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Fluorescence Depolarization Studies of Phase Transitions and 
Fluidity in Phospholipid Bilayers. 2. Two-Component 
Phosphatidylcholine Liposomes+ 
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ABSTRACT: The fluorescence depolarization associated with 
the hydrophobic fluorescent probe 1,6-diphenyl- 1,3,5-hexa- 
triene is used to monitor changes in fluidity accompanying the 
gel-liquid crystalline phase transition in phosphatidylcholine 
dispersions. In this way, the parameters of the phase transition 
are determined for both large, multilamellar liposomes and 
small, single-lamellar vesicles composed of three mixtures of 
phosphatidylcholines: dimyristoyl-dipalmitoyl, dimyristoyl- 

In the preceding paper (Lentz et al., 1976) we report studies 
of the fluidity and gel-liquid crystalline phase transition 
characteristics in small, single-lamellar vesicles and multi- 
lamellar liposomes prepared from pure synthetic phospha- 
tidylcholines. In this paper we discuss these parameters for 
vesicles and liposomes prepared from binary mixtures of syn- 
thetic phosphatidylcholines. As in the preceding paper, depo- 
larization of fluorescence of the probe 1,6-diphenyl-l,3,5- 
hexatriene (DPH)'  is used to monitor the apparent microvis- 
cosity in the hydrophobic core of the phospholipid bilayer and 
to characterize the gel-liquid crystalline phase transitions in 
these systems. Attention is focused on the utilization of the 
depolarization data to generate phase diagrams and to examine 
the phospholipid mixing characteristics in these binary sys- 
tems. 

Several recent papers have reported studies of lateral phase 
separation in multicomponent bilayers and have discussed the 
possible functional significance of this phenomenon in bio- 
logical membranes (Phillips et al., 1970; Linden et al., 1973; 
Chapman et al., 1974; Shimshick and McConnell, 1973; Wu 
and McConnell, 1975). These studies have utilized multi- 
lamellar liposomes or undefined mixtures of these structures 
and small single-lamellar vesicles. Since it is now apparent that 
the phase transition characteristics in single-component bi- 
layers are markedly different in small vesicles and multilam- 
ellar liposomes (Lentz et al., 1976; Suurkuusk et al., 1976), it 
is important to examine the phase characteristics in well-de- 
fined dispersions of both types. The possible physiological 
significance of the very small radius of curvature of the bilayer 
in small, single-lamellar vesicles has been discussed previously 
(Thompson et al., 1974; Lentz et al., 1976). 
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j Abbreviations used are: DPH, 1,6 diphenyl- 1,3,5 hexatriene; POPC, 
1 -palmitoyl-2-oleyl-3-sn-phosphatidylcholine (POPC); DMPC, DPPC, 
DSPC, and DOPC are 1,2-dimyristoyl-, 1,2-dipalmitoyl-, 1,2-distearoyl-, 
and 1,2-dioleyl-3-sn-phospatidylcholine, respectively. 

distearoyl, and dioleyl-dipalmitoyl. Phase diagrams for these 
mixed-lipid vesicles are constructed by plotting the delimiting 
temperatures of the phase transition vs. the lipid composition 
of the vesicle. The phase diagrams are interpreted to suggest 
that the miscibilities of the lipids studied are markedly different 
in small, single-lamellar vesicles and large, multilamellar li- 
posomes. These results are discussed in terms of the effects of 
high curvature on the structure of biological membranes. 

Materials and Methods 
Preparation of Synthetic Phosphatidylcholines. The fol- 

lowing L-phosphatidylcholines were prepared as previously 
described (Lentz et al., 1976): 1,2-dimyristoyl-3-sn-phos- 
phatidylcholine (DMPC); 1,2-dipalmitoyl-3-sn-phosphati- 
dylcholine (DPPC); 1,2-distearoyl-3-sn-phosphatidylcholine 
(DSPC); 1,2-dioleyl-3-sn-phosphatidylcholine (DOPC); and 
I-palmitoyl-2-oleyl-3-sn-phosphatidylcholine (POPC). All 
phosphatidylcholines were judged to be better than 99% pure, 
based on thin-layer chromatography on silica gel G plates with 
a heavy loading of 2 pmol per spot. All saturated phospha- 
tidylcholines were determined to contain greater than 99% of 
the expected fatty acid; DOPC contained 98% oleic acid in both 
positions 1 and 2 .  In the case of POPC, 99% of the fatty acid 
in position 1 was palmitic acid and 98% in position 2 was oleic 
acid. 

