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Summary 

Synthetic dipalmitoyl phosphatidylserine exhibits a sharp chain-melting 
transition temperature at 51 ° C as judged by partitioning of the spin label 2,2,6,6- 
tetramethylpiperidine-l-oxyl. Phase diagrams representing lateral phase separa- 
tions in binary mixtures of dipalmitoyl phosphatidylserine with dipalmitoyl 
phosphatidylcholine as well as with dimyristoyl phosphatidylcholine are de- 
rived from paramagnetic resonance determinations of 2,2,6,6,-tetramethyl- 
piperidine-l-oxyl partitioning, freeze-fracture electron microscopic studies and 
theoretical arguments that limit the general form of acceptable phase diagrams. 
The reported phase diagrams are the first to describe binary mixtures in which 
one lipid is charged and the second lipid uncharged. These phase diagrams also 
are the first to include the problem of solid phases with different crystalline 
conformations as it relates to the occurrence of a pretransition in phosphatidyl- 
cholines and its absence in phosphatidylserines. In addition to the phase dia- 
grams reported here for these two binary mixtures, a brief theoretical discus- 
sion is given of other possible phase diagrams that may be appropriate to other 
lipid mixtures with particular consideration given to the problem of crystalline 
phases of different structures and the possible occurrence of second-order 
phase transitions in these mixtures. 

Introduction 

There is great current interest in lateral phase separations in mixtures of 
phospholipids wherein some lipid components are charged and the other lipid 
components are uncharged. This is because in such mixtures the occurrence and/ 

* To whom correspondence should be addressed. 

Abbreviations: TEMPO~ 2,2,606-tetramethylpiperidine-l-oxyl. 



304 

or degree of  lateral phase separation can be triggered or modulated isothermally 
by water-soluble components  such as calcium ion [1--6],  hydrogen ion [2,4],  
polypeptides [6-7], etc. Lateral phase separations in lipid vesicular structures 
can lead to enhanced membrane permeation of water-soluble substances [8-- 
12] and reorganization of membrane components  [13--15] as well as mem- 
brane fusion [16].  The latter is of interest not  only in connection with natural- 
ly occurring biological fission and fusion processes, but  also in connection with 
the possibility of  artificially introducing genetic material and enzymes into 
cells. In spite of these attractive features of  mixtures of charged and uncharged 
lipids, no qualitative or quantitative phase diagrams representing lateral phase 
separations in these mixtures have been published. The present work describes 
two approximate phase diagrams for binary mixtures of  dipalmitoyl phosphati- 
dylserine with dipalmitoyl phosphatidylcholine and with dimyristoyl phosphat- 
idylcholine. These phase diagrams are approximate,  based on TEMPO binding, 
freeze-fracture electron microscopic data and theoretical arguments concerning 
acceptable forms for such phase diagrams. The reported phase diagrams ~ e  also 
of  special interest in that they take into account  problems arising when the low 
temperature solid crystalline phases of the two lipids have different crystalline 
structures. Since these special structural problems may be significant for other 
mixtures of lipids, additional discussion of  other possible phase diagrams for 
lipid mixtures are briefly considered from a theoretical point of view. 

Notations for structures o f  lipid phases 
The symmetries and molecular structures of various lamellar phases of phos- 

pholipids have been studied extensively. Throughout  the present paper we use 
the notat ions introduced by Luzzati and colleagues for various lipid phases, i.e., 
L~, L~', P~' [17].  Here L represents a lamellar state of the lipid bilayers, a re- 
presents states of  the fatty-acid hydrocarbon chains that  are "f luid"  or liquid- 
like, and fl' represents a state in which the fatty chains are predominantly in 
their extended,  all-trans conformation and are tilted relative to the aormal  to 
the bilayer planes. The symbol  P refers to a monoclinic structure, in this case 
one in which the molecules in each bilayer do not  lie in a single plane, but  are 
located in bilayers that have a periodic, wavelike, undulating pattern, some- 
times described as "bands" .  The repeat periods in these banded structures for 
typical phosphatidylcholines are in the range 120--500 h .  In the present paper 
the notat ions L~, L~', and P~' refer to multilamellar arrays of  lipid bilayers that  
exactly,  or approximately,  fall in the category of  smectic liquid crystals or la- 
mellar crystals. All of our work deals with such systems, i.e., multilamellar lipo- 
somes. However, from a biological point of view one is more directly concerned 
with the properties of  single bilayers. In recent unpublished work we have ob- 
served "bands"  characteristic of  the P~' phase of phosphatidylcholines in large 
{diameters of  about  1/am) single compar tment  vesicles using freeze-fracture 
electron microscopy.  Thus it is likely that  there is a one-to-one correspondence 
between the L~, Py,  and L~' phases of  multilamellar liposomes and correspond- 
ing phases in isolated single bilayer membranes.  

