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Plasma membranes of protoplasts isolated from non-acclimated rye plants undergo a transition from the bilayer to the inverted 
hexagonal (Hit) phase during freeze-induced dehydration at - 10°C. It has been suggested (Bryant, G. and Wolfe, J. (1989) Eur. 
Biophys. J. 16, 369-372) that the differential hydration of various membrane components may induce fluid-fluid demixing of 
highly hydrated (e.g., PC) from poorly hydrated (PE) components during dehydration. This could yield a PE-enriched domain 
more prone to form the H n phase. We have examined the lyotropic phase behavior of mixtures of DOPE and DOPC at 20°C by 
freeze-fracture electron microscopy, differential scanning calorimetry, and X-ray diffraction. H n phase formation was favored by 
higher proportions of DOPE and lower water contents. Mixtures of 1 : 1 and 1 : 3 DOPE/DOPC had a hydration-dependent 
appearance of two L~ phases at water contents just above those at which the H n phase occurred. The hydration-dependence of 
the lamellar repeat spacings suggested that the DOPE-enriched domains preferentially underwent the La-to-Hii phase 
transition. Mixtures of 3 : 1 DOPE/DOPC did not separate into two L~ phases during dehydration. These data suggest that the 
differential hydration characteristics of various membrane components may induce their lateral fluid-fluid demixing during 
dehydration. 

Introduction 

Severe dehydration during freezing is a major cause 
of injury in a wide variety of temperate climate plants 
[1,2]. Protoplasts that are isolated from leaves of non- 
acclimated rye plants (NA protoplasts) and frozen to 
- 10°C undergo a reduction in volume of 85-90% as a 
result of water efflux because of the large gradient in 
the chemical potential of the extracellular ice and the 
supercooled cytosol. The vapor pressure of ice at this 
relatively 'high' sub-zero temperature is - 1 2  MPa. 
Injury in these protoplasts is associated with the ap- 
pearance of aparticulate lamellae subtending the 
plasma membrane, aparticulate domains in the plasma 
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membrane, the close approach of a variety of cytoplas- 
mic membranes, and ultimately of the hexagonal-II 
(H n) phase in the plasma membrane and subtending 
lamellae [3] as well as in the chloroplast envelope and 
endomembranes [4]. These alterations in the ultra- 
structure of the plasma membrane can be effected in 
NA protoplasts by osmotic dehydration in a 5.3 osM 
sorbitol solution at 0°C [3]. Therefore,  in NA proto- 
plasts, the major stress during freezing at - 10°C is due 
to dehydration rather than temperature reduction per 
se. 

Amongst the commonly occurring phospholipid 
species in the rye plasma membrane, the unsaturated 
species of phosphatidylethanolamine (PE) have the 
greatest propensity to undergo the L,~-to-Hii phase 
transition. However, the content of unsaturated PE 
species in the plasma membrane of non-acclimated rye 
leaves is relatively low, at 11 mol% of the total lipid [5]. 
In this proportion, the PE is stabilized in the lamellar 
phase by the presence of the other lipids. However, 
lateral demixing of PE in the plane of the membrane 
could serve to locally enrich PE levels to proportions 
sufficient to facilitate Hit phase formation within iso- 
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lated domains. Crowe and Crowe [6] have proposed 
that the lateral enrichment of PE may be facilitated by 
a lyotropic L~-to-La phase transition of phosphatidyl- 
choline (PC) species. However, this phase separation 
appears not to occur in the rye plasma membrane at 
- 10°C because the PC molecular species that predom- 
inate in the rye plasma membrane do not enter the L~ 
phase at those temperatures and hydrations encoun- 
tered during freezing at - 10°C [7]. Instead, it is possi- 
ble that lateral enrichment of PE into a spatially sepa- 
rate domain occurs during bilayer dehydration because 
of differences in the hydration characteristics of the PE 
and PC headgroups [8]. Previously Rand [9] has pro- 
posed that fluid-fluid demixing might occur in mixed 
PC and PE systems during the close approach of vesi- 
cles or bilayers. The occurrence of fluid-fluid demixing 
during membrane dehydration might facilitate the L,,- 
to-H n phase transition and would predict that the H n 
phase would be enriched in PE and depleted in PC 
when the lamellar and H n phases coexist. 

