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Summary 

Approximate phase diagrams describing lateral phase separations are given 
for binary mixtures of dimyristoyl phosphatidylcholine with dipalmitoyl phos- 
phatidylcholine, distearoyl phosphatidylcholine,  and dipalmitoyl phosphatidyl- 
ethanolamine. These diagrams are based in part on freeze-fracture electron 
microscopic data presented here, as well as other earlier spin-label, calorimetric, 
and X-ray data. These phase diagrams represent an improvement  over previous 
studies in that both solid phases (P~, and Ly)  of the phosphatidylcholines are 
included. Further consideration is given to the problem of binary mixtures in 
which there are two Pa, phases that do not  form a continuous range of solid 
solutions. 

Introduct ion 

In previous work we have described the phase diagrams of binary mixtures 
of lipids, where coexisting phases are present in the planes of the bilayer 
membranes [1--5]. Recently we have described the phase diagrams of lipid 
mixtures (phosphatidylcholines and dipalmitoyl phosphatidylserine) where one 
lipid component  (the phosphatidylcholine) has two crystalline phases (Py and 
Ly)  * and the second lipid componen t  has only a single lipid phase (Ly)  [6]. 
Such phase diagrams are of  considerable interest, since at some temperature- 
composit ion point, or line, a phase of one symmetry (Py) must disappear. In 
the phosphatidylcholine/phosphatidylserine binary mixtures this unique region 
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is an invariant point. The purpose of the present paper is to indicate the likeli- 
hood of  a similar invariant point  in binary mixtures of phosphatidylcholine and 
phosphatidylethanolamine,  and further, to draw approximate phase diagrams 
for mixtures of  phosphatidylcholines themselves, where both the P~, and L~, 
phases exist throughout  the composit ion range. 

Materials and Methods 

Dimyristoyl phosphatidylcholine, dipalmitoyl phosphatidylcholine, 
distearoyl phosphatidylcholine,  dipalmitoyl phosphatidylethanolamine, and N- 
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) (ULTROL tm 
grade) were purchased from Calbiochem and were used without  further puri- 
fication. Thin-layer chromatography showed no detectable impurities in the 
phospholipids. Dodecyl t r imethylammonium bromide was prepared by the reac- 
tion of  dodecyl  bromide and trimethylamine, and was purified by recrystalliza- 
tion [8]. 

The phosphatidylcholines were stored as 0.5 or 1% ethanolic solutions; 
dipalmitoyl phosphatidylethanolamine was stored in a chloroform/ethanol.  
Lipid concentrations were verified by assaying aliquots of the stock solutions for 
phosphate by the method of  McClare [9]. 

Large vesicles consisting of  only a few lamellae were prepared by the 
detergent-dialysis method of Hong and Hubbell [10].  Ethanol or chloroform/ 
ethanol solutions containing about  5 ~mol of  the desired lipids were evaporated 
under vacuum to dryness. The lipids were then dissolved at 50--60°C in 2 ml of  
0.1 M dodecyl  t r imethylammonium bromide, 0.01 M sodium phosphate buffer, 
pH 7.0. The resulting mixtures were cooled to 4°C and dialyzed vs. 100 vols. of 
5 mM HEPES buffer, pH 6.6. Dialysis was continued for 4--5 days with buffer 
changes approximately every 12 h. Large vesicles were harvested by centrifuga- 
tion (10 000 Xg, 20min ,  0°C). The supernatants were discarded; the pellets 
were stored at 0°C. 

Samples were kept  on ice until 1--2 gl droplets were pipetted onto copper 
planchets resting on a metal block at the desired quenching temperature in a 
room thermostated to within 1--2 degrees of this temperature. After equilibra- 
tion for 2--3 min, the samples were quenched and replicated in a Balzers 
BAF301 Freeze-Etching Device as described previously [ 11]. Micrographs were 
taken on 3~ inches × 4 inches Kodak electron microscope film with an initial 
magnification of  33 000× in an Hitachi HU-11E electron microscope. 