There is strong evidence that the chain-melting transition PZ' ~ L,  in di- 
myristoyl  phosphatidylcholine (at 23°C) and in dipalmitoyl phosphatidylcho- 
line (at 41°C) is first-order; the transitions are associated with substantial 
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changes in enthalpy (AH) and volume (AV) [18--20].  There is evidence that 
the "pretransi t ion" in phosphatidylcholines is also first-order, there being a 
reported AH of transition [20],  as well as extensive evidence for hysteresis in 
this transition [ 21,22 ] (not possible for second-order transitions [ 23 ] ). 

In contrast to the two phosphatidylcholines considered here there is, as 
shown below, no evidence for a pretransition (corresponding to L~ or L~' 
P~') nor for a banded phase of structure P~' in the case of  dipalmitoyl phos- 
phatidylserine. Thus, not  only are there differences in charges between the 
phosphatidylcholine and phosphatidylserine molecules, but  there are also sig- 
nificant differences in the structure of some of their crystalline phases. The 
significance of  such structural differences in terms of phase diagrams will also 
be evident in the subsequent discussion. 

Materials and Methods 

Materials 
Dimyristoyl phosphatidylcholine and dipalmitoyl phosphatidylcholine were 

purchased from Calbiochem and were used wi thout  further purification. 
TEMPO was provided by Dr. Wolfgang Kleemann. 

L-a<lipalmitoyl phosphatidylserine was synthesized by the method of  Baer 
and Maurukas [24].  Complete purification of the intermediate, dipalmitoyl,  L-s- 
glyceryl-phenylphosphoryl N-carbobenzoxy-L-serine benzyl ester, was achieved 
by elution from a Bio Sil A (200--325 mesh} column with a chloroform-meth- 
anol gradient. Hydrogenation,  trituration and recrystallization resulted in a fine 
white powder  containing a small (~2%) impurity which was removed by a sec- 
ond silicic acid column. Centrifugation (27 000 × g, 15 min, 20°C) cleared con- 
taminating silicic acid from a solution of  dipalmitoyl phosphatidylserine in 30 : 
1 chloroform/acetic acid. In each of  several different solvent systems the final 
product  formed one spot on silica gel thin-layer chromatography. The com- 
pound stained for carbon, phosphorus,  and serine and co-migrated with bovine 
brain phosphatidylserine (Schwarz/Mann). L~-Dipalmitoyl  phosphatidylserine 
had m.p. = 153--155°C, [~]~0 = + 17.7 + 0.8°C (c 1 in benzene) (Found: C, 
61.9; H, 10.0; N, 1.9; P, 4.1. Calculated for C38H74010NP: C, 62.0; H, 10.1; N, 
1.9; P, 4.2%). Negative specific rotations approximately the same as those re- 
ported for a~<i is tearoyl  phosphatidylserine by Baer and Maurukas [24] were 
obtained after incubation at temperatures above 65°C, but  analysis by thin- 
layer chromatography showed the appearance of a second compound in these 
samples. 

