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Phase Transitions and Phase Separations in Phospholipid 
Membranes Induced by Changes in Temperature, pH, and 
Concentration of Bivalent Cations' 

Kenneth Jacobson and Demetrios Papahadjopoulos* 

ABSTRACT: Differential scanning calorimetry (DSC) and 
fluorescence polarization of embedded probe molecules 
were used to detect phase behavior of various phospholipids. 
The techniques were directly compared for detecting the 
transition of dipalmitoylphosphatidylcholine (DPPC) and 
dipalmitoylphosphatidic acid (DPPA) dispersed in aqueous 
salt solutions. Excellent agreement occurred in the case of 
phosphatidylcholine; however, in the case of phosphatidic 
acid, at  pH 6.5, transitions detected by fluorescence polar- 
ization using the disc-like perylene molecule occurred about 
I O 0  lower than those detected by DSC. Discrepancy be- 
tween fluorescence and DSC methods is eliminated by 
using a rod-like molecule, diphenylhexatriene (DPH).  Both 
techniques show that doubly ionizing the phosphate group 
reduces the T ,  by about 9". Direct pH titration of fluidity 
can be accomplished and this effect is most dramatic when 
membranes a re  in their transition temperature range (ra. 
50"). Phosphatidic acid transitions occur a t  higher temper- 
atures, and have appreciably lower transition enthalpies and 
entropies than phosphatidylcholine. These effects could not 
be explained simply on the basis of double layer electrostat- 

T h e  gel to liquid crystalline phase transition in phospho- 
lipid bilayers may be described as a highly cooperative, 
order-disorder transition in which the bilayer undergoes a 
lateral expansion and a decrease in thickness and density 
(cf: Oldfield and Chapman, 1972; Nagle, 1973a,b). Hydro- 
carbon chain packing changes from all-trans below the 
transition temperature (T , )  to a state in which the chains 
probably have from 7 to 12 gauche rotational isomers above 
the T ,  for dipalmitoylphosphatidylcholine (DPPC) I bi- 
layers. The state of molecular packing in phospholipid bi- 
layers can be affected by the lipid component(s), the teni- 
perature, and ionic composition of the aqueous environ- 
ment. The sensitivity of a given bilayer structure to the 
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ics and several other factors were discussed in an attempt to 
rationalize the results. Addition of monovalent cations 
(0.01-0.5 M) is shown to increase the T ,  of dipalmitoyl- 
phosphatidylglycerol by less than 3". However, addition of 
(1 X M) Ca2+ abolishes the phase transition of both 
phosphatidylglycerol and phosphatidylserine in the range 
0-70". Preliminary X-ray evidence indicates the phosphati- 
dylserine-Ca2+ bilayers are in a crystalline state a t  24'. I n  
contrast, 5 X lo-) M Mg2+ only broadens the transition 
and increases the T ,  indicating a considerable difference 
between the effects of Ca2+ and Mg2+. Neutralization of 
PS increases the T ,  from 6" (at pH 7.4) to 20-26' (at pH 
2.5-3.0) but does not abolish the transition, suggesting thc 
Ca2+ effect involves more than charge neutralization. Addi- 
tion of Ca2+ to mixed phosphatidylserine-phosphatidylcho- 
line dispersions, induces a phase separation of the dipalmi- 
toyl- (and also distearoyl-) phosphatidylcholine as seen by 
the appearance of a new endothermic peak a t  41' (58'). 
Similarly, in mixed (dipalmitoyl) phosphatidic acid-phos- 
phatidylcholine (2: 1) dispersions, Ca2+ again can separate 
the phosphatidylcholine comp0ner.t. 

composition of the aqueous solution is particularly inter- 
esting physiologically, and it depends strictly on the chemi- 
cal nature of head group (Trauble and Eibl, 1974; Michael- 
son et al.,  1974; Papahadjopoulos and Ohki, 1969). A num- 
ber of studies have demonstrated that the physical state of 
the phospholipid acyl chains can markedly affect the activi- 
ty of membrane transport processes (Wilson et u l . .  1970: 
Overath et al., 1970; Esfahani et al., 1971) and membrane 
enzymes (reviewed by Raison, 1973) according to what has 
been termed a "viscotropic" effect (Kimelberg and Papa- 
hadjopoulos, 1972, 1974). 

In this study, we employed the techniques of differential 
scanning calorimetry (DSC) and fluorescence polarization 
to study phase transitions and phase separations i n  phos- 
pholipid vesicles. First, a correlation between the two tech- 
niques was established using a well-studied system: aqueous 
dispersions of DPPC. Comparisons of the melting behavior 
of DPPC, DPPG, DPPA, and PS were made. The effects of 
pH, monovalent, and divalent cations on the melting behav- 
ior of the acidic phospholipid vesicles and on the phase sep- 
aration characteristics of mixed lipid vesicles were studied. 

Materials and Methods 
Preparation of Lipids. The phospholipids used i n  this 

study were synthesized in this laboratory and contained n o  
detectable impurities as determined by thin-layer chronia- 
tography on silica gel H and a solvent of chloroform-meth- 
anol-7 M ammonia (230:90: 15, v/v). Dipalmitoylphospha- 
tidylcholine ( 1,2-dihexadecyl-m- glycero-3-phosphorylcho- 
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line; DPPC) was synthesized according to Robles and Van 
Den Berg ( I  969) and purified on a silicic acid column. The 
analysis of fatty acid esters indicated more than 99% palmi- 
tic acid, the rest being myristic and stearic. Dipalmitoyl- 
phosphatidylglycerol (DPPG) was synthesized from DPPC 
by minor modifications of the method of Dawson (1967)) 
and further purified on silicic acid (Papahadjopoulos et al., 
1973a). Dipalmitoylphosphatidic acid (DPPA) was pro- 

duced from DPPC by enzymatic cleavage of the choline 
group using phospholipase C and purified on silicic acid 
(Papahadjopoulos and Miller, 1967). The preparation was 
w,ashed exhaustively with EDTA to remove Ca2+. Phospha- 
tidylserine (PS) was purified from beef brain (Papahadjo- 
poulos and Miller, 1967). The phospholipids were stored as 
solutions in chloroform (10-20 kmol/ml) in sealed am- 
poules, under nitrogen, at  -50'. 

Other Chemicals. Palmitic acid used for the synthesis of 
the phospholipids was from Fluka AG, Switzerland (puriss, 
>99%). Perylene (Gold Label) and diphenylhexatriene 
(98%) were purchased from Aldrich. L-Histidine (Sigma 
grade) and TES were obtained from Sigma Chemical Co. 
(St. Louis, Mo.). Silicic acid was from MallincKrodt (A-R, 
100 mesh). All solvents and chemicals were reagent grade. 
Water was twice distilled, the second time in an all glass ap- 
paratus. 

Lipid Dispersions. Phospholipid vesicles (liposomes) 
were made as previously described (Bangham et al., 1965; 
Papahadjopoulos, 1970). 