Results 

Dimyristoyl phosphatidylcholine-dipalmitoyl phosphatidylcholine 
Fig. 1 shows freeze-fracture electron micrographs of dimyristoyl phos- 

phatidylcholine/dipalmitoyl phosphatidylcholine vesicles of  varying composi- 
tions quenched from different temperatures. At the lowest temperatures 
examined, fracture faces are unmarked except  for an occasional random line 
(Fig. le) .  Samples heated further reveal fracture faces characterized by areas of  
unmarked lipid surface areas with periodic bands and areas marked by 'whorls', 
i.e. a texture apparently composed of a series of circular or spiral 'bands'  
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Fig.  l .  F r e e z e - f r a c t u r e  e lec t ron  m i c r o g r a p h s  of  d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e / d i p a l m i t o y l  p h o s p h a t i d y l -  
cho l ine  vesicles  p r epa red  by d e t e r g e n t  dialysis .  Mol% d i p a l m i t o y l  p h o s p h a t i d y l c h o l i n e  and q u e n c h  
t e m p e r a t u r e  are as fo l lows :  (a) 20%, 35°C;  (b) 49%, 34°C; (c) 80%, 35°C; (d)  80%, 27°C:  (e) 80%, 19°C. 
All s a m p l e s  were  h e a t e d  to the  q u e n c h  t e m p e r a t u r e s  which  are accura te  to ~1--3°C. M a g n i f i c a t i o n s  are 
a b o u t  65 000X. 

(Fig. ld) .  Fig. lc  presents the banded texture characteristic of lipid surfaces 
quenched from still higher temperatures. Smooth areas and whorls are absent; 
the bands are periodic and form nearly regular arrays. Further heating results in 
fracture faces exhibiting the jumbled texture characteristic of fluid phos- 
phatidylcholines as well as areas of banded lipid (Fig. lb).  Samples quenched 
from the highest tempe~'atures examined reveal fracture faces exhibiting only 
the jumbled texture (Fig. la).  These successive changes in texture with 
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Fig .  2.  A n  a p p r o x i m a t e  p h a s e  d i a g r a m  f o r  a q u e o u s  d i spe r s ions  of  the  d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e /  
d i p a l m i t o y l  p h o s p h a t i d y l e h o l i n e  b i n a r y  s y s t e m :  t e m p e r a t u r e  vs. too l  f r a c t i o n  o f  d i p a l m i t o y l  p h o s -  
p h a t i d y l c h o l i n e  (DPPC) .  +,  D a t a  t a k e n  f r o m  Figs .  2 a n d  3A in S h i m s h i c k  a n d  M c C o n n e l l  [ 1 ] ;  e ,  d a t a  
t a k e n  f r o m  Fig.  2B in M a b r e y  a n d  S t u r t e v a n t  [ 1 2 ] ;  o p o i n t s  e s t i m a t e d  f r o m  the  c a l o r i m e t r i c  cu rves  in 
Fig.  2A in  M a b r e y  a n d  S t u r t e v a n t  [ 1 2 ] .  J ,  N,  B a n d  W d e n o t e  the  p r e s e n c e  o f  j u m b l e d ,  s m o o t h ,  b a n d e d ,  
a n d  w h o r l e d  (or  w a v y )  t e x t u r e s  o n  f r a c t u r e  f aces  of  s a m p l e s  q u e n c h e d  f r o m  the  d e s i g n a t e d  l o c a t i o n s  o n  
the  p h a s e  d i a g r a m .  Cap i t a l  l e t t e r s  d e n o t e  d a t a  p r e s e n t e d  in Fig.  1 a n d  in Figs.  2, 3, a n d  4 in L u n a  a n d  
M c C o n n e l l  [ 11 ] ;  l ower -case  l e t t e r s  de s igna t e  f r a c t u r e  faces  o b s e r v e d  b y  K l e e m a n n  [ 1S ] .  The  r e g i o n  o f  the  
p h a s e  d i a g r a m  c o n t a i n i n g  I,c~ p h a s e  o n l y ,  P/3', p h a s e  o n l y ,  a n d  Lj3, , phase  on ly  are  i n d i c a t e d .  

increasing temperature are observed for each of the three dimyristoyl phos- 
phatidylcholine/dipalmitoyl phosphatidylcholine mixtures examined. Howew~r, 
the temperatures at which the textural changes occur increase with increasing 
mol fractions of dipalmitoyl phosphatidylcholine. 