Phospholipid dispersions 
Dimyristoyl and dipalmitoyl phosphatidylcholine were stored as 1% ethanol- 

ic solutions; dipalmitoyl phosphatidylserine was kept  in solid form until shortly 
before use when 5--10 mg were dissolved per ml of  warm (50--55°C) chloro- 
form. After equilibration to room temperature,  lipid concentrations were veri- 
fied by assaying aliquots of  the stock solutions for phosphate by the method of 
McClare [25].  The chloroform-ethanol solution which contained 5--7 pmol  of  
the desired lipids was evaporated under vacuum to dryness. The lipids were 
then re-dissolved in excess warm chloroform and again evaporated to dryness 



306 

under vacuum. A glass bead, 5 ~l of a 0.01 M TEMPO solution, and about 85 
~l of 0.2 M sodium phosphate buffer containing 1.0 mM EDTA, pH 7.2, were 
then added to the 5 or 10 ml flask. The lipids were dispersed by vortexing at 
55--60°C for several minutes and allowed to settle for 1--2 h before transfer to 
a 50 pl capillary pipet used as a sample cell for electron paramagnetic resonance 
measurement. The bulk pH of  these dispersions was 6.9 or higher both before 
and after heating to 65°C. Final lipid concentrations were approximately 5% 
by weight. 

Samples for freeze-fracture electron microscopy were prepared as described 
for the magnetic resonance experiments except TEMPO was omitted from the 
aqueous dispersions. Usually, one chloroform-ethanol solution was made for a 
given lipid mixture and was divided appropriately into samples for ESR experi- 
ments and freeze-fracture electron microscopy. 

Paramagnetic resonance spectroscopy 
All measurements were made on a Varian E-12 spectrometer at X-band with 

the sample cell oriented horizontally to minimize the settling of  the phospho- 
lipid liposomes. The sample cell holder and temperature control accessories de- 
scribed by Gaffney [26] were used to insure reproducible sample insertion and 
accurate temperature control. The temperature was measured with a copper- 
constantan thermocouple connected to a Smith-Florence potentiometric micro- 
voltmeter. Spectral parameters were measured for both heating and cooling of 
the sample at rates of 5--10°C per hour. 

Freeze-fracture electron microscopy 
Samples cooled to the quench temperature were obtained by heating a beaker 

of water above the transition temperature of the lipid and then allowing it to 
cool naturally. To minimize evaporation, samples to be heated to the quench 
temperature were kept on ice until 1--2 pl droplets were pipetted onto copper 
planchets resting on a metal block at the desired temperature in a room ther- 
mostat ted to within 1--2 degrees of this temperature. After equilibration for 
2--3 min, the samples were quenched and replicated as described previously 
[22]. Micrographs were taken on 31A " X 4" Kodak electron microscope film 
with an initial magnification of 33 000× in a Hitachi HU-11E electron micro- 
scope. 

Results 

Phase transition o f  dipalmitoyl phosphatidylserine 
The spin label molecule TEMPO is readily soluble in water and in phospho- 

lipid bilayers in the fluid, liquid-crystalline state but is excluded from bilayers 
in the solid or gel phase. The TEMPO spectral parameter, f, defined as H/(H + 
P) (Fig. 1) is roughly proportional to the fraction of the lipid which is in the 
fluid state [27]. Plots of  the TEMPO solubility parameter fvs .  T, or 1/T, have 
been used to determine phase diagrams for saturated [28] and unsaturated 
[29] phospholipids. Here we have applied this technique to the measurement 
of the transition temperature of the charged lipid, dipalmitoyl phosphatidyl- 
serine, dispersed in excess aqueous buffer. A plot of the TEMPO spectral 
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Fig. 1. T he  TEMPO spect ra l  p a r a m e t e r ,  f,  vs. t e m p e r a t u r e  for  an aqueous  dispers ion of ionized dipalmi-  
toy l  phospha t idy l se r ine  (50  m g / m l ) .  H is a p p r o x i m a t e l y  p r o p o r t i o n a l  to  the a m o u n t  of  spin label  dissolved 

in the  m e m b r a n e  b i l ayer  and  P is p r o p o r t i o n a l  to the a m o u n t  observed  in the  aq u eo u s  region [ 3 9 ] .  

parameter, f, as a function of  temperature for this lipid is illustrated in Fig. 1. 
Dipalmitoyl phosphatidylserine has a transition temperature of  50.8 ° C, defined 
as the average value of  the beginning and the completion temperatures of the 
TEMPO transition curve (49.5--52.0°C). This value is in good agreement with 
the result obtained previously by MacDonald et al. [30].  Using differential 
scanning calorimetry, these workers observed a broad transition centered at 
about  53°C for fully ionized dipalmitoyl phosphatidylserine at a concentration 
of  25--100 mg/ml. 

