (Fig. 4). These maxima 
which firslL appear at - 17"C are, for reaso,ls oudincd 
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 witt~ eitl:er the L,  or L~ phases of 
MGDG [7,9] were observed. 

A second set of X-ray diffraction patterns were 
collected as the sample was reheated from - 50°C. The 
narrow-angl~ regit;n of a selection of these patterns is 
disp,a~,~d in Fig. 5a. The samp!e started the heating 
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Fig. 4. X-ra~, diffraction patterns of unsaturated MGDG measured at 
(at 20°C ;rod (b) after ceoling to - 40°C. The arrows in the low-angle 

• . i~g;..J.i.Liic,.~,; ,~he diffraction max;mu useu m characterise the 
phase. Those in the wide.angle hldicatc tile m'~im~, attributed to ic~: 



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

The wide-angle maxima at 0.485 and 0.43 nm clearly 
reflect the packing of the lipid acyl chains. Similar 
maxima centred at 0.46 and 0.41 nm are seen in the L~l 
phase of distearoyl MGDG [11] suggesting that the 
transitory lamellar ptlas¢ tk)rmcd at -10"C is an L~ 
phase. Freeze-fracture data, discussed below, ~o~'~,'m 
that the poe, fly ~,.£anised precursor phase is als~ a 
lamellar phase. In the abscqce of wide-angle diffrac- 
tion maxima arising from the lip:~-~ chains, assignment 
of this latter phase is difficult. The. obvious candidates 
are the Lp phase and the L~., phase seen in saturated 
MGDG samples stored at low temperatures [9,11]. 
Both of these phases, ;,~ saturated MGDG at least, arc 
characterised by smaller d-spacings than the Lcz phase 
and are capable ~f undergoin,~ exothcrmic transitions 
to the Lcz phase. The fact tha¢ the L# phase is nor- 
mally the first gel phase formed on cooling non-bilayer 
lipids and that the L c phases, if seen, are usually only 
seen after storage at low temperatures strongly sug- 
gests that the disordered lamellar phase initially formed 
on cooling MGD(} is a partially ordered L# phase. 

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 arc presented in Fig. 6. At 7°C, the sample was in 
the Hex u phase (d = 5.85 nm, wide-angle diffraction 
centred at 0.46 nm). At .-5°C a transition to a highly 
ordered lame, liar phase took place which was com- 
pleted by - 15°C. The low-temperature phase obtained 
under these conditions clearly differs from that ol;- 
taincd when the samp!~:s are cooled from a starting 
temperature of 20°C (cf. Figs 3 and 6). 

A full diffraction pattern for th~s phase, collected at 
-30°C, is presented in Fig, 7. Fot, r or',iers of diffrac- 
tion ir, dc::in~ in the ratio of ! :1 /~"  t / 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 peaks 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 Lcl 
phase. The extra rcflcctioo at 0.786 nm seen in the 
~;entral region of the diffraction pattern pl'ohably cot- 
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Fig. 5. Selected frames from a series of real-time X-ray diffraction pattel'n~ of unsaturatcd MGDr..I m©asurcd durins a heating scan from -~0~C 
to 20~C carried out at a heating rate of 5 C°/min illustrating the cons'ctsioa of the sample first from the disordered low.temperature go| phase to 
the L~z phase and ~hen from the Eel to the He~l! phase (a) narrow-angle measurements and (b) wide-a~lBJe 1 lcasurements. The tcz~lperaturcs at 

which tee data was collected a:e indicated in the lisure, 
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Fig. 6. Selected frames from a series of real-time, narrow-angle X-ray 
diffraction patterns of unsaturated M(iDG measured during a conl- 
ing scan from II}°C to -5t)°C carried out ;it a c(;o|iug r,;;c of 5 
C*/min illustrating the direct conversion of the neXll to the Lcl 

phase in samples retaining a nucleus of L~ phase lipid. 

responds to the maximum, at t r ibuted to an ordering of 
the sugar  residues of the lipid headgroups,  seen at 
about 0.69 nm in the distearoyl derivative [9]. 