The dimyristoyl phosphatidylcholine/dipalmitoyl phosphatidylcholine phase 
diagram has been investigated using the techniques of differential scanning 
calorimetry [12], fluorescence spectroscopy [13,14], and electron spin 
resonance spectroscopy [1]. With only one exception [14], no attempt has 
been made to incorporate the 'pretransition' characteristic of phosphatidyl- 
cholines [ 11,15--17] into phase diagrams for binary mixtures of phosphatidyl- 
cholines. 

In Fig. 2 we present an approximate phase diagram for the dimyristoyl phos- 
phatidylcholine-dipalmitoyl phosphatidylcholine system. This phase diagram is 
based on previously published data as well as the location and relative amounts 
of the different textures observed by freeze-fracture electron microscopy 
(Fig. 1). Circles denote points derived from the calorimetric data of Mabrey 
and Sturtevant [12]; crosses indicate data points obtained by Shimshick and 
McConnell [1] from 2,2,6,6,-tetramethylpiperidine-l-oxyl (TEMPO} curve 
break points. The letters "J", "B", and "N" are used to designate points on the 
phase diagram at which jumbled, banded, and smooth textures are observed. 
The letter "W" indicates the presence on fracture faces of whorls and/or 'wavy 
bands'. When two or more textures are observed on the fracture surfaces of a 
sample, this fact is recorded at the appropriate point on the temperature-com- 
position diagram by listing the designating letters in order of decreasing 
predominance. Capital letters denote data obtained by us previously [11] or in 
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the present study; lower-case letters designate fracture surfaces observed by 
Kleemann [18].  The combined data suggest a phase diagram in which the Py- 
L~ two-phase region is either symmetric,  or nearly so, about  a line connecting 
the two pure-component  transitions. The L~,-Pa, two-phase region, however, 
is probably asymmetric with a concave upper solvus line (Fig. 2). This phase 
diagram is also consistent with the general form, if not  the transition tempera- 
tures, of  the dimyristoyl phosphatidylcholine/dipalmitoyl  phosphatidylcholine 
phase diagram constructed from fluorescence depolarization data [14].  

Dimyristoyl phosphatidylcholine-distearoyl phosphatidylcholine 
Freeze-fracture electron micrographs of dimyristoyl phosphatidylcholine/  

distearoyl phosphatidylcholine bilayers (Fig. 3) reveal the same changes in 
texture with increasing temperature as those observed for mixtures of 
dimyristoyl phosphatidylcholine/dipalmitoyl  phosphatidylcholine (Fig. 1). At 
the lowest temperatures examined, fracture faces are smooth or crossed by 
only an occasional line (Fig. 3i). As temperatures are increased, the lines 
increase in number  and whorls appear (Figs. 3g and 3h). At higher temperatures,  
the number  of whorls increases and areas composed of more or less periodic 
bands become noticeable (Fig. 3f). At still higher temperatures,  the whorls are 
replaced by 'wavy bands'  and a regular band pattern becomes a prominent  
feature of  fracture faces (Fig. 3e). Eventually, the regular band pattern 
becomes the only detectable feature (Fig. 3d). Further temperature increases 
lead to the formation of  small patches of the distinctive jumbled texture 
indicative of  fluid phosphatidylcholines (Fig. 3c). These jumbled patches grow 
larger at the expense of  the banded areas (Fig. 3b) until the temperature 
approaches that  of  the fluidus curve at which point  all bands disappear 
(Fig. 3a). 

The present freeze-fracture data are combined with calorimetric, electron 
spin resonance, and earlier freeze-fracture data to produce the approximate 
dimyristoyl phosphatidylcholine/distearoyl phosphatidylcholine phase diagram 
shown in Fig. 4. Although there are many uncertainties associated with the 
solidus and solvus curves of this phase diagram, it is obvious that each of the 
two-phase regions is asymmetrically shaped. Freeze-fracture data suggest that 
the region in which P~, and Lo phases coexist is probably shaped essentially 
the same as in the dimyristoyl phosphatidylcholine/distearoyl phosphatidyl- 
choline phase diagrams originally drawn by Shimshick and McConnell [1] and 
Mabrey and Sturtevant [12].  Both calorimetric [12] and freeze-fracture 
electron microscopic data indicate that the pretransitional region is 
characterized by extensive solid-solid (i.e. Ly-L~.) immiscibility. 