Spin-label and freeze-fracture data on binary mixtures 
Fig. 2A gives illustrative plots of  the TEMPO spectral parameter as a func- 

tion of temperature for binary mixtures of  dipalmitoyl phosphatidylserine and 
dimyristoyl phosphatidylcholine. Each of  these curves has two major abrupt 
changes of  slope; such changes have generally been interpreted as the onset and 
complet ion of  lateral phase separations [28,29],  particularly when agreement 
with freeze-fracture electron microscopic data is obtained [ 31,32 ]. These tran- 
sition temperatures are determined from the intersections of  lines drawn 
through the three main regions of each curve. This procedure is shown for the 
90 mol% dipalmitoyl phosphatidylserine curve in Fig. 2A. A phase diagram de- 
rived from these straight line intersections is presented in Fig. 2B, where S 
refers to a solid, crystalline (or "gel") phase and F refers to a fluid (L~) state. 

The dimyristoyl phosphatidylcholine-dipalmitoyl phosphatidylserine phase 
diagram illustrated in Fig. 2B is a simple solid-solution, fluid-solution phase 
diagram that describes a two<timensional equilibrium between a fluid phase 
and a solid phase. However, we can be certain that  the complete  phase diagram 
for this lipid mixture cannot be this simple. In the first place, both  phase transi- 
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Fig. 2, (A) ,  e x p e r i m e n t a l  TEMPO spect ra l  p a r a m e t e r ,  f, as a func t ion  of  t e m p e r a t u r e  for  aq u eo u s  sus- 
pens ions  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  con ta in ing :  (o),  15 tool%; (o),  27 mol%;  (~),  37 tool%. (A), 
57 tool%; (a ) ,  73 tool%. (m), 90  tool% d i p a l m i t o y l  phospha t idy l se r ine .  (B), t r ad i t i ona l ly -ob ta ined  phase  
d i ag ram for  a q u e o u s  dispers 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  phospha t idy l se r ine  
b ina ry  sys t em:  t e m p e r a t u r e  vs. tool f rac t ion  of  d i p a l m i t o y l  phospha t idy l se r ine  (DPPS).  ( ~ ) ,  da ta  t aken  
as desc r ibed  in the  t ex t  f r o m  t e m p e r a t u r e  breaks  of  e x p e r i m e n t a l  TEMPO spect ra l  p a r a m e t e r  hea t ing  
curves  in Fig. 2A;  (A), d a t a  t a ke n  f r o m  the t e m p e r a t u r e  b reaks  of  e x p e r i m e n t a l  spect ra l  p a r a m e t e r  cool ing 
curves  showing  the  1 - -2°C hys teres is  typica l  of  charged  phospho l ip ids  [ 3 0 , 4 0 ] .  (C), c o m p l e t e  phase  dia- 
g ram for  a q u e o u s  d ispers ions  of  b inary  m i x t u r e 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  and d ip a lmi to y l  
phospha t idy l se r ine .  (+), Da ta  o b t a i n e d  f r o m  wel l -def ined t e m p e r a t u r e  breaks  of  the TEMPO spectra l  
p a r a m e t e r  hea t ing  curves  by  the p r o c e d u r e  s h o w n  for  15 tool% d i p a l m i t o y l  phospha t idy l s e r ine  (DPPS) in 
Fig. 2A.  Hys te reses  s imilar  to those  s h o w n  in Fig. 2B were observed  bu t ,  for  the sake of  c lar i ty ,  only  da t a  
f r o m  hea t ing  curves  axe p r e sen t ed .  J,  N and  B d e n o t e  the p resence  of  j u m b l e d ,  s m o o t h  and b a n d e d  tex- 
tures  on  f rac tu re  faces of  samples  q u e n c h e d  f r o m  the des igna ted  loca t ions  on the phase  d iagram.  The  
regions  of  the  phase  d i ag ra m con ta in ing  L(~ phase only ,  p t phase only  and L~ t phase only are ind ica ted .  
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tions in the phosphatidylcholine are not  represented on the diagram. In the sec- 
ond place, there must be some temperature-composit ion path on the phase dia- 
gram where one proceeds from a banded P~' phase of dipalmitoyl phosphatidyl- 
choline to a non-banded crystalline phase (e.g., L~ or L~'} of  dipalmitoyl phos- 
phatidylserine. The nature of the phase boundaries that this path must cross is 
totally unspecified by the diagram in Fig. 2B. 