Preparation of Phosphatidylcholine Dispersions. Both 
multilamellar liposomes and small, single-lamellar vesicles 
were prepared as described in the preceding paper (Lentz et 
at., 1976). To prepare mixed lipid dispersions, the component 
lipids in the desired proportions were first dissolved in CHC13 
and this solvent was then completely removed under reduced 
pressure (colyophilized). The solid lipid mixture was used to 
prepare vesicles or liposomes. Dispersions were prepared be- 
tween 5 and 10 OC above the gel-liquid crystalline transition 
of the highest melting component lipid and were maintained 
at this temperature until used. Addition of DPH to liposomes 
or vesicles were as described in the preceding paper (Lentz et 
a]., 1976). The mole ratio of phosphatidylcholine to probe was 
maintained at 1000 to 1. Phospholipid concentrations were 
determined as inorganic phosphate by the Bartlett method 
(Bartlett, 1959). 

Determination of Vesicle Composition. In order to construct 
accurately phase diagrams for small, single-lamellar vesicles, 
it was necessary to establish the actual composition of each 
dispersion after sonication and centrifugation since vesicles 
need not necessarily have the same composition as the colyo- 
philized mixtures from which they were prepared. Vesicle 
composition was determined by fatty acid analysis. The 
phospholipids were first extracted by the Bligh and Dyer 
( 1  959) procedure. The fatty acids were then transmethylated 
using 3% HCI in dry methanol at 75 OC for 90 min, and the 
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resulting methyl esters were extracted into hexane and ana- 
lyzed on a Shimadzu gas chromatograph equipped with a 
column of 10% Silar 1OC on Gas Chrom Q (Applied Science). 
In all cases the measured fatty acid composition agreed within 
2 mol % with the composition of the colyophilized mixture. 

Fluorescence Measurements. DPH fluorescence depolar- 
ization measurements as a function of temperature and sub- 
sequent calculations of anisotropy and apparent microviscosity 
were carried out as described in the preceding paper (Lentz 
et al., 1976). 

Results 
Phase Transition Parameters. Delineation of the phase 

transition ranges for both small, single-lamellar vesicles and 
multilamellar liposomes was carried out as described in the 
preceding paper (Lentz et al., 1976). In all cases thedata were 
fit by lines having slopes with correlation coefficients better 
than 0.992 and standard deviations less than 2%. 

Arrhenius plots of the apparent microviscosity of mixtures 
of DMPC and DPPC are presented in Figure 1. The data for 
large multilamellar liposomes are shown in Figure 1A and for 
small, single-lamellar vesicles in Figure 1 B. By way of contrast, 
Figure IC is the Arrhenius plot for the apparent microviscosity 
of an equimolar mixture of small, single-lamellar vesicles 
formed from DMPC and similar vesicles formed from DPPC. 
Two phase transitions are  evident, one corresponding to pure 
DPPC, and the other to pure DMPC. Labeled arrows delimit 
the temperature extremes of these transitions, as summarized 
in Table I1 of the preceding paper (Lentz et al., 1976). The line 
delineated by asterisks indicates the temperature of the DPH 
exchange experiment discussed below. The characteristics of 
this mixture of vesicles are in marked contrast to the charac- 
teristics of vesicles prepared from a colyophilized mixture of 
these two phospholipids as shown in Figure 1B. Similar dif- 
ferences were observed between multilamellar liposome 
samples prepared from colyophilized lipid mixtures and from 
mixtures of two different liposome populations. These results 
clearly show that in colyophilized binary systems the lipids mix 
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within individual bilayers rather than segregating into the 
bilayers of different liposomes. 

Arrhenius plots similar to Figures 1A and 1 B are shown in 
Figure 2 for large multilamellar liposomes prepared from (A) 
DMPC/DSPC and (C) DOPC/DPPC and for small single- 
lamellar vesicles prepared from (B) DMPC/DSPC and (D) 
DOPC/DPPC. In both Figures 1 and 2, data for only three 
representative mixtures are shown, although data were ob- 
tained for a t  least seven different compositions in order to 
generate each phase diagram presented below. 