The chloroform solution containing purified lipid from a 
newly opened ampoule was transferred to a glass tube 
which had been flushed with high purity nitrogen (Linde, 
H. P., Dry 99.996%). The chloroform was then evaporated 
under vacuum. The dry lipids were suspended in buffers 
containing NaCl, 2 r n ~  N-tris(hydroxymethy1)methyl-2- 
ami~ioethanesulfonic acid (TES). 2 mM L-histidine, and 0.1 
mM EDTA by mechanical shaking on a Vortex mixer for 10 
min under nitrogen. DPPC and DPPG were suspended and 
sonicated (where stated) at  42'. In the case of DPPA, dis- 
persions a t  pM 9.0 were formed by shaking at  about 60- 
65', while dispersions at  pH 6.0 were formed by shaking at  
about 68'. Sonication, when required, was performed at  
58' for 45 min. In  the case of the fluorescence experiments 
where pH was varied, uncoupler S- 13 was added to DPPA 
in molar ratio 1:2000 (Nicholls and Wenner. 1972) to en- 
sure rapid pFf equilibration across the lamellae. Sonication 
was performed i n  a bath-type sonicator under nitrogen, as 
before (Papahadjopoulos, 1970). 

Differeutial Scanning Calorimetry. The transition tem- 
peratures ( T , )  of the phospholipid dispersions were deter- 
mined with a differential scanning Calorimeter (Perkin- 
Elmer DSC-2), calibrated with Indium. The lipid samples 
contained 0.4-~0.7 pmol of phosphate in 15 pI; they were 
prepared and dispersed in  the same buffer (1 pmol/ml) as 
described for the preparation of vesicles. (Unless specifical- 
ly stated, the samples were not sonicated.) The suspensions 
were then centrifuged at  100,OOOg for 30 min a t  25' and 
the wet pellets transferred to the calorimeter pans. The 
heating rate7 was usually 5'/min. Transition enthalpies 
( A H )  were determined after measuring the area under the 
excess specific heat curve by paper weighing. Phospholipid 

__ - 
Heating :it slower rates (2.5. 1 .  and 0.5O/rnin) allows linear ex- 

trapolation to zero heating rate. With DPPC, such a n  extrapolation 
shows that the 7, is decreased by less than l o  by heating infinitely 
don ly. 

was estimated directly in the sample by phosphate assay 
after calorimetry. All experiments were repeated on a t  least 
two to four separate preparations. To examine sonicated 
vesicles by DSC and fluorescence, sonicated samples were 
centrifuged a t  100,OOOg for 1 hr a t  20' to remove big lipo- 
somes. About 10-20% of the total phosphate comes down in 
the pellet. Supernatants were used as such for polarization 
studies but they were concentrated by ultra filtration for 5 
hr a t  room temperature for DSC measurements. When the 
turbidity (T) was measured as a function of wavelength (A) 
in the range of 450-250 nm, a plot of log T vs. log X was lin- 
ear with a slope of about -4. This indicates a suspension of 
particles, scattering according to Rayleigh's law, whose di- 
ameter is ca. 400 A or less. 

Fluorescence Measurements. Vesicles were labeled in the 
manner previously described (Jacobson and Wobschall, 
1974; Papahadjopoulos et al., 1973a). Suspensions were 
equilibrated at  temperatures above the T, for at  least an 
hour and then slowly cooled to room temperature before the 
upward temperature scan. Fluorescence intensity and polar- 
ization measurements were made as previously described 
(Jacobson and Wobshall, 1974) except that a ratio record- 
ing system to compensate for exciting beam fluctuations 
and a ratio averaging photometer with digital readout were 
employed (SLM Instruments, Champaign, Ill.). 

Our approach to minimizing the error introduced by 
using turbid, nonsonicated lipid dispersions was simply to 
reduce the cuvet size to 5 and 2 mm (Precision Cells, Hicks- 
ville, N.Y.).  Other approaches have been employed (Fau- 
con and Lussan, 1973). Adapters to seat the smaller cells 
were machined from brass and a thermistor temperature 
sensor was inserted directly into a port in the brass cuvet 
block and surrounded with propylene glycol to ensure ther- 
mal contact. We found the smaller cells to be useful even 
for the less turbid sonicated suspensions as, for example, the 
polarization of perylene embedded in  sonicated DPPC ves- 
icles at  24' is about 10% higher in the 2-mm cuvet than the 
5- or IO-mm cuvet. Since the background light scattering 
error was negligible, this result indicated a slight depolar- 
ization artefact in the larger cells in spite of relatively little 
turbidity (OD with IO-mm path at  500 nm = 0.14; [DPPC] 
= 1 pmol/ml). Reducing DPPC concentration to 0.2pmol/ 
ml practically eliminated the differences in  polarization be- 
tween cuvets. With the 2-mm cuvet l -mm excitation and 
emissions slits were employed. In the Aminco fluorimeter, I 
mm of slit width is equivalent to 12-nm bandpass (Chen, 
1967). 

Perylene was excited at  410 nm and emission measured 
at  470 nm through 3 mm of aqueous 2 M N a N 0 2  and a 
Corning CS3-72 filter. 1,6-Diphenyl-l,3,5-hexatriene 
(DPH) was excited at  365 nm using the excitation mono- 
chromator and an interference filter and emission observed 
at  460 nm through 3 mm of aqueous 2M NaN02 .  Rapid 
loss of signal occurs upon excitation presumably due to a re- 
versible photoisomerization, but is minimized by exposures 
less than 10 sec (Shinitzky and Barenholz, 1974). 

Several methods were used to estimate transition mid- 
point (T , , ) .  A midpoint was obtained by estimating the tran- 
sition width in temperature and taking its midpoint as T, 
(Papahadjopoulos et al., 1973a). Secondly, the graphical 
method of Trauble and Overath (1973) was employed. In 
addition, the first derivative plots of the polarization and in- 
tensity vs. T curves were produced by evaluating the slope 
of the line connecting successive data points. Maximum 
values of the slope in these plots were taken as the T,, and 
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F I G L K E  I :  Phase transition of DPPC vesicles. ( A )  Intensity of perylene 
fluorescence (arbitrary units) a t  various temperatures in DPPC disper- 
sion (Per /DPPC < 1:666; [DPPC]  = 0.8 pmol/rnl). (€3) Polarization 
of perylene embedded in DPPC dispersions as  i n  (A):  broken line rep- 
resents first derivative of p-T scan. evaluated as described in text. ( C )  
Differential scanning calorimeter thcrrnogram for DPPC dispersion; 
heating rate, I .25O/min. ( D )  2 rNa? i  self-diffusion ra te  through unson- 
icated DPPC vesicle rnernbranc a t  various temperatures (efflux ex-  
pressed 3s per cent of captured ions per h;  Papahadjopoulos et ul . ,  
197321). ,111 dispersions prepared i n  100 i i iw  UaCI-4 rnbf His-TES~0.1 
rnbl  EDTA a t  pH 7.3. uithout wniciiliori. 

all slope values were assigned to the average temperature 
between the two original data points. The three methods 
agreed to within 0.4' in  the estimation of T, with unsoni- 
cated DPPC vesicles and to within I So on sonicated DPPC 
dispersions. Temperature accuracy is estimated at  f 0 . 2 " .  
All computations and preliminary plotting were done by 
computer. 