The location of the upper solvus curves is the most  ambiguous feature of the 
dimyristoyl phosphatidylcholine/distearoyl phosphatidylcholine phase diagram. 
However,  it has been observed that the pretransition comes very close to and 
probably interferes with the P~,-L~ transition for 36 mol% and higher distearoyl 
phosphatidylcholine concentrations [12].  Given this fact and the putative loca- 
tion of the solidus line in this system, it appears that the upper solvus curve 
undergoes a change of  curvature at about  50 mol% distearoyl phosphatidyl- 
choline. This deduction is incorporated into the phase diagram presented in 
Fig. 4. 
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Fig. 3. Freeze-fracture electron microg~aphs of d imyris toyl  phosphat idylchol ine/dis tearoyi  phosphat idyl-  
choline vesicles prepared by detergent  dialysis. Mol% distearoyl phosphat idylchol ine and quench tempera- 
tures are as follows: (a )20%,  42.5°C; (b)40%,  33°C; (e)60%, 33°C; (d)40%,  26°C; (e)60%, 26°C; 
(f) 60%, 21°C; (g) 80%, 26°C; (h) 20%, 13.5°C; (i) 20%, 5°C. All samples were heated to the quench 
temperatures  which are accurate to -+1--3°C. Magnifications are about  65 000X. 
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Fig. 4. An a p p r o x i m a t e  phase d iagram for  a que ous  dispers ions  of  the d imy r i s t o y l  phospha t idy l cho l ine -  
d i s tearoyl  p h o s p h a t i d y l e h o l i n e  b inary  s y s t e m:  t e m p e r a t u r e  vs. tool f rac t ion  of d is tearoyl  phospha t idy l -  
chol ine  (DSPC).  +, Da ta  t aken  f r o m  Figs. 2 and 7 in Sh imshick  and McConnel l  [ 1 ] ;  • da ta  t aken  f rom 
Fig. 3B in Mabrey  and  S t u r t e v a n t  [ 1 2 ] ;  ~, po in t s  e s t ima t ed  f rom the ca lo r imet r i c  curves  in Fig. 3A in 
Mabrey and  S t u r t e v a n t  [ 1 2 ] .  J,  N, B and W deno te  the presence  of j u m b l e d ,  s m o o t h ,  b an d ed ,  and 
whor l ed  (or  w a v y )  t ex tu re s  on f rac ture  faces of  samples  q u e n c h e d  f rom the designate(] loca t ions  (m the 
phase d iagram.  Capital  le t te rs  deno te  da ta  p resen ted  in Fig. 3; lower-case le t ters  designate f rac tu re  faces 
observed  by Sh imshick  e t  al. [2 ] .  The  regions  of the phase d iagram con ta in ing  Lc~ phase  o n l y , P 3 '  phase 
on ly ,  each of the pos tu l a t ed  L/j' phases  only and  coexis t ing  L~' I and L~j' 2 phases  are indicated.  

Dirnyristoyl phosphatidylcholine-dipalrnitoyl phosphatidylethal~olamine 
Fig. 5 exhibits freeze-fracture electron micrographs of dimyristoyl phos- 

phatidylcholine/dipalmitoyl phosphatidylethanolamine mixtures quenched from 
different temperatures.  At low temperatures,  only smooth fracture surfaces 
are observed (Fig. 5h). At higher temperatures and concentrations of 30 mol% 
or less dipalmitoyl phosphatidylethanolamine,  domains of  wavy, and some- 
times periodic, bands appear in coexistence with areas of unmarked lipid 
surfaces (Figs. 5f and 5g). Regular hand patterns uninterrupted by smooth 
areas are observed on fracture faces of samples containing 11 mol% phos- 
phatidylethanolamine when these samples are quenched from about  24"C 
(Fig. 5e). Coexisting jumbled and banded textures appear on fracture surfaces 
when this sample is quenched from approx. 28.5"C (Fig. 5d). Further heating 
of dimyristoyl  phosphatidylcholine/dipalmitoyl phosphatidylethanolamine 
samples results in the complete disappearance of bands, lines and whorls. 
Fracture faces of  samples containing 11 mol% phosphatidylethanolamine reveal 
only the jumbled texture characteristic of fluid phosphatidylcholines (Fig. 5a). 
Fracture surfaces of  samples containing higher concentrations of phosphatidyl- 
ethanolamine exhibit  this jumbled texture in apparent equilibrium with smooth 
lipid surfaces (Figs. 5[) and 5c). 