The following characteristics of the data presented in Fig- 
ures 1 A, IB,  and 2 are  noteworthy. First, the Arrhenius plots 
for multilamellar liposomes composed of DMPC/DPPC 
mixtures show both low- and high-temperature transitions 
which are very reminiscent of the behavior of liposomes pre- 
pared from the pure components (Figure 1 A). Multilamellar 
liposomes formed from mixtures of DMPC/DSPC and 
DOPC/DPPC, however, show two transitions only for a few 
compositions. Most compositions show only a single well- 
defined transition (Figures 2A and 2C). The apparent absence 
of a low-temperature transition may be because this transition 
is obscured by a broadened high-temperature transition in 
these systems. Second, the effects of compositional variations 
on the phase transition characteristics of both small, single- 
lamellar vesicles and multilamellar liposomes are least ap- 
parent for DMPC/DPPC mixtures, but become increasingly 
more apparent for DMPC/DSPC and DOPC/DPPC mix- 
tures, respectively. Third, comparison of Figures 1 A. 2A, and 
2C with Figures IB, 2B, and 2D clearly shows that the effects 
of compositional variations are more apparent in small, sin- 
gle-lamellar vesicles than in multilamellar liposomes comprised 
of the same two phospholipids. 

Partitioning of DPH between Phospholipid Phases. The use 
of DPH to monitor the gel-liquid crystalline phase transition 
is based on the assumption that the fluorescence probe is 
equally distributed between gel and liquid crystalline phases 
in the temperature range of the transition where both phases 
coexist. If the bilayer system consists of two phases, and the 
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FIGURE 2: Plot of In microviscosity vs. reciprocal of the absolute temperature for dispersions of DMPC/DSPC. (A) Multilamellar liposomes; (B)  
small, single-lamellar vesicles. and dispersions of DOPC/DPPC; (C) multilamellar liposomes; (D) small, single-lamellar vesicles [(0) 83: 17; ( 0 )  (+) 
50:50; (0) 17:83 mol ratio]. 

probe is equally distributed between them, the measured an- 
isotropy is a simple average of the anisotropy of the probe in 
each phase. If, however, the probe shows a strong preference 
for one phase, the observed anisotropy will be strongly weighed 
in favor of the signal from this phase. To the extent this occurs, 
the resulting profile of the phase transition is shifted toward 
either low temperature (gel phase preferred) or high temper- 
ature (liquid crystalline phase preferred). 

We have examined the validity of this assumption by 
studying the partitioning of DPH between a mixture of DPPC 
and DMPC vesicles at 28 OC which is below the liquid crys- 
talline phase transition temperature of DPPC, but above that 
of DMPC. The fluorescence of DPH in each vesicle species was 
measured at this temperature. One vesicle species containing 
DPH was then mixed with a known amount of the other vesicle 
species containing no DPH, and the change in fluorescence 
depolarization was followed as a function of time. A constant 

value of the anisotropy was achieved in less than 30 s, the 
minimum time required for performing the measurement. This 
result indicates that the transfer of DPH between vesicles oc- 
curs within a few seconds. Two such experiments were per- 
formed. In the first case, the DPH was initially incorporated 
into DMPC vesicles and then allowed to transfer to DPPC 
vesicles. In the second case, the DPH was initially in the DPPC 
vesicles and transferred to DMPC vesicles (see Table I). Proof 
that the observed change in fluorescence depolarization was 
due to dye transfer rather than to vesicle fusion and subsequent 
lipid mixing is given in Figure IC. This figure is the tempera- 
ture scan for the apparent microviscosity as observed in the 
vesicle mixtures resulting from the two probe distribution ex- 
periments. The curve shows two phase transitions, one char- 
acteristic of pure DPPC, the other of pure DMPC. Comparison 
of the data in Figures 1 A, 1B and IC clearly indicates that 
vesicle fusion did not occur. The results of these two DPH 
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D M P C  + DPH 