On-reheat ing (data not shown) this L~ phase con- 
verts directly to Hex u. The transition star ted at - 2 ° C ;  
the ice peaks disappeared by I°C and the L,~ peaks 
persisted to 5"C. Again,  this matches well with the 
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Fil~. 7. X-ray diffraction pattern of unsaturated MGD'G cooled It" 
-3I)°C. The sample was pro-or;pied to -50°C. healed it) III"C and 
then re-cooled to the measuring temperature directly hetiwe mea- 
suremen+.. Arrows indicate the low-angle diffraction maxima used to 
eharacterile the lamel;ar phase. Diffraction maxima i~dieated by A, 
B. C are attributed to the sugar headgroups, the lipid chainr and ice, 
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Fig. 8. Diagram illustrating the pattern of phase transilitms observed 
h)r unsaturated MGDG. Solid line:+ indicate transitions observed in 
the DSC. Dashed lines indicate the possible invol',ement of a second 

ct3stalllne gel phase (L~:). See text for details. 

thermal data  displayed in Fig. 2b which showed just the 
one lipid transition occurring at - 2°C. The lack of any 
exotherm ;it - 1 0 ° C  reflects the fact that  the lipid is 
already in the Let phase at low tempera tures  and that  
as such no exothermie transition between the Lv and 
Lcl phases occurs on heating. 

The difl'ercnee between the phase behaviour of sam- 
pies cooled from tempera tures  below 12°C and those 
cooled trorn higher tempera tures  thus appears  to re- 
flect the retetttion of a small component  of lipid in ihe 
Let phase until around 12°C. This ~s then able to 
r.vcleate a Hextt ~ Let tcansition on re-cooling the 
s'lrnple, Above t2°C, the L~ ~ Hex n transition goes to 
completion and tttis nucleation process then cannot  
occur. 

A diagram illustrating these various transit ions is 
presented in File. 8. it closely resembles earl ier  schemes 
put forward to account for the phase behaviour of 
saturated M G D G  samples [7,9]. The existence of a 
second gel crystal form L~., as a possible intermediate  
on the pathway from L v to Lcl is indicated in the 
diagram, This is based on the observation that  an Lee 
phase that converts to L~t on heat ing is formed on 
low-temperature storag~ of the L# phase of satm'ated 
M G D G  samples [7]. It must be emphasised that no 
d!rest or!deuce for th,, formation of L; :  was obtained 
in the present experim,:nts. 

F r e e z e . f r a c t u r e  e lec t ron  m i c r o s c o p y  
As a .finai confirmation of this scheme, the identity 

of the d!fferent phases was examined by fi'eeze-frac- 
tut'c measurements .  The heating and cooling regimes 
used in the DSC and X-ray diffraction measurements  
were reproduced in the controlled hea t ing / coo l ing  
chamber  mentioned in Methods, allowing samples to 
be thermally quenched at different stages in the cycle. 
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Fig. 9. Frceze-¢ractm'e electromnicrographs of s.mlples ther~nally quenched following different heating/totaling regimes (a) sample cooled from 
20°C to .- 50°C, (b) sample pr~-cooled to - 50~'C, to-healed m I{l~C priur ~q~ final cooling Io - 10°C, Scale bars I p.m, 
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Samples quenched d.:rectly from 20~C were in the 
Hex n phase as expected (data not shown). Samples 
cooled from 20°C to -50°C at a rate of 5 C°/min  
formed liposomal structures indicating that they were 
in a lameilar phase. Hoceever, as illustrated in Fig. 9a, 
a significant amount of Hex n phase lipid remains 
i,dieating that the transition to the lamellar phase 
does not reach completion, The eleetronmierograph 
presented in Fig. 9b, shows a replica of a sample whicl', 
has first b~'en cooled to -50°C,  allowed to rewarm to. 
10°C and then recopied to -10°C before thermal 
quenching. According to the scheme proposed above, 
the sample should be in the L,, phase. Tile replica 
cleariy shows that the lipid is in a non-liposomal lamel- 
lar phase. The bilayers ,-re arranged in curved multi- 
lamellar stacks distributed in a haphazard fashion 
closely resembling structures previously reported for 
the Lcl phase of saturated MGDG samples [10]. 