Alternatively, the lyotropic L,~-to-H n phase transi- 
tion may proceed without either an L,-to-Lo phase 
separation or fluid lipid-lipid demixing. Dehydration 
would decrease headgroup hydration to levels insuffi- 
cient to maintain lipid headgroup packing and, hence, 
be unable to sustain the lamellar structure. At "low 
hydrations the lipid monolayers would be expected to 
develop a spontaneous radius of curvature such that 
the free energy of the dehydrated bilayer would be 
minimized by sequestering the remaining water in the 
cores of the inverted cylindrical micelles of the H II 
phase [10]. This phase change would have the struc- 
tural effect of minimizing the surface area of the 
headgroups while maximizing the volume occupied by 
the acyl chains [10]. This mechanism would predict that 
lipid demixing would not necessarily precede the L~- 
H if transition and that all lipid components in the 
mixture would be proportionally represented in the H ii 
phase when the lamellar and H if phases coexist. It 
should be noted that even lipids commonly considered 
to adopt only the lamellar phase, such as egg PC, can 
undergo lamellar-to-H n phase transitions at very low 
hydrations and elevated temperatures [11]. In general, 
the distinction between those lipids that are considered 
as bilayer-forming from those that are non-bilayer 
forming has been made from consideration of their 
thermotropic phase behavior in excess water and may 
not be appropriate for lyotropic events. 

This study was undertaken to determine what struc- 
tural changes occur in DOPE/DOPC bilayers as a 
result of dehydration that might facilitate the lyotropic 
La-tO-Hli phase transition. Specifically, in mixtures 
containing sufficient DOPC to stabilize the L,~ phase 
of fully hydrated bilayers containing DOPE, it was of 
interest to determine if DOPE and DOPC remained 
well mixed during dehydration. However, if DOPE and 

DOPC demixed during dehydration, we wished to de- 
termine if this demixing occurred as either a result of 
(1) a lyotropic L,-to-L~ phase transition of DOPC or 
(2) fluid phase immiscibility as a consequence of the 
hydration differences between DOPE and DOPC. 
Therefore, we have examined the phases adopted by 
DOPE/DOPC mixtures dehydrated at vapor pressures 
that are equivalent to the vapor pressure of ice at 
temperatures over the range of -2°C to -40°C. 

Materials and Methods 

Desorption isotherms and differential scanning calorime- 
try 

Lipids, which were obtained from Avanti Polar 
Lipids (Birmingham, AL), were used without addi- 
tional purification. Pure lipids or lipid mixtures were 
first mixed in CHC13 and then the solvent was removed 
under a stream of N 2 gas at 40°C. Residual solvent was 
removed under high vacuum for at least 2 h and 
usually overnight. Samples prepared for desorption 
and differential scanning calorimetry (DSC) were dis- 
persed at 12-15 wt% lipid in double-distilled H20 that 
was first degassed under vacuum and then saturated 
with N 2. Samples were dispersed by a combination of 
vortexing and mild sonication as well as thermal cycling 
between 4°C and 55°C. Lipids were maintained under 
N 2 for the entire dispersal procedure. After the initial 
hydration, the lipids were allowed to equilibrate for a 
further 6-8 h at 4°C. At the end of this period, aliquots 
of the multilamellar dispersions were placed into pre- 
weighed DSC pans and desorbed above various satu- 
rated salt solutions in a N 2 atmosphere for seven days 
at 20°C. At the end of this equilibration period the 
pans were sealed and re-weighed. DSC was performed 
on all hydrated and dehydrated dispersions using a 
Perkin-Elmer DSC-7 using a temperature program of 
cooling from 20 to -40°C at 10 C°/min (except where 
indicated) followed by immediate warming to 20°C at 
the same rate. In all cases, reported values for the peak 
of the L~-to-L,~ phase transition temperature (T m) and 
transition enthalpy were calculated using the DSC-7 
software. After the DSC experiments, lipid dry weights 
were obtained by opening the DSC pans and allowing 
complete desiccation to occur by sample incubation for 
16 h over PzO5 in a vacuum oven maintained at 70°C. 
All water contents are expressed as wt% water as 
follows: 

wt% water = g water 1 "100 
g water + g lipid 

assuming that no water remained in the dispersions 
dehydrated over P205. Samples were periodically 
checked for the occurrence of acyl chain oxidation 
during the desorption period by re-extraction of the 



dried lipids into c n c 1 3  followed by thin-layer chro- 
matography and H2SO 4 charring. Results obtained 
from samples showing any detectable lipid oxidation 
products were not used. 

Salts used for the desorption were: Na2HPO4, 
KNO 3, BaC12, KCI, NaCI, NaBr, Mg(NO3) 2, MgCI 2, 
and LiCI. At 20°C, the vapor pressures for these salts 
are: - 2.7, - 8.3, - 12.8, - 20.4, - 38.9, - 76.1, - 88.5, 
- 150, and - 286 MPa, respectively. These values were 
calculated from published relative humidity data [12] 
using the equation: 

[R.] @ = -~--ln 

where @ = the vapor pressure in MPa; V w is the partial 
molar volume of water (18" 10 -6 m3); RH is the rela- 
tive humidity, R is the gas constant (8.3143 J / m o l  per 
K) and T is the temperature (293 K). 