DPPC + DPH 

( D M P C  + DPH),  2 ml 
t DPPC, 2 ml 
( D P P C  + DPH),  2 ml 
+ DMPC. 2 ml 

r 

0.127 
60.003 

0.288 
f0.006 

0.196 
f0 .004 

0.199 
h0.004 

T 

9.3 
f 0 .  1 
10.3 

f 0 .  I 
9.8 

40.1 
9 .6  

f 0 .  I 

C“ X D M P C ~  ~ D P P C ~  ZDMPC ZWPC f i ) \ i r x  /uiw A , , , , ,  

0 613 I O  0 0  

0 4 2 9  0 0  1 0  

0 521‘ 0 59 0 41 0 57 0 43 0 6 0  0 4 0  I 0 3  
f 0  03 4 0 0 2  5 0 0 2  f 0 0 2  f 0 0 2  f 0 0 2  f O O 4  

0521‘  0 5 9  0 41 0 55  0 45  0 58 0 4 2  0 9 6  
f 0  03 f 0 0 2  f 0 0 2  io02 f 0 0 2  io02 1 0 0 4  

f 0  008 

f 0  008 

(’ Concentration of total phospholipids (@mol of lipid per ml). Mole fraction of D M P C  or D P P C  in the total lipid suspension. Average 
of D M P C  and D P P C  concentrations since equal volumes of D M P C  and D P P C  suspensions were mixed. Error limits for the experimental 
quantities a re  estimated standard deviations; not enough data  exist to define exact statistical standard deviations. Error limits for the derived 
quantities ( Z . J  k J  are  calculated from those assigned to  the experimental quantities. 

partitioning experiments are presented in Table I. The partition 
coefficient of DPH between these two lipid bilayer phases was 
calculated as outlined below. 

For a fluorescent probe partitioned between two environ- 
ments of different fluidity which exist for a time which is long 
relative to the fluorescent decay time of the probe, the observed 
fluorescence will be a composite of the fluorescence from the 
probe in the two environments: 

Heref, andf2 are the mole fractions of probe in environments 
1 and 2, respectively. I (1)  and I , ( ] )  are the parallel and 
perpendicular intensities that would result if all the probe were 
i n  environment I ,  and 1 , , ( 2 )  and 11(2) are the corresponding 
values for environment 2 (assuming, of course, that excimer 
formation, energy transfer, and other concentration-dependent 
effects are not operative). ( ) f  denotes anf-weighted average. 
Since 

11 -11 
I l l  + 21, 

r =  

we obtain for the composite system 

with 

and, 

Here ( r ) /  denotes a Z-weighted average. The quantity Z may 
be thought of as the mole fraction of probe in environment 1 ,  
adjusted for the relative intensity of the fluorescence in envi- 
ronments 1 and 2 (FI and F2, respectively). When only dy- 
namic quenching occurs, F ~ F I  equals the ratio of lifetimes in 
the different environments (Weber, 1953). In general, then, 
it can be shown that the intensity adjusted mole fraction is 
given by: 

Z, =f,r ZL(T!/T,)l (6) 
I 

Here, T, /T ,  is the ratio of lifetimes. The sum is over all envi- 
ronments (other than the j th)  into which the probe may par- 
tition. I t  also may be shown that 

xz,= 1 
i 

( 7 )  

The Z values for DPH in Table I have been calculated using 
eq 3 and 7 and the experimentally observed r values listed in 
Table I .  The mole fraction of DPH in each of the bilayer en- 
vironments C ~ D M P C  andfDppc) has thus been computed using 
eq 6 and 7 and the experimental lifetimes ( T  of Table I ) .  In 
order to obtain the partition coefficient of DPH between 
DMPC and DPPC vesicles, thef values must be corrected for 
the mole fraction ( X , )  of each of the lipids present in the 
mixture. 

K m j p  = (.fDMPC/xDMPC)/uDPPC/xDPPC) (8)  

The values of Kmlp calculated from the two parallel expen- 
ments are given in the last column of Table I and clearly 
demonstrate that DPH does not partition preferentially into 
either the liquid crystalline or the gel phase. Thus, under 
conditions where phases coexist in a single bilayer, the observed 
steady-state anisotropy of DPH fluorescence is the Z-weighted 
average of the anisotropies of each phase. Indeed, i f  the life- 
times of DPH are not greatly different in the two phases, the 
anisotropy, and thus the microviscosity, will directly reflect 
the relative amounts of the two phases. This is the situation that 
exists for the systems listed in Table I .  It is apparent that values 
off are approximately equal to the corresponding values of 
2. 