Estimation o] size o f  nucleating L,.t fraction 
Traces of the diffraction patter~ of the I_.~: phase 

can be detected up to a temperature of around 8°C in 
narrow-angle X-ray diffractio~ measurements of the 
type shown i~'~ Figs. 5a. The proportion of the lipid 
remaining ta the Lcl phase is, however, more easily 
estimated from DSC measurements. 

A seri.es of DSC sczns were made to determine the 
enthalpy of the Hex~ -o L¢I transition on cooliog fol- 
lowing an initial pre-heating to different temperatures 
in the range 6-14°C. The measured enthalpy values. 
listed in Table 1. increase ~lowly with increasing 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 t, ttributed to the pre~- 
enee of lipid that has remained in the Let phase and as 
such does not contribute to the subsequent Hextt ~ Lcl 
transition. The proportion of lipid remaining in the L,, 
phase at the different starting temperatures (i.e., the 
proportion of nucleating L d in the samples) is taken to 
equal the proi~3rtional reduction of the measured en- 
thalpy with respect to the value calculated front a full 

TABLE I 
Emimat~ o~ the lnol~,.io. ~f ~.ii.i~ ,~,,*u;o,i,,s ;,, the --L'¢=I;,°s Lc 
Idta-v. " of samples preheated to different teml~rn_tt~res 

Upper temperature Enthallry of Proportion of 
prior to cooling Hexn-L c lipid remaining i;~ 
(°C) transition L~ phase 

tkcal/mol) (%) 

t 7.5 ± 0.5 22 
8 82~0~ !a 

1O 9.1 ±0.5 5 
12 9.3 ±0.- ~ 3 
14 0.,9 0 

heating curve. This varies fiom 22% at 6°C down to 3% 
at 12°C. These values were independent of  the time 
spent at the given temperatures and probably reflect 
the pre~ence of smaC amounts of more-saturated 
~;,alecular species that have rather higher phase transi- 
tions than the bulk of the sample. 

Discussion 

Unsaturated MGDG isolated from the leaves of the 
broad bean Vicia faba consists predominantly of the 
dilinolenoyl (di-18: 3) derivative of the lipid [12,13]. h s  
phase behaviour, after due allowance is made for the 
observational difficulties associated with the fact that 
mo~ of the important transitions take place a~, temper- 
atures below the freezing point of water, is summarised 
in Fig, 8. This behaviour is very similar zo tha~ prcvi. 
ousiy reported for the full', saturated distearoyl (di- 
18:0) derivative [7,9]. In both cases, the high-tempera- 
ture phase is the Hex n phase and this converts to an 
Lt, phase which subsequently undergoes ai~ exothermic 
reorganisation to an L c phase(s). X-ray diffraction 
measurements revealed the formation of an Lcl phase 
directly equivalent to that seen for saturated lipids. No 
direct evidence was found for the formation of the 
corresponding L,a phase ebs,~rved on low-temperature 
storage of the saturated lipid. This may, however, tim- 
ply reflect the difficulties involved in performing the 
appropriate long-term storage expe~'iments. 