The freeze-fracture electron microscopic data presented in Fig. 5 clearly 
indicate the existence of at least three two-phase regions in the dimyristoyl 
phosphatidylcholine/dipalmitoyl  phosphatidylethanolamine phase diagram. 
Assuming first-order transition behavior throughout  the temperature-composi- 
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Fig. 5. Freeze-fracture electron micrographs of d imyris toyl  phosphat idylchol ine /d ipa lmi toyl  phos- 
phat idyle thanolamine  vesicles prepared by detergent  dialysis. Mol% dipalmitoyl  phosphat idyle thanol-  
amine and quench temperature are as follows: (a) 11%, 35°C; (b) 30%, 42°C; (c) 51%, 42°C; (d) 11%, 
28.5aC; (e) 11%, 24°C; (f) 30%, 26°C; (g) 11%, 19°C; (h) 30%, 11.5°C. All samples were heated to the 
quench temperatures  which are accurate to ±1--3°C. Magnifications are about  65 000×. 
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Fig. 6. An a p p r o x i m a t e  phase  d i ag ram for  a que ous  dispers ions  of  the d imy r i s t o y l  phospha t idy l cho l ine -  
d ipa lmi t oy l  p h o s p h a t i d y l e t h a n o l a m i n e  b inary  sys t em;  t e m p e r a t u r e  vs. mol  f rac t ion  of  d ipa lmi toy l  phos-  
p h a t i d y l e t h a n o l a m i n e  (DPPE).  +, Da ta  t a ke n  f r o m  Figs. 2 and 5A in Shims_hick and  McConnel l  [ 1 ] .  J ,  
N, B and  W d e n o t e  the presence  of  j u m b l e d ,  s m o o t h ,  ba nd ed ,  and wavy  t ex tu res  on f rac ture  faces of 
samples  q u e n c h e d  f rom the des igna ted  loca t ions  on the phase d iagram.  The regions  of  the phase d i ag ram 
con ta in ing  Lc~ phase  on ly ,  Pfl' phase only  and Lfl' phase only are ind ica ted .  

tion range studied here, the simplest possible phase diagram for this system 
is composed of  three two-phase regions which meet  at a three-phase line 
(Fig. 6). While the three-phase line almost certainly exists at a temperature 
between 28 and 33°C, we have obtained no direct experimental evidence for it 
in this system. However,  three-phase lines are documented  for binary mixtures 
of  phosphatidylcholines with dipalmitoyl phosphatidylserine [6]. The relative 
extents  of  the La-P~, and P~,-L~, regions are unknown,  a fact indicated by the 
broken lines in Fig. 6. 

The location of  the fluidus curve as deduced from freeze-fracture electron 
microscopic data agrees well with the fluidus curves for this system previously 
presented by Shimshick and McConnell [1] and Lee [13].  However,  our data 
are no t  compatible with the low-temperature break points determined by these 
researchers for low concentrat ions of  phosphatidylethanolamine.  A possible 
source for this discrepancy in results is the previously-held assumption of  only 
one 'solid' phase (and thus, only one two-phase region) in mixtures containing 
a phosphatidylcholine.  These workers ignored temperatures below 15--20°C 
and, therefore,  may have overlooked additional break points. 

Discussion 

In this work,  we extend previously studied phase diagrams to include the 
lower as well as upper phase boundaries for the P~, phases in binary mixtures of  
dimyristoyl phosphatidylcholine with dipalmitoyl phosphatidylcholine,  
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distearoyl phosphatidylcholine, and dipalmitoyl phosphatidylethanolamine. 
Since quench temperatures are only certain to within 1--3°C, freeze-fracture 
electron microscopy is not, by itself, a good technique for locating precise 
phase boundaries. However, freeze fracture provides information on the extent 
of the P~, phase and, by indicating the approximate locations of two-phase 
regions, can greatly facilitate the interpretation of data obtained with more 
accurate techniques. 