Any absorption or turbidity measurements were made 
with a Cary 14 spectrophotometer. 

Results 
Several Physical Measurements of' the Phase Transition 

in DPPC Vesicles and Comparison of Results. Figure 1 B 
(solid line) shows the polarization curve for perylene em- 
bedded in unsonicated DPPC dispersions. The polari7ation 
(p) drops sharply in  the region of the main transition (ca.  
41"). The width of the transition ( A T )  is less than I So and, 
thus, sharper than previously reported transitions detected 
by fluorescence (Faucon and Lussan, 1973). Furthermore, 

this measurement also apparently reveals the pretransition 
or minor transition behavior as another steep drop in polar- 
ization a t  approximately 3 1 '. This is interesting because 
the minor transition has not previously been detected by 
fluorescence polarization in unsonicated vesicles (Faucon 
and Lussan. 1973). This behavior is also clearly seen in the 
first derivative plot (dp/dT) of p V.F. T (Figure IB,  dotted 
line). Assuming the limiting polarization and lifetime are 
not markedly altered in these transitions, the sharp drops in 
polarization correspond to marked fluidity increases in the 
environment of the probe. If one computes the average rota- 
tion rate of the probe ( R )  as described previously (Papa- 
hadjopoulos et al., 1973a) R increases by 90% going 
through the main transition as contrasted to a 25% increase 
in R through the minor transition. 

For our transition studies we have chosen to present heat- 
ing scans to avoid possible super cooling effects. Indeed, as 
reported earlier (Papahadjopoulos et al., 1973a), cooling 
scans are displaced about 1" lower in temperature than 
heating scans. I n  addition, the minor transition was not as 
easy to detect on cooling, in agreement with Sackmann e? 
al. ( I  973) and Yi and MacDonald ( 1  973). 

Perylene fluorescence intensity generally increases on 
melting of the DPPC dispersion, but it is interesting (Figure 
1.4) that a local maximum in fluorescence intensity occurs 
in the region of the minor transition although at slightly 
greater temperature (33--35') than the change in polariza- 
tion. While polarization heating and cooling scans showed 
good agreement, especially at  and above the main transi- 
tion, intensity scans were not reversible when the sample 
was cycled from high to low to high temperatures in agree- 
inent with the turbidity data of Yi and MacDonald (1973, 
Figbre 7) .  This observation may indicate aggregation (Yi 
and MacDonald, 1973). As shown in Figure IC and D, the 
transitions observed by perylene fluorescence are in good 
agreement with the results obtained by scanning calorime- 
try and also by following the efflux of Na+  through the 
same vesicles. Sonication followed by centrifugation to re- 
move big liposomes broadens the transition ( A T  N 9.5O) 
and lowers the 7 ,  to about 37--39' as is to be expected 
(Sheetz and Chan, 1972). 

Table I gives a comparison of DPPC melting behavior as 
detected by several different physical techniques. Density 
dilatometry (Nagle, 1973a) gives the sharpest main transi- 
tion with an apparent midpoint of about 41.5, i n  good 
agreement with our DSC results. The two probe methods 
(rows 4 and 5 )  report the transition onset a t  slightly lower 
temperatures. In both of these methods, the probe is 
thought to be largely excluded from the hydrocarbon region 
below the T,. The minor transition was explicitly detected 
by all methods except permeability although in this case it 
may be part of the increasing permeability seen in the range 
36 -39" (Figure 1 D). In  contrast to the main transition, the 
estimated midpoints of the minor transition vary from 29.S 
to 37.5" with the probe methods giving the lower values. 
Whatever structural alteration occurs a t  the pretransition it 
is reported in both probe methods to be on the order of 25- 
40% of the main transition response while the "intrinsic" 
methods report it to be about IO-20% of the main transition 
( H i n r  and Sturtevant. 1972; Nagle. 1973a.h; Table 11). 
This disproportionate probe response suggests that probe 
segregation is associated with the minor transition. 

DSC and Fluorescence Studies of Phase Transitions in 
Dipalmitojl Phospholipids with Different Head Groups. 
Figure IC shows the thermogram for DPPC and Figure 5a, 
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TABLE I :  Results of Several Methods for Detecting Transitions of Aqueous DPPC Dispersi0ns.O 
_ _ ~ - _ _ _  - _______ _~ _ ~- 

Main Transition Temp ("C) Minor Transition Temp ("C) 
_~ -. ~~ ~ 

Midpoint Onset End AT Midpoint Onset End AT' 
Method (To) (TI) (Tz) (r2 - Ti) (T ' )  (Ti '> (TL') (TL' - TI ' )  

~ .~ ~ _ .- ~ ~ _ .. ~ ~ 

DSCb 41.1  i 0 . 2  40.7 41.5 0.8 37.5 34.5 39.0 4 . 5  
Density 41.5 41.3 41.8 0.45 34.1 32.8 35.6 2 . 8  

Perniea bilityd 40-45 36-39 None 
dilatometry' 

detected 
Fluorescence 41 =k 0 . 2  40.2 41.9 1 . 7  31.6 30-30.5 32.7 2.2-2,7 

polariza tione 

partitioning' 
Spin-label 40.5 40 41.5 1 .5  29.5 27.5 31 . O  3.5 

__~_____ ~ _ _ _ ~  _.__ ~ - ~~. 

a All dispersions were obtained by equilibration in excess water, without sonication. T,, TI, and T, obtained by extrapolation 
to  zero heating rate using a linear plot of values obtained a t  0.6, 1.2, 5 ,  and lO"/min; values for TI and T2 obtained by extrapola- 
tion of ascending and descending arms of main peak through base line; AT such that 99% of enthalpy of fusion is contained. 
Primed values refer to temperatures characterizing the minor transition. ' Nagle, 1973. Papahadjopoulos ef ul., 1973a. e Mid- 
point values stated are averages of three methods of estimation as given under Materials and Methods. ' Shimshick and McCon- 
nell, 1973. 

TABLE 11: Phase Transition Data for Various Dipalmitoyl Phospholipid Dispersions.' 