Armed with the knowledge that the phase diagram under discussion must be 
more complex than the one depicted in Fig. 2B, we have re-examined the 
TEMPO binding curves shown in Fig. 2A, looking for well-defined break points. 
In some cases, the presence of  additional break points is obvious, such as those 
seen for lipid composit ions of  15 mol% and 27 mol% dipalmitoyl phosphatidyl- 
serine. In other  cases, break points are reassigned. Break points in the data in 
Fig. 2A that are, in our opinion, rather well-defined are indicated by crosses (+) 
in Fig. 2C. 

A wide temperature-composit ion region in Fig. 2C was also examined using 
freeze-fracture electron microscopy. Fig. 3 exhibits examples of  freeze-fracture 
electron micrographs of mixtures of  dipalmitoyl phosphatidylserine in dimyris- 
toyl  phosphatidylcholine corresponding to widely different temperature-com- 
position points. Samples quenched from temperatures above the highest tem- 
perature breaks in the TEMPO parameter curves have smooth patches and jum- 
bled lines on their fracture faces with the amount  and degree of  jumbling 
dependent  on the quenching rate of  the sample [33] and on the phosphatidyl- 
serine concentration (Fig. 3a and 3b). This appearance is characteristic of  rapid- 
ly-quenched fluid phosphatidylcholines [33,34] and is denoted in Fig. 2C by 
the letter "J" .  Samples quenched from temperatures below the lowest TEMPO 
parameter curve breaks exhibit  smooth fracture surfaces which are occasionally 
marked by  random, widely-spaced "lines" (Fig. 3h}. The letter " N "  is used to 
designate the points on the phase diagram at which this smooth texture is ob- 
served. Regular band patterns are observed on fracture faces of  samples con- 
taining low concentrations of phosphatidylserine when these samples are 
quenched from intermediate temperatures. In Fig. 2C, " B "  denotes the pres- 
ence of periodic bands such as those displayed in Fig. 3g. 

When two textures are observed on the fracture surfaces of  a sample, this 
fact is recorded at the appropriate point  on the temperature-composit ion dia- 
gram by  listing both  designating letters with the first letter denoting the pre- 
dominant  texture.  Examples of  coexisting jumbled and smooth textures are 
presented in Figs. 3c and 3d. Coexisting jumbled and banded fracture surfaces 
are seen in Fig. 3e while Fig. 3f shows both banded and smooth textures. 

The TEMPO spectral parameter curves for binary mixtures of  dipalmitoyl 
phosphatidylcholine and dipalmitoyl phosphatidylserine are given in Fig. 4A; 
break points in the data in Fig. 4A are indicated by crosses (+} in Fig. 4B. Fig. 
5 exhibits freeze-fracture electron micrographs of  mixtures of  dipalmitoyl 
phosphatidylserine in dipalmitoyl phosphatidylcholine. The jumbled texture 
(denoted by  " J "  on Fig. 4B) becomes less noticeable with increasing concentra- 
tions of  phosphatidylserine (Fig. 5a and 5b) until it disappears altogether at 
about  75 mol% phosphatidylserine (Fig. 5c). Similar smooth fracture surfaces 
are observed for all samples quenched from temperatures below the lowest 
breaks in the TEMPO parameter curves of  Fig. 4A. Fig. 5g presents an example 
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Fig.  4.  (A) ,  e x p e r i m e n t a l  T E M P O  s p e c t r a l  p a r a m e t e r  as a f u n c t i o n  o f  t e m p e r a t u r e  fo r  a q u e o u s  su spen -  
s ions  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  c o n t a i n i n g :  (o) ,  18 m o l % ;  (e ) ,  28  tool%;  (n) ,  4 3  too l%;  (A), 57  