Freeze-fracture electron microscopy 
Samples for freeze-fracture electron microscopy 

were prepared and desorbed as described above except 
that the lipids were initially dispersed at approx. 50 
wt% in water. Aliquots of 3 - 5 / x l  of these lipids were 
placed directly on the freeze-fracture sample holders 
and desorbed at 20°C. At the end of the equilibration 
period, samples were quenched in liquid propane su- 
percooled with liquid nitrogen. Total time of exposure 
of the desorbed samples to the ambient atmosphere 
was 4-6  s. We have ensured that the wt% water values 
obtained by desorbing lipids on freeze-fracture sample 
holders were identical to those obtained from lipids 
desorbed in DSC pans as follows. Lipid samples were 
dispersed at 50 wt% and desorbed on pre-weighed 
freeze-fracture sample holders placed inside pre- 
weighed DSC pans. After the equilibration time, the 
wet and dry weights of the samples were obtained as 
described above and the weight of the DSC pans and 
freeze-fracture holders subtracted to determine the 
water content of lipids dehydrated on freeze-fracture 
stubs. 

Samples were fractured and replicated in a Balzers 
400K instrument at < 2 - 1 0  -7 torr and -107°C. 
Replicas were washed in CHCI3 /CH3OH (1:2, v /v )  
for 2-3  h then transferred directly onto uncoated grids 
and examined in a Philips EM300 electron microscope 
at 80 kV accelerating voltage. 

Calculation of d spacings for the H H phase 
Center-to-center repeat spacings (d spacing) of the 

H tt lattice were determined by measurements of the 
H n cylinders from electron micrographs enlarged to 
> 100000 × .  Data were obtained with a micrometer 
using a 'blind' method in which neither the dispersion 
identity and water content nor the print magnification 
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were known before the measurements were made. 
Spacings were calculated by measurement of the width, 
in nm, of 10-20 inverted cylindrical micelles then divid- 
ing by the number of HII cylinders to obtain an aver- 
age center-to-center cylinder repeat spacing. Such a 
determination constituted a single measurement. Re- 
ported values represent the averages (+  standard devi- 
ation) of at least ten (usually > 30) such measurements 
obtained in this manner totaling at least 100 (usually 
200-600) H n cylinders. 

X-ray diffraction 
D O P E / D O P C  mixtures, which were dispersed in 

excess water (85 wt% water) as described, were loaded 
into pre-weighed X-ray capillary tubes by using a Bio- 
Rad Gel Tube Extrusion needle. Dispersions were first 
dehydrated under vacuum to the desired water con- 
tents and then the tubes were flushed with N2 gas, 
sealed, and allowed to equilibrate in the vapor phase 
for 5 -7  days at 22°C. Samples were examined at 21 ° to 
22°C by both wide-angle and small angle X-ray diffrac- 
tion using a Rigaku 300H rotating anode X-ray genera- 
tor with a copper target and a Frank-type camera. The 
diffractions were recorded on Kodak DEF-5 X-ray film 
or by a TEC position-sensitive wire detector and a 
PCA analyzer. The camera length was calibrated using 
a nanodecane standard at 10°C. 

Results 

Hydration characteristics 
After desorption of aqueous dispersions of DOPE, 

DOPC, and the 3 : 1, 1 : 1, and 1 : 3 (mol /mol)  mixtures 
of these lipids above saturated salt solutions, the water 
content of the lipids decreased linearly with the In of 
the vapor pressure (Fig. 1). The linear relationship of 
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Fig. 1. Desorption isotherms for DOPE (e), DOPC (* ) ,  and 
DOPE/DOPC mixtures in the molar proportions of  3:1 ( • ) ,  1 : ]  
(11), and 1:3 ( v ) .  Desorption was performed at 20°C over saturated 
salt solutions under an N z atmosphere. Water contents w e r e  deter- 

mined gravimetfically. 
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water content with the In of the vapor pressure indi- 
cates that the water content of bilayers follows the 
exponential decay of repulsive hydration forces with 
distance between bilayer surfaces [13]. Data in Fig. 1 
show that pure DOPC is significantly more hydrated 
than pure DOPE at equivalent vapor pressures. At a 
vapor pressure of -13  MPa, the water content of 
DOPC was 16.8 wt% and 6.7 wt% for DOPE. Values 
for the water content of DOPE were similar to those 
reported previously for DOPE dispersions that were 
osmotically dehydrated [14]. The vapor pressures re- 
quired for the lipid to reach zero wt% water, P0, were 
significantly different between DOPC ( -  380 MPa) and 
DOPE ( - 7 3  MPa). Other workers have reported very 
similar P0 values of -398 MPa measured for DOPC at 
25°C [15] and -73  MPa for DOPE, which was calcu- 
lated from the data of Rand et al. (Ref. 14, Table 
VIII). This difference in hydration between PE and PC 
is that predicted to facilitate lipid-lipid demixing dur- 
ing dehydration [8,9]. 