AS 
Phospholipid (pH) Tc ("CJ I; ("C) AT ("C) AH (kcal/mol) (cal/mol OK) 

DPPC (7.4)h 42.4 i 0 .2  41.4 3 .6  7 .7  i 0.5  24 

DPPG-- (3. 4)b 41 3: 0 . 2  39.9 4 . 0  7 . 9  i 0 . 4  24 

DPPA-  (6. 5)d 67 i 1 63 (57) 7 (13) 5 .2  zk 0 .2  15 

DPPC (7.4)' 37 i- 1 1 .2  I 0 .2  

DPPG- (7.4)c 35 i 1 0.5 i 0 .2  

DPPA2 - (9, l)d 58 rt 1 52 (50) 11 (16) 2 .9  + 0.5  9 
~ . .~  _ _ ~ _ _ _ ~ _ ~ _ _ _ _ _ _  ~ 

a Calorimeter heating rate, 5 "/min; TI  is temperature a t  which the predominant slope of ascending arm of the major endothermic 
peak intercepts base line; AT is the temperature interval which includes 90-95 of the transition enthalpy and is calculated from 
the intercepts of the main slopes to the ascending and descending arms of the endothermic peak with the base line. Values in 
parentheses are the points at  which endothermic peak deviates from base line. All values given are averages obtained from 4 to 
12 separate experiments. Conditions aye described under Materials and Methods, in NaCl (100 mM) buffered at the indicated 
pH.  The difference in T,  of DPPC given here with that in Table I is due to differences in heating rates as indicated in both tables 
and in text. Main transition. The values in kcal,'mol for the total AH (both minor and main transitions) are 8.9 for DPPC, in 
reasonable agreement with Chapman et 01. (1974), and 8.4 for DPPG. ' Minor transition. The values for T,  and AH for this tran- 
sition are diminished considerably following consecutive heating and cooling. Values given are from first runs. From a single 
broad transition; no minor transition was observed with DPPA. 

the thermogram for DPPG a t  pH 7.4. Thermograms for 
DPPA a t  pH 6.5 and 9.1 are given in Figures 2C, and 3C, 
respectively, and indicate a difference of approximately 10' 
in T , .  Table 11 gives a summary of the transition parame- 
ters obtained from calorimeter data for several dipalmitoyl 
phospholipid bilayers. AH is the enthalpy and A S  is the en- 
tropy of transition calculated on the basis that the transition 
is first order (Phillips et al., 1969). In the case of DPPA 
vesicles, the increase in surface charge density induced by a 
change in pH from 6.5 to 9.1 is seen to markedly decrease 
the transition enthalpy and entropy. Our values for AH of 
the main transition of DPPC are  20% lower than those re- 
ported by Hinz and Sturtevant (1972), although a revised 
figure, 9.0 kcal/mol (Dr.  J. M. Sturtevant, personal com- 
munication), reduces the difference to 15%. 

Figure 2 A  and B shows measurements of the fluores- 
cence polarization (circles) and intensity (triangles) of per- 
ylene, embedded in sonicated and nonsonicated vesicles, re- 

spectively, as a function of temperature. (The dotted line in 
Figure 2 8  shows the polarization for the probe DPH em- 
bedded in unsonicated DPPA vesicles a t  pH 6.5.) Exactly 
similar plots for DPPA a t  p H  9.1 are  given in Figure 3A 
and B. In agreement with the DPPC results, melting is asso- 
ciated with a decrease in polarization. Fluorescence intensi- 
ty is low when the membranes are in the gel state and in- 
creases markedly as the bilayers melt by amounts depen- 
dent on the pH and whether sonicated or not. The low in- 
tensity in the gel state is thought to be due to expulsion of 
the probe from the hydrocarbon region to a position in 
proximity to the head groups where quenching can occur 
(Papahadjopoulos et al.. 1973a). A second possibility is 
that a concentration quenching effect exists below the T ,  
due to the occurrence of probe (impurity) pools formed, 
perhaps, near the bilayer center plane. However, since the 
amount of quenching is markedly dependent on lipid head 
groups, this would not seem as likely as the first hypothesis. 
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F I G U R E .  2: Phase transition of DPPA vesicles a t  pH 6.5. (A)  Left ordi- 
nate ( 0 )  p of perylene embedded in sonicated DPPA dispersion: right 
ordinate (A) intensit) of Per fluorescence (arbitrary units) from same 
dispersion (Per /DPPA 1:500; [DPPA] = O.X pnio l /mi) .  ( B )  same ;IS 

(4) except dispersion is not sonicated: [-  - -) p of D P H  embedded in 
DPPA dispersions at  pH 6.5 as  above ( D P H / D P P A  = I : X 7 S ;  [DPPA] 
= 1.25 f i rnol~r i i l ;  note: the scale for DPH p values is double that 
shown). ( C )  DSC thermogram for DPPA dispersion at  pH 6.5; heating 
rate. 5':niin. Al l  dispersions prepared in IO mM NaCI-4 n i M  His- 
TES- I 0 mbf EDTA at  pH 6.5 except that buffers for Per-labeled dis- 
persions \ \ere 2 rnv in N a O A c  as well and had uncoupler. S-13. added 
at  I:20On (S-13IDPPA).  

Only heating scans are shown; cooling typically results in a 
decrease of a few degrees in the apparent transition. Ther- 
mograms show broad transitions ( A T  'II 15') a t  both pH 
value?. Both fluorescence parameters indicate that the T ,  
decreases by approximately 10' when pH is raised from 6.5 
to 9.1, the expected region for the second pK of DPPA. 

In contrast to DPPC, the fluorescence curves with pery- 
lene are displaced to appreciably lower temperatures and 
are broader compared to the transitions obtained with DSC 
(e. ,?. ,  for unsonicated DPPA at pH 6.5, T ,  = 67 f I '  by 
DSC and approximately 55" by fluorescence polarization 
and 58' by fluorescence intensity). On the other hand. 
DPH polarization reports the transition midpoint at pH 6.5 
to occur at  66.7' i n  excellent agreement with the DSC re- 
sult (67 f 1 ' ) .  The transition widths measured by the two 
techniques are also similar. 

Sonication brings anomalous results as reported by pery- 
lene: ( a )  no transition is detected by polarization at pH 6.5; 
(b) both polarization and intensity reveal the transition 
temperature to be increased slightly whereas transition 
widths are narrowed to 6-8'. Since polarization depends on 
the ratio of probe rotational relaxation time to its fluores- 
cence lifetime, compensating changes in this ratio could 
occur so that either polarization or intensity alone may not 
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F I C C R E  3: Phase transition of DPPA vesicles a t  pH 9.1. Notations and 
conditions are exactly the same as in Figure 2 except that  pH is 9.1. 

Temperature IOC,  

be accurate indicators of the phase transition. Probe rota- 
tion rate was therefore calculated (Jacobson and Wob- 
schall, 1974; Papahadjopoulos et al., 1973a) based on the 
assumption that the lifetime of perylene in a fluid meni- 
brane is 6.0 nsec (Cogan et al., 1973; Lanyi, 1974) and is 
proportional to total intensity. These rotation rate-tempera- 
ture plots do show the transitions for both sonicated and un- 
sonicated vesicles, although they are broad (approximately 
20') and show little difference in the T ,  between pH 6.5 
and 9.1. I t  appears then that in sonicated DPPA dispersions 
at  pH 6.5, lifetime and rotation rate do change in a com- 
pensating way so that polarization alone does not adequate- 
ly reflect the transition. 