Discussion 
Phase Diagrams and Lipid Mixing. Using the procedures 

outlined in the Results section, the delimiting temperatures 
of the phase transition were determined for both large multi- 
lamellar liposomes and small, single-lamellar liposomes pre- 
pared from several compositions of the three lipid mixtures 
already discussed.* These delimiting temperatures were plotted 
vs. composition to generate the phase diagrams shown in 
Figures 3A, 4A, and 5A (large, multilamellar liposomes) and 
Figures 3B, 4B, and 5B (small, single-lamellar vesicles). In- 

~~ ~~ ~ 

The phase behavior of two-component liposomes may involve sharp. 
well-defined phase changes nearly identical with those of single-component 
liposomes, or gradual. poorly defined phase changes involving only a 
portion of the lipids in  the bilayer. To describe phase changes i n  a multi- 
component lipid bilayer, McConnell and co-workers (McConnell et al..  
1972; Shimshick and McConnell, 1973) have coined the term “phase 
separation”. This applies to the separation from a homogeneous liquid 
phase of a solid phase rich in  one component of the mixture (McConnell 
et al., 1972). So defined, this term would seem inappropriate to describe 
the phase changes in a bilayer in which the lipid mixing is imperfect even 
in the liquid-crystalline state. For this reason, only the term “phase 
transition” is used in  this paper. I f  the term “phase separation” is more 
appropriate, this should be clear from the description of the lipid mixing 
properties of each system studied. 
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FIGURE 3: Phase diagrams for dispersions of DMPC/DPPC mixtures. 
( A )  Large, multilamellar liposomes; the two upper lines delimit the 
high-temperature phase transition range, the lower lines the low-tem- 
perature transition range. (B) Small, single-lamellar vesicles. Theaster- 
isked segments represent repeated data points. 

terpretation of phase diagrams generated in this way for bilayer 
systems must be made with caution. Lee (1975a) has discussed 
this problem in some detail. 

The phase diagram for DMPC and DPPC in multilamellar 
liposomes is shown in Figure 3A. The compositional behavior 
of both the high- and low-temperature (with cross-hatching) 
transitions were obtained, but the range of the low-temperature 
transition was less well-defined than the range of the high- 
temperature transition. The shape of the phase diagram for 
the high-temperature transition suggests that these two very 
similar lipids mix nearly ideally both in the gel and liquid 
crystalline phases in the bilayers of multilamellar liposomes. 
The phase diagram for this system has been previously ob- 
tained by Shimshick and McConnell (1 973) using partitioning 
of Tempo spin label. These authors represented the phase 
transition for the pure lipids as being infinitely sharp, while that 
for the 50/50 mol ratio mixture was shown to have a spread 
of about 5 "C. However, the primary data of Shimshick and 
McConnell appear to agree with our data presented in the 
preceding paper (Lentz et al., 1976) and with available ca- 
lorimetric data (Hinz and Sturtevant, 1972; Suurkuusk et al., 
1976) in showing the high-temperature phase transition of pure 
phosphatidylcholine vesicles to be of substantial breadth. A 
similar point has recently been made by Lee (1 975b) in a flu- 
orescence probe study using chlorophyll a as the fluorophore. 
A calorimetric study of this system, although subject to 
uncertainties in interpretation due to instrumental difficulties, 
yielded a phase diagram in qualitative agreement with ours 
(Chapman et al., 1974). 

The composition dependence of the low-temperature tran- 
sition for DMPC/DPPC mixtures is also recorded in Figure 
3A. This binary mixture was the only one for which this tran- 
sition could be consistently observed a t  all compositions. As 
was the case for the high-temperature transition, this transition 
showed little, if any, broadening in the mixed-lipid vesicles. The 
low-temperature transition was separated from the main 
transition by about the same temperature span a t  all compo- 
sitions above 10 mol % DMPC. The general characteristics of 
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F I G U R E  4: Phase diagrams for dispersions of DMPC/DSPC mixtures. 
( A )  Large, multilamellar liposomes; (B) small single-lamellar vesicles. 
* as in Figure 3. 

the phase diagram in DMPC/DPPC mixtures suggest that the 
mixing of these two phospholipids in multilamellar bilayers 
is essentially ideal. 