The water content of the desorbed lipid dispersions 
increased non-linearly with the addition of DOPC to 
DOPE (Fig. 2). For example, after equilibration at 
- 1 3  MPa, the water contents of the dispersions were 
6.7, 13.2, 14.4, 15.9, and 16.8 wt% for 0, 25, 50, 75, and 
100 mol% DOPC in DOPE, respectively. This non-lin- 
ear relationship between water content and DOPC 
content was found at all vapor pressures examined 
(Fig. 2). The non-linear increase in hydration with 
addition of DOPC to DOPE could result from either a 
higher hydration of the L~ phase (stabilized by the 
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Fig. 2. Plot of  the water content  of  DOPE,  DOPC,  and their 3:1, 
1:1, and 1:3 mixtures as a function of vapor pressure. Curves 
represent  water contents  after desorption at - 2 . 7  MPa (e), - 1 2 . 8  

MPa (11), - 3 8 . 9  MPa ( A )  and -88 .5  MPa (*) .  

presence of 25 mol% DOPC (Fig. 11)) than the HII 
phase or from a higher affinity of DOPC for water 
than that for DOPE (Figs. 1 and 2). However, this 
difference in water content cannot be entirely at- 
tributed to a greater hydration for the lamellar phase 
than for the HII phase because the hydration of DOPE 
in the L,, phase (2°C) is significantly lower than that of 
DOPC or N-methylated DOPE analogues in the same 
phase [16]. Rather, the lower water contents of DOPE 
dispersions relative to those containing DOPC demon- 
strate the lower water affinity of the DOPE head 
group [17]. In addition, these data indicate that in 
DOPE/DOPC mixtures, the HII phase is not more 
hydrated than the L ,  phase under conditions in which 
the L : t o - H  H phase transition is elicited by dehydra- 
tion. That is, no discontinuities in the desorption 
isotherms (Fig. 1) were observed at the water contents 
at which the L,:to-Hii phase transitions occurred (Figs. 
3-5, 11). A higher hydration of the HI~ phase relative 
to the L~ phase has been reported for some PE 
systems [18]. In this respect, lyotropic transitions are 
distinct from those occurring thermotropicaIly in excess 
water. 

Freeze-fracture electron microscopy 
The effect of dehydration on the occurrence of the 

H u phase in these lipid dispersions has been per- 
formed by freeze-fracture electron microscopy. The 
L : t o - H  u phase transition temperature (Tbh) of pure 
DOPE is between 5°C and 10°C at full hydration [19]. 
Because the Tbh value is decreased at lowered water 
contents [18], DOPE is expected to be in the HI[ phase 
under all conditions examined here; therefore freeze- 
fracture experiments on desorbed DOPE were not 
conducted. In a 3 : 1 DOPE/DOPC mixture, the lamel- 
lar phase existed at water contents > 12.5 wt% water 
(not shown). After equilibration at a vapor pressure of 
-39  MPa, the 3:1 DOPE/DOPC dispersions con- 
tained 7.7 wt% water and both lamellar (Fig. 3a) and 
H II (Fig. 3b) phases were present. At water contents 
__< 4.2 wt% only the H n phase existed. In 1:1 
DOPE/DOPC dispersions, only the lamellar phase 
existed at water contents > 8.8 wt%. Both lamellar 
(Fig. 4a) and H u (Fig. 4b) phases were observed in 
samples containing between 5.7 wt% water ( - 76 MPa) 
and 5.0 wt% water ( - 8 8  MPa); at water contents 
< 2.6 wt%, only the H u phase was observed. In the 
1:3 DOPE/DOPC dispersions more extensive dehy- 
dration was required for the formation of the H II 

phase. This mixture was i n  the lamellar phase at all 
water contents > 6.9 wt% water ( - 8 8  MPa). At 4.7 
wt% water ( -  150 MPa) both lamellar and HIt phases 
were observed (Fig. 5), and only the H I I  phase was 
observed at hydrations __< 2.1 wt% water. Although 
DOPC forms the HI~ phase at very low water contents 
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Fig. 3. Representative freeze-fracture electron micrographs of DOPE/DOPC (3:1) desorbed at - 3 9  MPa and 20°C. The dispersion had 
co-existing L~ (3a) and HII (3b) phases. Bars represent 100 nm. 
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Fig. 4. Representative freeze-fracture electron micrographs of DOPE/DOPC (1:1) desorbed at - 8 8  MPa and 20°C. The dispersion had 
co-existing L,~ (4a) and H n (4b) phases. Bars represent 100 nm. 
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[11], we observed only the lamellar phase in our sam- 
ples at water contents > 3.0 wt% at 20°C. 

Differential scanning calorimetry 
Differential scanning calorimetry was performed on 

DOPE, DOPC, and their binary mixtures dispersed in 
excess water. The L~-to-L~ phase transition tempera- 
tures, which were determined during heating of the 
lipids in excess water, were -8.1°C, - 10.1°C, - 13.1°C, 
-15.5°C, and -17.7°C for DOPE, 3:1, 1:1, 1:3 
(DOPE/DOPC), and DOPC, respectively. Calculated 
transition enthalpies were 31.7, 34.8, 33.8, 33.7 and 
34.2 kJ/mol, respectively. These T m and enthalpy val- 
ues for DOPC are very similar to those summarized by 
Marsh [20] for DOPC in excess water, and the T m for 
DOPE is similar to that reported by Gruner et al. [16]. 