Effect o f p H  Changes on DPPA Fluidit.),. Figure 4A arid 
B show pH titration of perylene polarization in sonicated 
and unsonicated DPPA vesicles, respectively, a t  various 
temperatures. If the suspensions are held in their transition 
temperature range, an increase in the pH from 6 to 10 re- 
sults i n  a sharp drop in polarization between pH 8.0 and 
9.5, suggesting that the second ionization of the phosphate 
moiety can "melt" the membranes. The apparent pK 2 for 
the ionization is approximately 8.7 in rough agreement with 
previous results (Papahadjopoulos, 1968) with egg phos- 
phatidic acid monolayers. During titration at  T > T,. 
changes in fluorescence polarization are diminished in un- 
sonicated dispersions and absent in sonicated suspensions 
(Figure 4A and B). In  sonicated vesicles, no titration behav- 
ior is observed below the transition. However, the molecular 
packing below the T ,  in unsonicated dispersions is appar- 
ently sensitive to pH. I t  is evident from the above results, 
that the most dramatic changes in fluidity induced by pH 
are obtained for membranes at  temperatures within their 
transition regions. 
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PH 
F I G U R E  4: pH titration of polarization of perylene embedded in  DPPA 
vesicles a t  various temperatures. All dispersions prepared in I O  m M  
NaCI-4 mM His-TES-2.0 mM NaOAc-0.1 m M  EDTA. (A) Sonicat- 
ed DPPA dispersions; (B)  unsonicated DPPA dispersions. Other condi- 
tions similar to Figures 2 and 3. 

Effect of Bivalent Metals and Ionic Strength on Phase 
Transitions. We have investigated the effect of changes in 
ionic strength on the properties of dipalmitoylphospha- 
tidylglycerol (DPPG) as measured by the differential scan- 
ning calorimeter. The results, shown in Figure 5 (curves a- 
c), indicate a shift of the main endothermic peak in higher 
temperature (by l o ,  from 41 to 42'), as NaCl concentra- 
tion was increased from 10 to 100 mM, and a further in- 
crease of 0.5' a t  500 mM. A concomitant shift to higher 
temperatures (by 4.5') was also observed for the midpoint 
of the minor transition. Similar experiments with DPPG in 
different concentrations of KCI gave substantially the same 
results. When DPPC was dispersed in solutions of NaCl or 
KCI a t  different ionic strength, there were no significant 
differences between DSC scans in water and 500 mM salt. 

Curve d in Figure 5 was obtained by sonication of DPPG 
in 100 mM NaCl buffer, and subsequent concentration by 
reduced pressure ultrafiltration. The ultrafiltration was ne- 
cessitated by the need to concentrate the sonicated suspen- 
sion to I/s the original volume in order to obtain a sample 
concentrated enough for the DSC. When this sample was 
left overnight a t  45' the peak had become sharper with 
midpoint a t  41 ', resembling more closely the unsonicated 
suspension. Such change did not occur when the sample was 
incubated for a similar period of time a t  24". These changes 
a re  similar to those reported by Prestegard and Fellmuth 
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F I G U R E  5: Differential scanning calorimetry for DPPG. Heating rate, 
So/min.  Thermograms(a-c) for DPPG a t  NaCl concentrations of IO,  
100, and 500 mM, respectively; (d) thermogram for sonicated DPPG in 
100 mM NaC1; (e) same as  i n  (d) after subsequent addition of I O  m v  
MgZC; (- - -) and (. . .) indicate effect of successive heating scans, re- 
spectively. Details of sample preparation, as under Materials and 
Methods. 

( 1974) for dimyristoyllecithin vesicles. 
The presence of bivalent metals has a pronounced effect 

on the thermotropic properties of the acidic lipids, but again 
no significant effect on DPPC. The addition of Mgz+ ( I O  
mM final concentration) to a sonicated dispersion of DPPG 
a t  room temperature produces visible flocculation. The pel- 
let after brief centrifugation gives the result shown as curve 
e (solid line) in Figure 5. The transition is now much sharp- 
er than sonicated dispersions in NaCl (Curve d) and 12.5" 
higher than the main transition of the unsonicated DPPG 
(curve b). Repeated heating and cooling of the same sample 
(broken and dotted lines under curve e) results in transi- 
tions of decreasing enthalpy. In another experiment, a 
small, broad peak centering a t  50' was obatined after incu- 
bation of dry DPPG for 1 hr a t  45" in 100 mM NaCl (pH 
7.4) containing 1 mM MgC12. The value of the enthalpy for 
that transition was less than I/lo of that reported for DPPG 
in NaCl solution (Table 11). 

These effects of Mg2+ should be contrasted to the results 
obtained with Ca2+. Thus in experiments similar to the one 
shown above in curve e, Figure 5, the addition of CaC12 ( 1  0 
mM) resulted also in floculation, but the sample showed no 
transition a t  all between 20 and 70'. Titration of DPPG 
samples with increasing concentration of CaClz indicated a 
definite shift of the peak to higher temperatures before the 
total disappearance of the transition. Complete loss of the 
peak was obtained when Ca2+ was added a t  an equimolar 
ratio to DPPG. The presence of either CaZ+ or Mg2+ a t  
concentrations of 1-3 mM in 100 mM NaCl (pH 6.0) buffer 
during the suspension of DPPA results in total absence of 
an endothermic peak between 20 and 87'. 

The effect of bivalent metals was also investigated with 
phosphatidylserine, in order to obtain correlations with pre- 
vious work (Papahadjopoulos and Bangham, 1966; Papa- 
hadjopoulos, 1968). Figure 6 shows the DSC scan of a dis- 
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F I C i L R f .  6: Differential scanning calorimetry for PS. Heating rate, 
S"/min. All dispersions prepared in I00 mM NaCI. Thermograms (a-  
c )  for PS a t  pH 7 .4  and CaCll  concentrations of 0.0. 0.5, and 1.0 mM. 
rrspectivel). N o  transition uas  apparent up to 80'; (d) thermogram for 
PS in 5 mu MgC12 a t  pH 7.4: (e )  thermogram for PS at  pH 3.5. De- 
tails of tample preparation. as under Materials and Methods. 

persion of beef brain phosphatidylserine suspended in 100 
mM NaCl at  pH 7.4. A broad endothermic peak centers 
around 5' (curve a ) .  I f  the above experiment is performed 
in the presence of 0.5 mxi CaCl l  (curve b), the endothermic 
transition is shifted to higher temperatures with a broader 
peak now centering a t  18". This peak becomes broader and 
shallower at  0.7 m M  CaC12, and disappears completely 
when CaClz concentration is raised to 1.0 mM (curve c). 
This concentration of CaClz was shown earlier to be neces- 
sary for an increase in permeability of PS vesicles (Papa- 
hadjopoulos and Bangham, 1966) and PS bilayers (Papa- 
hadjopoulos and Ohki, 1969). 