Figure 4A is the phase diagram for the high-temperature 
phase transition in multilamellar liposomes composed of 
mixtures of DMPC and DSPC, two phosphatidylcholines with 
saturated acyl chains differing in length by four carbon atoms. 
This phase diagram is markedly different from that shown in 
Figure 3A obtained for two phosphatidylcholines with satu- 
rated chains differing in length by only two carbons. Figure 
4A indicates that DMPC and DSPC mix nonideally. The 
horizontal section of the solidus curve (lower line) in the mole 
fraction range 0.3 to 1.0 suggests that in this range two solid 
phases of different composition coexist. This same conclusion 
was reached by Shimshick and McConnell (1 973) based on 
Tempo partitioning, although the detailed shape of their phase 
diagram was somewhat different from that in Figure 4A. Also, 
since Shimshick and McConnell presented no data in the range 
0 to 0.38 mol fraction DMPC, it is not possible to specify the 
concentration at  which the horizontal solidus line terminates. 
However, the fact that it must be within this range is consistent 
with Figure 4A. An earlier scanning calorimetric study 
(Phillips et al., 1970), however, indicated that the horizontal 
segment terminates below 0.22 mol fraction DMPC. This is 
clearly inconsistent with our results. 

It is interesting to note that in this binary system at least two, 
and in one case three, distinct regions of near linearity are 
observed through the region of the phase transition in both the 
microviscosity Arrhenius plots and the anisotropy vs. tem- 
perature plots (see Figure 2A). The slopes and correlation 
coefficients of these lines are summarized in Table 11. Similar 
behavior within the range of the transition was observed only 
for lipid mixtures in which the shape of the phase diagram 
suggested gel phase immiscibility (see results for DMPC/ 
DSPC and DOPC/DPPC small, single-lamellar vesicles dis- 
cussed below). It is also interesting to note the symmetry dis- 
played by the data in Table 11. With vesicles rich in DMPC the 
most rapid increase in microviscosity occurs in the low-tem- 
perature portion of the phase transition temperature range, 
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Mole Line 1 a Line 2" Line 3 

Fraction Slope Corr Range Slope Corr Rdnge 5lope C o r r  Range 
DVPC 1000 Coefd ("C) 1000 Coefc' ("C) 1000 Coefc' ( O C )  

I .o 97.5 f 8.9 0.965 24.2-24.8 
0.83 17.0 f 0.5 0.998 28.5-32.5 35.2 f 1.4 0.997 25.9--28.5 
0.67 10.7 f 0.3 0.995 31.6-40.8 21.7 k 0.6 0.995 26.2-3 I .6 
0.50 15.1 f 1 . 1  0.992 42.1-45.5 8 . 3 f 0 . 2  0.997 30.7-35.2 1 4 . 6 f 0 . 9  0.993 28 .1 -31 .2  
0.33 19.7 f 0.7 0.996 46.1-50.2 6.7 k 0.1 0.997 28.9-43.3 
0.17 37.4 f 1.4 0.998 50.6-53.2 3.1 f 0.1 0.988 29.5-42.7 
0.00 172.6 & 20.1 0.987 53.4-54.6 

(' High-temperature line. Intermediate-temperature line; or single line in case of pure lipids. 1-om-temperature line. J Correlation coef- 
ficient. 

_- 50, ' ' ' 

\ 10- 

-10. 
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Mole Fraction DOPC 

I IGC R F  5 Phase diagrams for dispersions of DOPC/DPPC mixtures 
( A )  Large, multilamellar liposomes, (B) small, single-lamellar vesicles 
* in  Figure 3 

while the opposite is true for vesicles rich in DSPC. Indeed, in 
the 50/50 mixture, the low- and high-temperature ranges have 
equal slopes and are separated by a region of intermediate 
slope. This suggests that, at  least within the range of the phase 
transition, there are regions rich in one or the other of these two 
lipids. Regions rich in DMPC would then determine the nature 
of the low-temperature portion of the phase transition, while 
regions rich in DSPC should determine the nature of the 
high-temperature portion of the transition. Thus, for vesicles 
rich in DMPC, the phase transition would be most pronounced 
in the low-temperature region (see line 3 of Table 11), while 
the opposite would be true of vesicles rich in DSPC (see line 
1 of Table 11). These results support further the interpretation 
of the DMPC/DSPC multilamellar liposomes phase diagram 
in terms of incomplete mixing of the lipids. 