The major diffe:cuce between the unsaturated and 
saturated lipids is that the Hex a ~ Lt3 transition in the 
unsaturated lipid al~pears to be both much ~roader and 
of a much lower enthalpy than the corresponding tran- 
sition in saturated lipids. In our experimepts, the Hex n 

Ltj transition starts at about - 15°C and appears to 
be incomplete, as judged by freeze-fracture electron 
microscopy, even at temperatures as tow as -50°C.  
There is also no sign of the sharp wide-angle diffrac- 
tion maximum at about 0.42 nm normelly associated 
with the hexagonal packing ot the acyl chains in the Lo 
phase. 

There are a number ,ff well-documented studie~ of 
low-temperature gel to !iquid-crystal phase transitions 
occurring in phosphatid~lcbolines in which one, or 
both, tht. acyl chains a:e polyunsaturated [16-24]. A 
con',moo feature of  these reports is that the transitions, 
like those reported here for polyunsaturated MGDG. 
are characterised by broad transitions with low en- 
tbaipies. These e f f e c t  are particulariy marked i .  the 
• ;,~se of phosphatidykholines containing two poly- 
unsaturated residue~ where the transitions often span 
20-30°C and have molar entha!pies of only 1-2 
kcal/mol [23,24]. 

Keough and Kariel [23] have suggested that this 
broadening of the transific.ns might reflect the forma- 
tion of very di~rdered gel phases, or the involvement 



of intermediate states in the transitions, m lipids con- 
taining highly .-nsaturated acyl chains. Measurements 
perfo, reed on a series of phosphatidylcholines contain- 
ing stearate (18:0) or eicosoate (2e:0) in the sn-I 
position and a st, ries of corre~,:."'~ading ,¢ids wittl in- 
creasing numbers of cis double bonds in t i e  sn-2 
position tend to support  the view that acyt chain pack- 
ing efficiency decreases with the inclusion of increased 
numbers of double bonds [21,22]. In the ease of MGDG~ 
our X-ray diffiaction meas~trements show no evidence 
of transitional pbases but the polyunsaturated chains 
are clearly extremely disorganised in the La phase. 
Regular chain packing is, however, rei~posed on con- 
version to the Lc~ p~ase (Fig. ~b). 

The possible effect t;[ the presence; of ice on lipid 
phase trrnsitions has received iittle attention. The oc- 
currence of  lipid phase transP.ions in frozen systems 
presuppnses *.h~ existence of sufficient unfrozei, water 
to allow thc spatial re-orgaaisattou associated with 
such h ansitions to take place. The fact that concen- 
trated It,aid dispersions v.ormally contain appreciable 
amounts of unfrozen water at temperatures well below 
the ti'eezing point of their bulk water was first pointed 
out by Chapman et al. [14]. Bronshtevn and Steponkus 
[25] have recently re-investigated the freezing of water 
in concentrated lipid suspensions. Careful DSC meas- 
urements performed by these authors indicate that 
unfrozen water can per'sis, 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*(2. 

Bilayer to non-bilayer transitions of the type ocur- 
ring in M G D G  involve considerably more structural 
rc-organisation of the lipid than occurs in the gel to 
liquid-cry~tal transitions exhibited by bil~yer forming 
lipids such as the phosphal.idylcholines. The possiblity 
that some of  the broadening effects seen at low tem- 
peratuies seen in the ease of M G D G  are re!ated to the 
presence of ice thus cannot be completely excluded. 
The non-hilayer to bilaver transition occurring in 
MGDG coincides with ;.he gel to liquid-crystal transi- 
tion, i,e,, !t is a Hexn --* L~ transition. The effect of  
double bonds on the less-energetic eransidon from 
Hextt ~ L , ,  commonly seen in lipids such as the phos,  
phatidylethanolamines, has yet to be examined. 

Acknowledgements 

The help and advice of Wim Bras of the SERC 
Daresbury, Synchrotron Facility, of  Tony Brain of the 

Electron Microscopy Unit of Kmg'~; College and of our 
colleagues Peter t,)uinn and I..eohard Lis are gratefully 
acknowledged as is the support o, ~ the Science and 
Engineering Research Council. 