m o l % ;  (0) ,  75  too l%;  (m), 9 0  too l% d i p a l m i t o y l  p h o s p h a t i d y l s e r i n e .  (B),  c o m p l e t e  p h a s e  d i a g r a m  fo r  
a q u e o u s  d i s p e r s i o n s  o f  the  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 - d i p a l m i t o y l  p h o s p h a t i d y l s e r i n e  b i n a r y  sys-  
t e m :  t e m p e r a t u r e  vs. m o l e  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 s e r i n e .  (+),  d a t a  t a k e n  f r o m  t e m p e r a t u r e  
b r e a k s  o f  e x p e r i m e n t a l  T E M P O  s p e c t r a l  p a r a m e t e r  h e a t i n g  cu rves  in Fig.  5A.  Coo l ing  cu rves  s h o w e d  1 - -  
2 ° C  h y s t e r e s e s  o f  the  l o w e r  b r e a k  t e m p e r a t u r e s ;  fo r  t he  sake  of  c l a r i t y ,  o n l y  h e a t i n g  d a t a  are p r e s e n t e d .  
J ,  N a n d  B 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  a n d  b a n d e d  t e x t u r e s  o n  f r a c t u r e  faces  o f  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 .  The  r eg ions  o f  the  p h a s e  d i a g r a m  con -  
t a i n i n g  L~ p h a s e  o n l y ,  P~P p h a s e  o n l y  a n d  Lfl f p h a s e  on ly  are  i n d i c a t e d .  

of a smooth-textured fracture face designated by "N" on Fig. 4B. Coexisting 
jumbled and smooth textures (Fig. 5e) are observed on fracture surfaces of 
samples quenched from the region of the dipalmitoyl phosphatidylcholine- 
dipalmitoyl phosphatidylserine phase diagram which is postulated to consist 
of coexisting L~ and L~' phases. Similarly, both banded ("B") and smooth 
fracture faces are observed (Fig. 5f) when samples are quenched from the re- 
gion of the phase diagram in which we expect to find coexisting P~' and L /  
phases. (See Discussion.) In drawing the phase diagrams in Figs. 2C and 4B we 
assumed that the low temperature phase of dipalmitoyl phosphatidylserine has 
the structure L~'. In the following discussion consideration is given to the possi- 
bility that the structure may not be L~'. 

Fig.  3.  F r e e z e - f r a c t u r e  e l e c t r o n  m i c r o g r a p h s  o f  a q u e o u s  d i s p e r s i o n s  o f  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 i  p h o s p h a t i d y l s e r i n e  m i x t u r e s .  Mol% d i p a l m i t o y l  p h o s p h a t i d y l s e r i n c  a n d  q u e n c h  t e m p e r a t u r e  
are  as fo l lows :  a,  27%,  4 2 ° C ;  b ,  57%,  5 2 ° C ;  c ,  57%,  3 8 ° C ;  d ,  57%, 4 2 ° C ;  e, 15%,  2 8 ° C ;  f, 27%,  220C;  g, 
15%, 2 2 ° C ;  h ,  27%,  1 2 ° 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  w h i c h  are  a c c u r a t e  to  
-+2--3°C. M a g n i f i c a t i o n s  are a b o u t  4 4  O00X. 
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Fig.  5. F r e e z e - f r a c t u r e  e l e c t r o n  m i c r o g r a p h s  o f  a q u e o u s  d i s p e r s i o n s  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 -  
d i p a l m i t o y l  p h o s p h a t i d y l s e r i n e  m i x t u r e s .  Mol% d i p a l m i t o y l  p h o s p h a t i d y l s e r i n e  a n d  q u e n c h  t e m p e r a t u r e  
are  as fo l l ows :  a,  18%,  5 1 ° C ;  b ,  57%,  5 3 ° C ;  c ,  75%,  5 4 ° C ;  d ,  18%,  4 3 ° C ;  e, 75%,  4 6 ° C ;  f, 18%,  3 7 ° C  a f t e r  
c o o l i n g  f r o m  5 6 ° C ;  g, 18%,  3 6 ° C .  All q u e n c h  t e m p e r a t u r e s  arc  +-2--3°C. M a g n i f i c a t i o n s  are a b o u t  
4 4  0 0 0 × .  