To determine if the lamellar phase observed by 
freeze-fracture electron microscopy represented either 
the L~ or L~ phase, DSC thermograms were obtained 
for lipid dispersions dehydrated to water contents be- 
tween 4.5 wt% and 22 wt%. For all mixtures, a single 
lipid transition was observed in the heating scans. 
Further, at all water contents > 5 wt%, the large 
enthalpies of the observed endotherms indicated that 
the transition was the L~-to-L~ phase transition rather 
than the low-enthalpy L,-to-H H phase transition. A 
plot of transition temperature vs. water content for the 

desorbed dispersions shows that the transition temper- 
ature increased with decreasing hydration for both the 
pure lipids and the lipid mixtures (Figs. 6a-e). This 
behavior has been reported previously for the T m of 
the La-to-L~ transition in PC systems [21]. For all of 
these mixtures the DSC data indicated that the tem- 
perature of the main gel-liquid crystalline phase transi- 
tion was < 0°C (Figs. 6a-e). This indicates that all 
lamellar phases observed by freeze fracture electron 
microscopy in samples desorbed at 20°C (Figs. 3-5) 
were in the liquid crystalline lamellar (L~) phase. This 
conclusion was confirmed by wide-angle X-ray diffrac- 
tion of DOPE/DOPC dispersions dehydrated to water 
contents between 50 wt% and 1.2 wt%. 

Plots of the enthalpies of the phase transitions de- 
termined from the DSC heating endotherms vs. the 
water content of the dispersion are also shown in Figs. 
6a-e. These results showed that the transition en- 
thalpies for these dispersions were 30-35 kJ/mol at all 
water contents >__ 12 wt% (Figs. 6a-e). In DOPC, the 
transition enthalpy decreased linearly from 32 to 21 
kJ/mol with decreasing hydration between 17 wt% and 
4.5 wt% water (Fig. 6e). For DOPE and all of the 
DOPE/DOPC mixtures, the transition enthalpies de- 
creased to approx. 25 kJ/mol at hydrations between 12 
wt% and 5 wt% water, regardless of the DOPE con- 
tent (Figs. 6a-d). Because a decrease in enthalpy to 25 

Fig. 5. Representative freeze-fracture electron micrograph of DOPE/DOPC (1:3) desorbed at - 150  MPa and 20°C. The dispersion had 
co-existing L,~ and HII phases. Bar represents 200 nm. 



100 

kJ/mol was observed in both DOPE and DOPC, which 
were in the H .  and L,  phases, respectively, at all 
water contents, as well as in the lipid mixtures, the 
decrease in enthalpy probably represents a dehydra- 
tion-dependent decrease in the L~-to-L,, transition en- 
thalpy and was not a consequence of the trapping of 
lipid in the H n phase during the DSC cooling cycle. 
However, to ensure that the thermodynamic parame- 
ters presented in Fig. 6 were not consequences of 
non-equilibrium phase transitions due to the relatively 
high scan rate of 10 C°/min, we have repeated the 
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reproducibility of these thermodynamic parameters. 

DSC studies with samples at very slow scan rates (Fig. 
7). At water contents greater than 4.5 wt%, the transi- 
tion temperatures determined at 10 C°/min were very 
similar to those determined at 0.5 C°/min (Fig. 7). The 
more rapid scan rate reported a transition temperature 
only 1.5 C ° higher than that determined at 0.5 Co/min. 
Similarly, the calculated transition enthalpies were not 
significantly affected by the scan rate (Fig. 7). At water 
contents lower than 4.5 wt%, the 10 Co/min scan rate 
underestimated the transition enthalpy (data not plot- 
ted). Presumably this occurred as a result of the dehy- 
drated lipids not undergoing an equilibrium phase 
transition at this scan rate. Alternatively, the presence 
of only the H n phase at water contents below = 4.5 
wt% (Fig. 11) may cause the H.--* L~ to be slow or 
absent at these hydrations and 10 C°/min scan rates. 
In either case, above 4.5 wt% water the thermody- 
namic parameters obtained at 10 C°/min are accurate 
estimates of the equilibrium phase transition values 
and we report only those values. Nevertheless, these 
data clearly demonstrate that the Lt3 ~ L~ phase tran- 
sition occurred at temperatures at least 20 C ° lower 
than the temperature at which the lipids were dehy- 
drated and analyzed in the freeze-fracture and X-ray 
diffraction studies (Fig. 3-5, 8-10). Therefore, the 
lamellar phases observed in samples at 20°C by freeze- 
fracture electron microscopy represent the L,~ phase. 