Refe:aences 

| Mannock. D,A,, Lewis, R.N.A.H,, Sen, A. and McElhaney. R.N. 
(1988) Biachemistry, 27. 6852-6859 

2 Mannock, D.A.. Lewis° R.N,A.H. and McEihaney, R.N. (i9~|) 
Biochemistry 20, 77£9-7799. 

3 Sen, A., Hui, S.-W.. MannucL D.A.. L.'wis, R.N.A.H. and McEI- 
h~meL R.N. (19~ Biochemistry, 29, 779{)-7799. 

4 Lg'Nis, R.N.A.H., Mannock. D.A.. McEIhaney, R.N., Wong. 
P.T.T. and Mantsch, H.H. (1990~ Bioclmmistry, 29, 8933-8943. 

5 Quihn. PJ. and Willie.ms. W.P. (1983) Biochim. Biophys. Acta 
737. 223-266. 

f~ Shipley, G.G.. Green. J.P. and Nicholls. B.W. 0973) Biochim. 
Biophys. Acta. 3i I. 531-544. 

7 Sen, A., Manncck, D.A, Collins, D.J., Quint, n.J. and Williams, 
W.P. (1983) Pr,qc. R. Soc. Lond., B218, 349-364. 

8 Sen, A., Williams, W.P. and Ouinn. PJ. (1981) Biochim. Biophys, 
Acta, 663. 380-389. 

9 Lis, L.J. and Quinn, PJ. (1986) Biochim. Biophys. Acta, 862, 
81-8fi, 

tO Mannock, D.A., Brain. A.P.R. and Williams, W.P. (1985) Biochlm. 
Biophys. Acla 817. 289-298. 

II Mannock, D.A., Brain, A.P.R. and winiams, W.P. trips5 ) Biochim. 
Biophys. Acta 821, 153-164. 

12 Gounaris, K., Sen, A., Brain, A.P.R., Ouinn, PJ. and Williams, 
W.P. (1983) Biochim. Binpllys. Acta, 728, 129-139. 

13 Gounaris, K., Mannock, D.A., Sen, A., Brain, A.P.R., Williams, 
W.P. and Quinn, PJ. (1983) Biochim. Biophys. Acta 732, 229-242. 

14 Chapman, D., Williams, R.M. and Ladbooke, B.D. (1967) Chem. 
Phys. Lipids I, 445-475. 

15 DowelL L.G., Moline, S.W. and Rinfret. A.P, (1962) Biochim. 
E.;ophys. Acta 59, 229-242. 

16 Philips, M.C., Williams, R.M, and Chapman, D. (1969) Chem, 
Phys. Lipids 3, 234-244. 

17 PhUips, M.C., Ladbroke, B.D. and Chapman, D. (1970) Biochim. 
Biophys. Acta 196, 33-44. 

18 Phi!ips, M.C.0 Hauser, H. and Pauauf, P. (1972) Chem, Phys. 
Lipids 8, 127-133. 

19 Barton, P.G. and Gunstone, F.D. (19"5) J. Biol. Chem. 250, 
4470-4476. 

20 Silvius, J.R. and McEIhaney, R.N. (1979) Chem. Phys. Lipids 25, 
125-134. 

21 Coolbear, K.P., Berde, C.B, and Keough, K.M,W, (1983} Bio- 
chemistry 22,1466-1473. 

22 Keough, K.M.W., Giffin, B. and Kariel, N. (1987) Biochim. Bio- 
phys. Acta 902,1-10. 

2.3 Keough, K.M.W. and KarieL N. (1987) Biochim. Biophys. Aeta 
902, il-i~. -- 

24 Kariel0 N., Davidson, E. and Keough, K.M.~,'. (1991) i3iochim. 
Biophys. Acta 1062, 70-76. 

25 Bronshtevn, V.L. and Steponkus, P.L. (1991) Cryobiolo$y 28, 
A56. 