Discussion 

The phase diagrams drawn in Figs. 2C and 4B for binary mixtures of  dipalmi- 
toyl  phosphatidylcholine and dimyristoyl  phosphatidylcholine with dipalmi- 
toyl  phosphatidylserine represent the best approximations to the spin-label and 
freeze-fracture data that are consistent with the ( thermodynamic)  rules for the 
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construction of phase diagrams [35,36]. Both of these phase diagrams show 
three 2-phase regions. The existence of these three 2-phase regions in the di- 
myristoyl phosphatidylcholine<tipalmitoyl phosphatidylserine phase diagram is 
clearly indicated by freeze-fracture electron microscopy {Fig. 3 c--f). Although 
less complete, freeze-fracture data obtained for dipalmitoyl phosphatidylcho- 
line/dipalmitoyl phosphatidylserine mixtures also correlates quite well with the 
number and location of phases expected on the basis of the temperature-com- 
position diagram (Fig. 4B). The only observed inconsistency between freeze- 
fracture data and our postulated phase diagrams occurs when samples contain- 
ing 82 : 18 dipalmitoyl phosphatidylcholine : dipalmitoyl phoshatidylserine are 
quenched from 42--44°C (Fig. 5d). While the phase diagram leads us to expect 
a jumbled texture in equilibrium with either a smooth or banded texture, 
freeze-fracture repeatedly reveals banded fracture faces on samples quenched 
from this point. This inconsistency probably stems from the extremely narrow 
transition region and the 2--3°C inaccuracy in the freeze-fracture quench tem- 
perature. 

Two features of the phase diagrams warrant special comment. The horizontal 
lines in Figs. 2C and 4B predict the existence of a temperature in each diagram 
at which all three phases, L~, P~', and L~', coexist for a range of lipid composi- 
tions. Consistent with this prediction, we observe three coexisting textures on 
the fracture faces of dimyristoyl phosphatidylcholine<lipalmitoyl phosphati- 
dylserine (82 : 18) samples quenched from a temperature near that of the ex- 
pected three-phase temperature {Fig. 6). The existence of three coexisting tex- 
tures on fracture faces of this and other lipid mixtures is recorded at the ap- 
propriate points on the phase diagrams (Fig. 2C and 4B) by listing all three de- 
signating letters in decreasing order of dominance of the textures. 

Fig.  6, Freeze-fracture e lectron micrograph of  an aqueous  dispersion of  82 : 18 dimyr i s toy l  phosphat idy l -  
cho l ine :d ipa lmi toy!  phosphat idylser ine  quenched from 35(_+2)°C, Magnification is about  44  000X.  Note  
the possibi l i ty  of  three dist inct  textures  (phases) .  
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The second point  concerns the banding pattern seen in the microphotographs. 
Most microphotographs show domains having bands similar to those seen in the 
P#' phase of pure phosphatidylcholines {i.e., with periodicities of 100--400 A ), 
or domains having no bands at all. This, of course, is consistent with the report- 
ed phase diagrams. However,  the reported phase diagrams do not  preclude the 
theoretical possibility that, as the Pa' phase becomes richer and richer in phos- 
phatidylserine, the banding pattern might become weaker and weaker {bands 
of  lower amplitude and/or larger wavelength). We believe that effects of this 
type  could lead to second-order phase transitions in other lipid mixtures, an 
effect  discussed in the Appendix. 

In drawing the phase diagrams shown in Fig. 2C and 4B we have assumed 
that the low temperature phase of  dipalmitoyl phosphatidylserine is L~' and 
that this phase is miscible with the low temperature phase La' of the two phos- 
phatidylcholines. From the present point  of view it is not  necessary, to distin- 
guish whether  the low temperature phase of  dipalmitoyl phosphatidylserine is 
L~ or L6' as long as the crystallographic symmetry  of this phase is the same as 
L6' for the phosphatidylcholines; otherwise additional phase boundaries would 
be observed. 