Absence of a definite phase transition is also observed 
when sonicated vesicles of PS ( i n  100 mu NaCI, pH 7.4) 
are dialyzed against the same buffer containing 1.0 mhf 
CaC12. I n  this case a precipitate is formed, which was 
shown earlier to contain PS and Cazt  at  a molar ratio of 2: 
1 (Papahadjopoulos and Banghain, 1966) and to consist of 
well-packed lamellae (Papahadjopoulos and Miller. 1967). 
Kecent X-ray diffraction studies with PS membranes sub- 
pended i n  100 mM NaCl containing 3 mbt CaC12 have 
shown a sharp 4.2-A spacing suggestive of crystalline paraf- 
fin chain packing, as well as a sharp 4.5-A spacing. whose 
origin is not understood at  the present (S. Hui ,  personal 
communication) As shown in curve d, Figure 6, dialysis of 
the same suspension of FS vesicles against 100 mM NaCl a t  
pH 7.4 containing 5 m , ~  MgClz results i n  a precipitate 
which exhibits an endothermic transition centering at 18'. 
Differences between Ca'+ and Mg2+ in their ability to in- 
crease the permeability of PS vesicles and to condense PS 
monolayers were reported earlier (Papahadjopoulos, 1968). 

The endothermic transition of PS can also be shifted to 
higher temperatures when it  is suspended a t  low pH. As 
shown in Figure 6, curve e, the transition centers at  20' 
when this phospholipid is suspended a t  pCI 3 . 5 .  At this pH a 
substantial proportion of the carboxyl groups of the serine 
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F I G L R E  7 :  Differential scanning caloriinetrj thermograrii . )n  in ixcd 
lipid membranes before and after addition of C a ? + .  Phohpholipid di\-  
persions were made in 10C m v  UaCl buffer (ptf 7.4) a1 conctntrations 
of 4 pmoljml.  (a) PS/DPPC ( ? : I )  mixture. dispersed \cirhoi i t  h o i i i c r i -  

tion for 30 rnin a t  37"; (b)  PS/DPPC ( 2 : I )  mixture, dihperscd \*ittiout 
sonication for 30 min at 37". then incubated for 30 niin uitli ('a'+ ( IO  
m M )  a t  37': (c) pure D P P C  nunsonicated dispersions dispersed 
(d)  pure DSPC. nonsonicated. dispersed at  58': (e )  PS/DSPc 
mixture dispersed without sonication at  42'; ( f )  PSjIXPC 12. I I mi\-  
ture. dispersed by sonication for 1 hr at 4 2 O  then incubated f o r  i lir. 
with C a 2 +  ( I O  mbf) at  42'. I f  EDTA (equimolar to (:a'+) i i d t i d  
after. the above Ca2+ treatment, the calorinietcr >can 01' the s, ini[~le I, 
identical ui th  that shown in ( e ) ,  A11 the above samples Inert: c c n t r i  
fuged at  room temperature for I O  niin at  100.0OOg :ind l h  pcllcii 
transferred into the calorimeter sample pans \i ith it pa \ tcur  11ip. t  

+,mount of phospholipid per sample was approxiinatel> I @ii.,d 

are protonated, and thus the PS molecule would be interrial- 
ly neutralized (Papahadjopoulos, 1968). When t.he p f l  of 
the suspending medium is 2.5, the transition centers a t  26*,  
with a n  enthalpy similar to that of PS a t  pH 7.4 ( M f  = 4.5 
f 0.5 kcal/mol). This represents a 15-20' shift to higher 
temperatures, following the neutralization of  :i negative 
charge. This result is in contrast to that of Trauble and Eibl 
(1974) who report a slight decrease in T, with DPPS as pkl 
is decreased from 7 to 2. 

Phase Sepuration iri Mixed L<ipid L'esic1e.c ltiducetl by 
('ci'+. Work recently reported from this laboratory has pre- 
sented evidence for molecular segregation (phase separa- 
tion) in mixed lipid vesicles induced by <:a2-+ (Papahadjo- 
poulos et al..  1974). Phase separation has been shown to 
occur in mixed lipid systems with widely different melting 
points (Phillips et ul., 1972) such as dioleoylphosphatidyl- 
choline and distearc~ylphosphatidylcholint: ( D S K ) .  We 
have attempted to induce such phase separation, i t ,  lipid 
mixtures that do not separate normally but give LL single 
broad transition. Two such systems are described i n  k'igure 
7.  

Curve a in Figure 7 was obtained with a tnixtuiw o f  66% 
PS and 34% DPPC suspended in 100 m M  NaCl at pH 7.3. 
A very broad peak is observed between 5 and 28". When 
the same mixture was suspended in the same buffer. b u t  i n  
the presence of 10 m?.i CaC12, two peaks were obtained 
(curve b): one low peak centering at  29' and  another more 
pronounced centering a t  42'. This result indicates n phase 
separation of "pure" DPPC, induced by the binding of 
Ca" to PS. Curve c shows the behavior of pure DPPC with 
a main peak centering also at  42'. The sinall peak a t  29' 
probably represents the melting of  PS--C'n'' dorll:ir[rs which 
still contain considerable amounts of DPPC, sinc.e p i r e  PS 
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with Ca2+ shows a peak a t  18’ or no peak a t  all, depending 
on Ca2+ concentration. Similar results a re  obtained when 
CaC12 is added a t  10 mM concentration to a sonicated dis- 
persion of 66% PS: 34% DPPC. In this case the more pro- 
nounced peak is a t  28’, with a second peak also a t  42’. 

In order to substantiate the above conclusions concerning 
phase separation of pure DPPC, the experiments were re- 
peated with a mixture consisting of 66% PS in DSPC. The 
calorimetric behavior of this mixture is shown in curve e, 
where a single broad peak is centered a t  42’. Curve f was 
obtained from such a mixture after sonication and addition 
of CaCI2 (10 mM). The new double peak appearing a t  53 
and 55’ must be a new phase containing mostly DSPC 
since this lipid alone shows a main peak a t  55.5’ (curve d) .  
The effect of Ca2+ was found to be reversible. Following 
addition of EDTA (20 mM) to a sample such as that shown 
in curve f, one obtains a curve similar to curve e. 

It should be noted here that the addition of Mg2+ (up to 
20 mM) to such PS/DSPC mixtures fails to induce a simi- 
lar phase separation. Similarly, a decrease of the pH of the 
buffer from 7.4 to 3.5, or addition of cytochrome c, or poly- 
lysine did not induce phase separation with mixtures of 66% 
PS in DPPC. It can thus be concluded that calcium ions are 
quite specific in inducing phase separation in such mixtures. 
As noted earlier (Papahadjopoulos et ai., 1974), Ca 2+does 
not induce phase separation below a characteristic concen- 
tration and, then, only with mixtures containing more than 
50% proportion of PS in PC. 

Mixtures of 66% DPPA with 34% DPPC were also stud- 
ied for phase separation. These mixtures give a single broad 
peak centering a t  a temperature of 64’ a t  pH 6.5 and 55’ 
a t  p H  8.5. When the same mixtures a re  suspended in the 
presence of 3 mM CaC12, the suspension a t  pH 6.0 shows no 
transition up to 70’. On the other hand, the suspension a t  
p H  8.0 (3 mM Ca2+) shows a broad peak centering a t  42’, 
indicating the separation of DPPC domains. As mentioned 
above with PS/DPPC mixtures, no phase separation was 
achieved by suspending the DPPA-DPPC mixture a t  pH 
2.9. The thermogram obtained with such a mixture shows a 
single transition a t  69’ with no new peak in the region of 
42’. 