X-ray diffraction 
To test for the occurrence of dehydration-depen- 

dent fluid lamellar phase demixing, mixtures of 
DOPE/DOPC were dehydrated to water contents be- 
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Fig. 8. Lamellar and center-to-center H u repeat spacings for dehy- 
drated dispersions of DOPE/DOPC 3 : 1. Spacings and phases were 
determined by freeze-fracture electron microscopy (squares) and 
X-ray diffraction (circles). Water contents for freeze-fracture sam- 
ples were obtained by interpolation of the data presented in Fig. 1. 
Closed symbols represent samples with only the HII phase; open 
symbols indicate samples with only the L,, phase(s); and half-closed 

symbols denote the presence of both the L ,  and Hli phases. 

tween 50 wt% and 1.2 wt% at 22°C and examined by 
X-ray diffraction. At all hydration levels, a diffuse 
wide-angle Bragg reflection centered at a spacing of 
0.46 nm, which is characteristic of disordered acyl 
chains in the L ,  phase, was observed and the sharp 
Bragg reflection at 0.42 nm, characteristic of ordered 
acyl chains in the L~ phase, did not occur. This result 
is consistent with the DSC data described above and 
indicates that all samples were in the fluid phase at all 
water contents; no fluid-gel phase separation occurred 
as a result of dehydration. 

In the small-angle region, diffractions were meas- 
ured for their repeat spacings and indexed to either the 
lamellar, hexagonal, or cubic phases. In the 3:1 
DOPE/DOPC mixture, the L~ phase was present at 
water contents of 46, 24, 7.3 and 7.0 wt%. Over this 
range of water contents, the lamellar repeat spacing 
decreased from 6.0 nm to 4.1 nm (Fig. 8). At water 
contents < 4.5 wt% only the H n phase was present as 
detected by both freeze-fracture electron microscopy 
and by X-ray diffraction. In the 3:1 DOPE/DOPC 
mixture, the mean H~ repeat spacing at 7.7 wt% water 
was 8.3 nm, a value similar to the largest d spacing of 
7.5 nm obtained for a fully hydrated mixture of 
DOPE/DOPC (3.17: 1) in the HII phase at 50-55°C, 
as measured by X-ray diffraction [19]. There was no 
evidence for the occurrence of fluid-fluid lamellar 
phase demixing in the 3:1 DOPE/DOPC dispersions 
as a function of dehydration. 

At 40 wt% water, the 1:1 DOPE/DOPC mixture 
was in the L ,  phase with a repeat spacing of 6.20 nm; 
at 25 wt% water it was also in the L ,  phase with a 
repeat spacing of 5.01 nm (Fig. 9). Between 18 wt% 
and 6.4 wt% the diffractions resolved into two separate 
L~ spacings. The difference between these spacings 
was maximal at 11 wt% water (4.44 nm and 3.55 nm) 
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Fig. 9. Lamellar and center-to-center H n repeat spacings for dehy- 
drated dispersions of DOPE/DOPC 1:1. Symbols as described in 

the legend to Fig. 8. 

and reached a minimum at 6 wt% water (4.29 nm and 
4.00 nm), a water content just above that at which the 
H n phase was first observed (Fig. 9). A similar separa- 
tion of a single L ,  phase into two separate L ,  phases 
was observed during the dehydration of 1:3 
DOPE/DOPC dispersions. In the 1:3 DOPE/DOPC 
mixtures, L~ phases were detected between 49 wt% 
(repeat spacing of 6.30 nm) and 24 wt% water (5.10 
nm) (Fig. 10). At a hydration of 4.5 wt% water, freeze- 
fracture electron microscopy data indicated the simul- 
taneous co-existence of both L ,  and H u phases and 
exclusively the H,I phase at 1.2 wt% water (Fig. 10). At 
several water contents just higher than that at which 
the H H phase was first observed (5.5-7.0 wt%), X-ray 
diffraction data indicated the presence of two separate 
L~ phases with typical spacings of 4.40 and 5.20 nm 
(Fig. 10). 

A diagram of the phase structures adopted by 
DOPE, DOPC and their mixtures desorbed at 20°C is 
given in Fig. 11. The diagram was constructed from 
phase determinations made by freeze-fracture electron 
microscopy, DSC and X-ray diffraction. The occur- 
rence of the HI~ phase was dependent on both water 
content and the proportion of DOPE in the mixture. 
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Fig. 10. Lamellar and center-to-center H u repeat spacings for dehy- 
drated dispersions of DOPE/DOPC 1:3. Symbols as described in 

the legend to Fig. 8. 
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Fig. 11. Diagram of the phase structure of D O P E / D O P C  mixtures 
as a function of water content at 20°C. Symbols are as described in 
the legend to Fig. 8; L~ ~ and La 2 denote demixed fluid lamellar 

phases. 