There is a strong evidence that the chain-melting transition, P~,-La in 
dimyristoyl phosphatidylcholine (at 23°C) and in dipalmitoyl phosphatidyl- 
choline (at 41°C) is first order. The transitions are associated with substantial 
changes in enthalpy (AH) and volume (AV) [12,19,20]. There is evidence that 
the pretransition in phosphatidylcholines is also first order, there being a 
reported AH of transition [12], as well as extensive evidence for hysteresis in 
this transition [11,21] (not possible for second-order transitions [22]). It is, 
therefore, surprising that the pretransition in mixtures consisting of two phos- 
phatidylcholines is visualized by freeze-fracture electron microscopy as a 
gradual change in texture of lipid surface (Figs. 1 and 3). Smooth fracture faces 
become marked with whorls which are replaced by wavy bands which give way 
to a regular band pattern in a seemingly continuous progression. This 
phenomenon is even more surprising since distinct banded and smooth domains 
are observed on fracture faces of dimyristoyl phosphatidylcholine/dipalmitoyl 
phosphatidylethanolamine mixtures quenched from the putative P~,-L~, two- 
phase region (Figs. 5f and 5g). (P~,-L~, regions in mixtures of dipalmitoyl phos- 
phatidylserine with phosphatidylcholines are also frequently observed to have 
large (up to 5 pM wide) domains of each of the two phases [6]). 

It is possible that different rates of lateral diffusion are responsible for the 
appearances of different lipid surfaces observed by freeze-fracture electron 
microscopy. Diffusion may occur faster in, for example, dimyristoyl phos- 
phatidylcholine/dipalmitoyl phosphatidylethanolamine bilayers than in bilayers 
composed of dimyristoyl phosphatidylcholine/dipalmitoyl phosphatidylcholine. 
Support for this hypothesis is obtained by studying the appearance of freeze- 
fracture lipid surfaces as a function of the equilibration time at the quench 
temperature prior to quenching. Preliminary experiments indicate that fracture 
surfaces of binary mixtures of phosphatidylcholines quenched after a 24 h 
incubation at a temperature within the pretransitional region exhibit large, 
well-defined areas of regularly spaced bands in apparent equilibrium with large, 
completely unbanded areas. (Samples quenched after only a 3 h incubation are 
almost indistinguishable from samples equilibrated for only a few minutes at 
the quench temperature.) However, a better test of this theory would be the 
direct measurement of rates of lateral diffusion in each of the lipid mixtures 
discussed here. It is also possible that rates of domain equilibration depend on 
nucleation and other factors in addition to the rates of lateral diffusion. 

A significant feature of the dimyristoyl phosphatidylcholine/dipalmitoyl 
phosphatidylethanolamine phase diagram presented in Fig. 6 is the postulated 
presence of a three-phase line, a temperature at which fluid-, banded-, and 
smooth-textured solid lipid domains coexist. Three-phase lines have also been 
observed in binary mixtures of dipalmitoyl phosphatidylserine with dimyristoyl 
phosphatidylcholine and dipalmitoyl phosphatidylcholine. Similarly, three- 
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Fig. 7. Theore t i ca l ,  specu la t ive  phase  d iagrams  for b inary  m i x t u r e s  of l ipids,  each of which  has  a Pfl' 
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d iagram i l lus t ra t ing  i m m i s c i b i l i t y  of  Pfi' phases.  

phase lines may occur in other phase diagrams in which one component  is a 
phosphatidylcholine,  a molecule with two solid phases with different 
crystalline conformations,  and the other component  is a molecule with only 
one gel phase. 

In conclusion it may be noted that  the limited temperature stability range of 
the P~, phase for pure phosphatidylcholines raises the possibility that  this phase 
may not  be stable for some temperatures and compositions in binary mixtures 
of phosphatidylcholines. Indeed, in Fig. 4 the reported stability region of the 
P~, phase is quite narrow for some compositions. This suggests that  as the 
chains of the two lipids become even more different from one another, 
immiscibility in the P~, phase may appear, or the P~, phase may disappear 
entirely for some composition range. 

Fig. 7a gives a schematic phase diagram showing how the P~, phase may be 
entirely missing for some compositions of two pure lipids that  individually i~ave 
P~, phases. Fig. 7b gives a schematic phase diagram illustrating immiscibility in 
the P~, phases. Such schematic phase diagrams may prove to be helpful in 
designing efficient protocols for future studies of such lipid mixtures. 
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