Discussion 

Use of Fluorescent Probes to Detect Lipid Bilayer Phase 
Transitions. Since appreciable discrepancies between the 
fluorescence probe perylene and DSC methods of phase 
transition detection do not occur with either DPPC or 
DPPG, it is of interest to consider the origin of the differ- 
ence with DPPA, especially because the probe D P H  reports 
accurately the DPPA transition a t  pH 6.5. DSC data a t  pH 
6.5 is not affected by the presence of perylene a t  1500 (Per/ 
DPPA) ratio, indicating that the small mole fraction of 
probe present does not change the T,. As mentioned in the 
Results section, either polarization or intensity may be mis- 
leading indicators of fluidity, while rotation rate should be 
the most unambiguous criterion. However, calculations of 
probe rotation rate vs.  temperature do  not reveal apprecia- 
bly altered transition onset and end points when compared 
to polarization and intensity scans. W e  conclude the dis- 
crepancy is real and must reveal something about perylene’s 
relationship to the DPPA bilayer structure. 

As discussed later, one effect of ionizing DPPA may be 
to produce a more “defect” structure in the gel state caused 
by intermolecular charge repulsion. Perylene, which is 
probably excluded from the acyl chain crystal lattice a t  

temperatures well below the T ,  (Papahadjopoulos et al., 
1973a), could move into this postulated “defect” structure 
prior to the onset of lattice melting from a position in the 
interfacial region. This is recorded by the enhanced probe 
fluorescence and decreased polarization before any appre- 
ciable excess specific heat is recorded by DSC. Since both 
fluorescence parameters show the transition to be com- 
pleted before the thermogram indicates completion, the 
probes may be segregated in liquid-like “domains” as the 
transition progresses. The appearance of these domains may 
be enhanced by the presence of the probe. 

One intriguing aspect of this comparative study is the re- 
sult obtained with DPH. The transition with DPPA disper- 
sions a t  pH 6.5 is reported in exact agreement with the 
DSC results. This rod-like molecule exhibits almost limiting 
polarizations below the T ,  (PO = 0.46 (Shinitzky and Bar- 
enholz, 1974) and p (DPPA)  = 0.445 a t  25’). This indi- 
cates that  D P H  can “cocrystallize“ with DPPA acyl chains 
below the T,. Melting of the bilayer causes the largest drop 
in polarization yet observed (Ap = 0.30) in bilayer phase 
transitions. This supports the contention of Shinitzky and 
Barenholz (1974) that DPH is a sensitive fluorescent probe 
for bilayer fluidity. 

The behavior of DPH and perylene can be contrasted. 
The postulated mobility of perylene is probably due to its 
disc-like molecular shape which is not readily accommo- 
dated by crystalline bilayer lattices. Thus, its average posi- 
tion in the bilayer will be a function of the physical state of 
the membrane which complicates the interpretation of the 
fluorescence data. On the other hand, the interpretation of 
DPH results is simplified because it is truly a hydrocarbon 
region probe to the extent that it will even cocrystallize with 
bilayers undergoing a phase transition. 

Effect of Head  Group on the Phase Transition of Dipal- 
mitoyl Lipid Membranes. The data summarized in Table I1 
show that the chemical nature and charge of the lipid head 
group can clearly affect melting point, but not always in a 
manner based on simple electrostatic considerations. A 
prime example, as reported several years ago, is dimyris- 
toylphosphatidylethanolamine which, when dispersed in 
water, melts a t  48’, 25’ higher than dimyristoylphosphati- 
dylcholine (Ladbrooke and Chapman, 1969; Oldfield and 
Chapman, 1972), even though both a re  neutral. From the 
present study, the similarity of melting parameters for 
DPPC and DPPG is striking since DPPG carries one nega- 
tive charge a t  pH 7.4. In contrast, even doubly ionized 
DPPA melts about 16’ higher than DPPC. However, in 
comparing DPPA a t  pH values above and below the pK2, 
DPPA’- would be expected to melt a t  lower temperatures 
than DPPA- and in fact it was observed to melt 9’ below 
DPPA-. The theory adopted by Trauble and Eibl (1974) 
may not quantitatively predict this change in T ,  because it 
cannot completely account for the observed changes in AH 
and A S  induced by increasing surface charge. Specifically, 
the electrostatic effects treated in this theory account for 
only a small part (0.4 kcal/mol) of the measured transition 
enthalpy differences between DPPC and DPPA- or be- 
tween DPPA- and DPPAl- ( 2 . 5  and 2.3 kcal/mol, respec- 
tively). Finally, large decreases in the transition entropy 
were observed (Table 11) and the theory assumes this quan- 
tity to be independent of surface charge. 

To provide a qualitative framework for understanding 
these melting data we consider, in accord with Nagle (pri- 
vate communication), the transition enthalpy to consist of 
the sum of terms arising from gauche isomer formation, ex- 
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pansion against the van der Waals forces, disruption or al- 
teration of interfacial and head-group structures (such as 
intermolecular linkages, possible chelation by multivalent 
cations, structured water, etc), and the difference in the 
electrical double layer energies ( A r )  as approximated by 
Trauble and Eibl (1974, eq 1 and 2). Each term represents 
the difference between the energy associated with the disor- 
dered and the ordered state. All these terms should be con- 
sidered in understanding the bilayer melting behavior. Spe- 
cifically, ionization of head groups to produce charged bi- 
layers will not, in general, affect merely the electrical dou- 
ble layer but may also produce structural alterations in the 
hydrocarbon region particularly important in the gel state. 
These alterations will affect AH and AS, both of which 
must be considered in predicting the transition temperature 
(;.e., T ,  = A H / A S  for a first-order transition). All the 
above considerations assume a unique gel to liquid-crystal- 
line transition. However, it should be acknowledged that 
differences in the head group region could result in gel 
phases of different crystallographic parameters. Such phase 
differences would also have to be considered in any detailed 
comparison of the thermotropic properties of a given family 
of phospholipids. 

Despite the present lack of complete crystallographic 
data on phospholipids other than lecithin (Tardieu et al., 
1973), some possible explanations for the diverse melting 
behavior of phospholipids differing in head groups can be 
offered. The higher melting point of PE compared to ho- 
mologous PC could be rationalized in terms of intermolecu- 
lar ion pair formation between phosphate and amine (Papa- 
hadjopoulos and Weiss, 1969; Michaleson et al., 1974). An 
analogous explanation could be advanced for DPPA, involv- 
ing hydrogen bonds between vicinal phosphates. Such later- 
al attractive interactions could result in the diminished 
values of AH and A S  primarily due to increased constraint 
of acyl chain motions in the fluid state. On the other hand, 
in the absence of compensating lateral interactions, the re- 
pulsive forces between ionized phosphate groups could have 
a disordering effect, particularly in the gel state. This effect 
would also result in decreased AH and A S  with concomi- 
tant effects on T,. Such reasoning could also apply to 
DPPA especially in the doubly ionized form. Additional 
data from techniques such as dilatometry and nuclear mag- 
netic resonance would be helpful in assessing the contribu- 
tion of various lateral interactions to the thermotropic prop- 
erties of lipid bilayers. 