The H n phase was promoted by higher DOPE levels 
and/or  lower water contents. Over the range of 0-75 
mol% DOPE, the water content at which the H n 
phase was first observed increased with increasing 
mol% DOPE in the mixture. It can be seen that there 
are a wide variety of combinations of DOPE and water 
contents at which both the L~ and H n phases can 
co-exist (Fig. 11). It should be noted, however, that the 
positions of these phase boundaries are not known 
precisely. Finally, Fig. 11 summarizes the occurrence of 
two separate L~ phases (designated La I and L,, 2 in 
Fig. 11)in dehydrated 1:1 and 1:3 DOPE/DOPC 
dispersions. 

Discussion 

The purpose of this study was to determine what 
phase and miscibility changes take place in 
DOPE/DOPe  bilayers during isothermal dehydration. 
It was of interest to ascertain if DOPE and DOPC 
species either demixed or remained well mixed during 
bilayer dehydration preceding the lyotropic L~-to-H H 
phase transition. Further, if DOPE-DOPC demixing 
occurred during dehydration, we wished to determine 
if it was the result of fluid-fluid or fluid-gel phase 
separation. Previously, Crowe and Crowe proposed 
that a lyotropic L~-to-L~ phase separation of PC may 
facilitate the local enrichment of PE species to levels 
sufficient for H u phase formation [6]. This mechanism 
was proposed to explain the occurrence of the H n 
phase in dehydrated bilayers containing relatively low 
proportions of PE. Alternatively, a theoretical analysis 
has suggested that lipids of markedly different hydra- 
tion characteristics might undergo fluid-fluid phase 
separation (i.e., demixing) as a result of dehydration 
[8]. Bryant [22] has reported the occurrence of two 
lamellar repeat spacings at 308 to 310 K in 1:1 mix- 
tures of 1-palmitoyl-2-oleoyl-PE and 1-palmitoyl-2- 
oleoyl-PC containing 10 wt% 2H20. Although this 

temperature was only slightly above the peak of the 
L~-to-L~ phase transition (305 K) for this mixture at 
10 wt% :HaO, X-ray diffraction data suggested that 
the L~-phase was absent in these samples. The pres- 
ence of the two lamellar repeat spacings was inter- 
preted as demonstrating the occurrence of fluid-fluid 
demixing between PC and PE induced by dehydration 
[221. 

In this report, we have examined dehydrated mix- 
tures of unsaturated species of PE and PC at tempera- 
tures well above the L,~-to-Lt3 phase transition temper- 
ature. The presence of two separate L,, repeat spac- 
ings occurring as a function of decreasing water con- 
tent in both 1:1 and 1:3 mixtures of DOPE/DOPe  
indicates that these dispersions undergo fluid-fluid 
demixing during dehydration (Figs. 9 and 10). The 
lamellar repeats did not arise from a lyotropic L,,-to-Le 
phase separation as both DSC (Fig. 6) and wide-angle 
X-ray diffraction data (not shown) indicated the ab- 
sence of the Lt3 phase in these dispersions at any 
hydration at 20°C. A similar hydration-dependent ap- 
pearance of two lamellar phases has been reported in 
D O P E / D O P e  1:1 mixtures in which the lipid was 
hydrated instead of dehydrated [23]. Our results differ 
from those of Tamura-Lis et al. [23] only in that they 
observed two separate lamellar spacings between 20 
and 30 wt% water, whereas we observed such separa- 
tions between 6 and 18 wt% water. In the work re- 
ported here, the DOPE/DOPe  dispersions were dehy- 
drated from excess water in which the lipids were 
initially well mixed. Therefore, the separation of a 
single L~ phase into two L~ phases occurred solely as 
a consequence of dehydration. Further, the hydration- 
dependent occurrence of two separate lamellar repeat 
spacings is not observed in either D o P e  or egg PE at 
25°C over the same water content range [15]. 

In contrast to the 1:1 and 1:3 DOPE/DOPe  mix- 
tures, there was no evidence for fluid-fluid demixing 
during dehydration of the 3 : 1 DOPE/DOPe  mixture 
(Fig. 8). Similarly, Rand et al. have reported a single 
L ,  phase in 3:1 DOPE/DOPe  dispersions at hydra- 
tions > 17 wt% [14]. These results indicate that, in 
dehydrated bilayers, small proportions of D o P e  (25 
mol%) are more miscible in DOPE than are small 
proportions of DOPE (25 mol%) in DoPe .  