Earlier correlations between spin-label TEMPO data and freeze-fracture elec- 
tron microscopic data have been particularly simple for a number  of binary 
mixtures of  phosphatidylcholines [31,32].  This must be due in part to the fact 
that at least in some cases the P~' phase forms a complete range of  solid solu- 
tions and is readily identified in the microphotographs.  However,  the recent ob- 
servations that the banded P~' phase is stable over only a limited temperature 
range [22,37] indicates that  it may be possible to include the lower as well as 
upper phase boundaries for the Pa' phases in these binary mixtures throughout  
the composit ion ranges. 

It is interesting to note that there are no features in these reported phase dia- 
grams that obviously reflect the fact that the indicated lateral phase separations 
involve domains of  different charge densities. However,  solvent ionic strength, 
or pH, should modify  these phase diagrams due to this lateral charge separation 
[4,6].  

Appendix 

Second-order phase transitions in lipid mixtures 
If one considers either of  the two phase diagrams in Figs. 2C and 4B, it will 

be seen that any temperature-composit ion path leading from the P~' phase rich 
in a phosphatidylcholine to a L~' phase rich in phosphatidylserine leads either 
through a point  representing a first-order phase transition or through a two- 
phase region. The vast majority of  the microphotographs we have observed are 
consistent with these phase diagrams in that,  when a single domain is observed, 
it is not  banded,  or the bands are in the range 100--400 A. 

In principle, however,  it is possible to imagine a theoretical situation wherein 
the inclusion of  a second lipid B in a solid solution of  a first lipid A having a 
banded pattern, leads to a continuous disappearance of  the bands, either 
through a diminishing band amplitude and/or increasing wavelength. Indeed, 
there are a number  of  freeze-fracture data in the literature to suggest this possi- 
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Fig. 7. A t h e o r e t i c a l ,  specu la t ive  p h a s e  d i a g r a m  i l lu s t r a t ing  the  poss ib i l i ty  t h a t  a h o m o g e n e o u s  b i n a r y  
p h a s e  h a v i n g  one  u n i q u e  s t r u c t u r e  ( the  " b a n d e d "  P~ '  p h a s e )  m a y  c h a n g e  c o n t i n u o u s l y  t h r o u g h  a s e c o n d -  
o r d e r  t r a n s i t i o n  to  a p h a s e  h a v i n g  a d i s t i nc t l y  d i f f e r e n t  s t r u c t u r e  ( the  " n o n - b a n d e d "  L~ '  phase ) .  The  
n e a r l y  ve r t i ca l  d o t t e d  l ine r e p r e s e n t s  a s e c o n d - o r d e r  t r a n s i t i o n  b e t w e e n  the  Pj3' p h a s e  ( to  t he  l e f t  o f  th i s  
l ine)  a n d  the  L~ '  p h a s e  ( o n  the  d o t t e d  l ine ,  a n d  to  the  r igh t  of  th i s  l ine) .  F o r  a d i s cus s ion  o f  t r i c r i t i ca l  
p o i n t s  see refs .  4 1 - - 4 3 .  

bility [27,38] but  none of these studies have been sufficiently extensive or ap- 
propriately designed to test this possibility. 

A schematic phase diagram is represented in Fig. 7 wherein the dot ted lines 
represent a second-order transition. Just to the left of the nearly vertical dot ted  
line (P~' phase) we imagine the bands to be weak, and at and to the right of  this 
dot ted  line (L~' phase) the bands are considered to be totally absent. One can 
easily see how the phase diagrams in Figs. 2C, 4B, and 7 can be looked upon as 
being extensions of  one another and how, in fact, it might be difficult to distin- 
guish, for example, the diagram in Fig. 2C from the diagram in Fig. 7 if the P~'- 
L~' region were close but  not  touching the phase boundaries of the L~-L~' two- 
phase region. 
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