Effects of Ionic Environment on Phase Transitions and 
Separations in Vesicle Membranes. Changes in monovalent 
ion concentrations, bivalent metal concentration, or pH 
have diverse effects on the properties of pure acidic bilayers 
(such as PG, PA, or PS) and mixed acidic--neutral bilayers. 
Similar changes have no appreciable effect on the proper- 
ties of the electrically neutral PC bilayers. 

Increasing ionic strength (NaCI) has a small but definite 
effect in increasing the T, of DPPG. Qualitatively, such an 
effect is expected on the basis of increased screening of the 
negative charge as NaCl concentration is increased. This 
result is not in agreement with the conclusions of Trauble 
and Eibl ( 1  974) that monovalent cations "fluidize" acidic 
phospholipid bilayers. However, these conclusions were 
based on the behavior of PA at pH values near the pK2, 
and the "fluidizing" effect was acknowledged as being due 
to if. shift in the ionization of the PA- to PA2-. Such ioniza- 
tion is not possible with the PG where the phosphate is a 
diester, and thus the effect of increasing ionic strength is 

observed only as slightly increasing the stability of the bi- 
layer. 

Addition of <:if.'+ and Mg?' can produce ari increase i n  

the T ,  of DPPG and PS to an extent tispendent on rhc idn 
species and concentration. This is i n  agreenicnt with earlier 
observations (Trauble and Eibl, 1974; Kinielberg and Papa- 
hadjopoulos, 1974; Verkleij et ul., 1974) 'Lnd indicates d re- 
markable stabilization of the bilayers by Ion concentratiori 
of bivalent metals. As reported i i i  a previous paper (Papa- 
hadjopoulos et ul., 1073b) when the cc.)iicenlration of Cit''. 
is higher than 1 mM, the phase traiisitiori of PS i:, conrplete- 
ly absent within the temperature range tzsied ( 0 ~  70'). 'l'hia 
occurs also with DPPG A t  a molar I atio DPPG i ~ ' a  01' I  . O .  
The appearance of a sharp 4.2-A spacing in  tiic X-ray dif- 
fraction pattern of PS bilayers ;It 25' i i i  the presence of 3 
mM Ca2+ indicates the existence of' if. crystalliric btatc. The 
occurrence of a transition at  much higher teniperatuits is 
indicated by the results ot' Verkleij el 01. ( 1974) in a coin- 
parable system. We postulate that lower conceiitraiioila of 
Ca2+ gradually increase the transition teinperature by 
charge neutralization. However, as the C'a' (bubntl)/PS or 
DPPG approaches I/?, a phase transitlair occuib. n,hich is 
somewhat analogous to that induced by cooling I hrough the 
T,. The effects of Cali. and Mg? are distinctly dift'crent? 
with either PS or PG. This difference <annot bc r'itionaliied 
in total by postulating an electrostatic ri't'ect (lipid c,hargc 
neutralization within the Stern layer by the IJiiidirig of 
Ca'+ and .Vg" to acidic phosplidipid ilierntmnes 
(McLaughlin et al., 1971; Trauble and tiibl, 1'174). Specif- 
ic binding of Ca'+ to PS with the forrnatioii of polymeric 
complexes was postulated earlier (Papahadjopaulua, 1968). 

Phase transitions can be induced isothermall\ also bg 
changes in pH as shown by tile resulta gibcri i i l  I'igure 4 
with DPPA bilayers. This effect I:, most pronounced near 
the temperature of the phase transitiori. O u r  rrbults confirm 
those of T'rauble and Eibl ( I  973) o n  DMP.4.  

Addition of Ca" to mixed lipid bilayer> call iiiduce lu t -  
era1 phase separation isothermally, w i t h  thc neutral PC' 
molecules segregating from the acidic 1's or D P P A  mule- 
cules. This is in agreement with rarlicr clhxcrvations on 
spin-labels arid mixtures ol' PS i n  I'C ( i ) t i r i i h h i  and 110.  

1973; 1974). The conditions under nltich C;I- '+ induces 
phase separation are similar to thtisz found to he necessary 
for fusion between phospholipid bilayers iPapahadjopoulos 
et a/ . ,  1974). Thermally induced phase separations in  lipid 
mixtures containing species of different nicliing point:, have 
been reported by Phillips et a/ .  (1972) and also by Shim- 
shick and McConnell ( 1973).  'l'tie abilitj c:f phobpholipids 
to segregate into domains is of considerable phvsiological 
interest, especially in relation to the possible cxistcrice of 
microenvironments i 11 t he vicini  t J o t' I I  i e in b i ~ i  I I e protei ri :, . 
The ability of Ca?+ to segregate clusters ( o r  domains) of  
acidic phospholipids does not appe'ir ti, be cluc to simple 
charge neutralization. A:, meiitioned earlicr i n  lire Results 
section, neutralization of PS bq either 'I dccr.c;~se i n  the pH 
or by addition of Mg'+. does i i o t  pruduce ' in> detectable 
phase separation. although these agents t e n d  t o  increase the 

observed with DPPA/I>PPC rniklures on14 at 1111 X . 0  and 
not at  pH 6.0, indicating a reyuircrneiit for t w o  negative 
charges per molecule. rhis ~vouid favor thc forination of lin- 

T ,  of the lipid mixtures. I n  addition, phase separ' 'I t '  1011 w a s  

. ~- 
~~ - - - .. . . . ~ 

' TrBuble and E.ibi (1974)  reported t h a t  < ' a 2 ,  , i n J  11  
tntively the same effecta on PA,  in gziicrdi .iprsenicrir i* i t h  t'iirlici I ' i d  
ings ~ i t h  PA rnonolayers (P.i~)ah;idjop"uIus, 13f121~ 
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ear polymers with Ca2+ as postulatetl earlier for PS and PA 
(Papahadjopoulos, 1968). 

Isothermally induced phase separations, such as those de- 
scribed above, could play an important role in modulating 
enzyme activity and other functions in biomembranes. For 
example, consider the following possibilities for the involve- 
ment of Ca2+ in the regulation of cation transport. A car- 
rier-like transport peptide has an affinity for acidic lipid do- 
mains. The carrier is inactive when Ca2+ binding to the 
lipid induces crystallinity in the domain as shown for vali- 
nomycin conductance in thermally induced bilayer phase 
transitions (Krasne et al., 1971). Upon Ca2+ release, how- 
ever, the domain becomes “fluid” and the carrier conducts. 
Alternatively, consider an asymmetric membrane domain 
having acidic lipids on one side only (Bretcher, 1973; Zwaal 
et al., 1973). Binding of Ca2+ to the acidic lipid side pre- 
vents complete penetration of channel (or carrier) through 
the membrane and thereby blocks transport. Release of 
Ca2+  allows complete transmembrane penetration of chan- 
nel or carrier so that the site conducts. Another possibility is 
that the components of a pore are disordered in an acidic 
lipid domain when it is fluid, but upon addition of Ca2+, the 
pore components cocrystallize with the acidic domain to. 
form conductive channels. 
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