It is likely that the smaller lamellar spacings in 
dehydrated 1:1 and 1:3 DOPE/DOPe  dispersions 
represent a DOPE-enriched bilayer and that the larger 
spacing represents a DOPe-enriched bilayer. This is 
consistent with the observation that the equilibrium 
interbilayer separations between PE bilayers are signif- 
icantly smaller than those between PC bilayers [24]. In 
the dehydrated 1 : 1 mixture of DOPE/DOPe,  an in- 
crease in the repeat spacing of the putatively DOPE- 
enriched domain occurred as a result of dehydration 
from 11 wt% water to 6 wt% water, which is just above 
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the water content at which the H n was first observed 
(Fig. 9). This suggests that the DOPE-enriched domain 
was more prone to undergo the transition to the H n 
phase because a preferential partitioning of DOPE 
from the DOPE-enriched lamellar domain to the H u 
phase would result in higher proportions of DOPC 
remaining in this lamellar domain and, hence, in an 
increased lamellar spacing (Fig. 9). A similar increase 
in the lamellar phase repeat spacing and decrease in 
the HII phase repeat spacing at the L~-tO-Hll phase 
transition has been observed in a 3.17 : 1 DOPE/DOPC 
dispersion in excess water [19]. 

The phase assignments for various DOPE/DOPC 
mixtures as a function of water content (Fig. 11) are 
consistent with data reported previously for other 
DOPE/DOPC mixtures. Bryant [22], using 2H-NMR 
of DOPE/DOPC dispersions in 4.9 wt% 2H20 at 
22°C, found co-existing L,~ and HII phases in 6:4 and 
2:1 DOPE/DOPC dispersions, but only the L,, phase 
in 1:2 and 27:73 DOPE/DOPC dispersions. A 2:1 
DOPE/DOPC dispersion containing 9 wt% 2H20 at 
22°C was predominantly in the L,~ phase, but also 
contained a small proportion of Hn phase [22]. Eriks- 
son et al. [25] examined DOPE/DOPC dispersions in 
10 wt% 2H20 by 31p-NMR and 2H-NMR. At 25°C, 
dispersions containing < 50 mol% DOPE were exclu- 
sively in the L ,  phase, whereas those with 67 and 75 
mol% DOPE had co-existing L~ and HII phases. Fi- 
nally, Bradshaw et al. [26], using X-ray diffraction, 
found the L~ phase occurred in 3:7 DOPE/DOPC at 
30°C at relative humidities >__ 75% ( - 3 9  MPa---10 
wt% water). In addition, these workers observed the 
occurrence of the HI! phase in the 3:7 DOPE/DOPC 
dispersion (30°C) at approx. 38% relative humidity 
(--5 wt% water). At 20°C and 5 wt% water, the 1:3 
DOPE/DOPC dispersion contained both L,, and HIE 
phases (Fig. 11). The difference in phase adopted for 
the 1:3 dispersion at 20°C (Fig. 11) and that of Brad- 
shaw et al. [26] for the 3:7 dispersion at 30°C is likely 
due to the promotion of the H n phase by the higher 
temperature in the latter study. 

The hydration at which the onset of the co-existence 
of the L ,  and H n phases occurred was lower for the 
1:3 DOPE/DOPC dispersion than for the 3:1 
DOPE/DOPC dispersion. Although the center-to- 
center distance of the inverted cylindrical micelles of 
the 1:3 dispersion was larger at the onset of the 
co-existence of the lamellar and H11 phases, the radius 
(R w) of the water-filled cylinder, as calculated from 
the center-to-center distance and the fraction volume 
of water [27], was smaller. The values for R w at the 
onset of co-existing L~ and nii phases were 1.21, 1.10, 
and 1.08 nm for the 3 : 1, 1 : 1 and 1 : 3 dispersions of 
DOPE/DOPC, respectively. The small radius of the 
water cylinders in co-existing HII and bilayer structures 
implies a high bending energy in the bilayer at equilib- 

rium. The bending energy per molecule of the bilayers 
in equilibrium with H n were estimated to be 2.7.10 -21, 
3.2 • 10 -21 and 3.4.10 -21 Joules, respectively, for these 
bilayers [28]. This analysis shows that monolayer leaflets 
having higher PC contents may tolerate a higher bend- 
ing energy before formation of the H n phase. There- 
fore, PC stabilizes bilayers. 

In summary, we have examined the phase behavior 
of mixtures of DOPE and DOPC at vapor pressures 
similar to those encountered by rye protoplasts during 
freezing to temperatures over the range of -2°C to 
-40°C. The L~-to-Hi1 phase transition in DOPE/  
DOPC mixtures is both hydration- and lipid-composi- 
tion dependent. We have demonstrated that the ly- 
otropic L~-to-Hil phase transition in DOPE/DOPC 
mixtures was not preceded by an L~-to-L~-induced 
phase separation of DOPC. Rather, the X-ray diffrac- 
tion studies demonstrated that the lyotropic L~-to-H n 
phase transition in 1 :1  and 1 : 3  mixtures of 
DOPE/DOPC is preceded by fluid-fluid phase demix- 
ing. This fluid-fluid lipid demixing results from the 
different hydration characteristics of PC and PE [8]. 
Experiments are currently in progress to determine if 
lipid demixing also occurs in more complex lipid mix- 
tures (DOPE, DOPC, sterols and cerebrosides at pro- 
portions similar to the rye plasma membrane) at those 
hydrations that occur during freezing over the range of 
- 10°C to - 40°C. 
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