The phase diagram for mixtures of DOPC and DPPC in 
large multilamellar liposomes is presented in Figure 5A. This 
figure clearly indicates that a cis double bond in the acyl chains 
of one component markedly alters the mixing properties of 
these lipids. Oleic acid ( 1  8: 1.9) and palmitic acid (16:O) differ 
by only two carbon atoms in length, as do myristic (14:O) and 
palmitic acids, the mixture of Figure 3A. However, DOPC and 

DPPC obviously do not mix in the apparently ideal manner of 
DMPC and DPPC (Figure 3A). In contrast to the very slight 
effect of composition on the breadth of the transition in the 
latter system, Figure 5A shows increased broadening of the 
transition with increasing content of DOPC in multilamellar 
liposomes, up to 0.83 mol fraction DOPC. Above this con- 
centration, the low-temperature limit of the phase transition 
is very close to or below 0 'C, and the transition becomes so 
poorly defined that it is difficult to determine the limits. The 
dotted line in Figure 5.4 is drawn on the basis of the results of 
Phillips et al. (1970), who demonstrated that hydrated DOPC 
(50% water, w/w) has a gel-liquid crystalline phase transition 
at  -22 "C. A recently published differential calorimetry scan 
of DOPC multilamellar vesicles (De Kruijff et al., 1975) 
suggested that a phase transition occurs in the neighborhood 
of -20 "C. Within these limits, the shape of the phase diagram 
of Figure 5A (especially the rapid drop in transition temper- 
ature as pure DOPC is approached) clearly implies that DOPC 
and DPPC do not mix ideally. Such a result was not observed 
for any mixture of two saturated lecithins of similar chain 
length incorporated into large, multilamellar liposomes. 

A calorimetric study of multilamellar liposomes composed 
of 1:l mixture of DOPC and DPPC (Le,, one point on the phase 
diagram of Figure 5A) showed two phase transitions, one i n  
the region of the DPPC transition and one in the region of the 
DOPC transition (Phillips et al., 1972). A transition in the 
range of -20 'C must be measured either in a buffer con- 
taining a high concentration of some organic antifreeze or i n  
ice. Within the uncertainty imposed by these conditions. 
however, it appears that these phosphatidylcholines segregate 
into regions rich in DPPC and DOPC, respectively. Thus, the 
phase diagram of Figure 5 corresponds only to the transition 
of the DPPC-rich regions, that of the DOPC-rich regions being 
inaccessible without inclusion of antifreeze in the aqueous 
medium. These observations suggest that the unusual shape 
of the apparent solidus line of Figure 5A should be interpreted 
in terms of coexisting gel and liquid crystalline phases at 
temperatures below this line. As noted above, the fact that the 
liquidus line of Figure 5A does not have a more negative slope 
at  high DPPC mol fraction does suggest that domains rich in 
each of the lipids may exist in the liquid crystalline state. The 
observation of two phase transitions in 1 : I  liposomes (Phillips 
et al., 1972) would seem to support this conclusion. 

Phase diagrams derived for small, single-walled vesicle 
systems are quite different from those for large multilamellar 
liposome dispersions shown in Figures 3A, 4A, and 5A. AS is 
evident in Figures 3B. 4B, and 5B, the phase diagrams are more 
complex. The phase transitions are broader in single-lamellar 
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vesicles, and at least two straight lines are needed to fit the data 
in microviscosity Arrhenius plots at low temperatures. For this 
reason, the phase diagrams in Figures 3B, 4B, and 5B have two 
solidus lines. The higher temperature line delimits the main 
phase transition in small vesicles. The significance of the lower 
temperature line is unclear. 

Figure 3B is the phase diagram derived from the fluores- 
cence data for small single-lamellar vesicles composed of 
DMPC/DPPC mixtures. Its most striking feature is the nearly 
horizontal liquidus line, suggesting that these two very similar 
lipids mix nonideally in the liquid-crystalline state. This is 
particularly surprising since these two lipids mix nearly ideally 
in the multilamellar liposomes described above. There are 
several possible explanations for this behavior: (1)  the vesicles 
formed by the sonication process are a compositionally het- 
erogeneous population, with some vesicles very rich in DPPC 
and others very rich in DMPC; (2) the lipids are distributed 
unequally between the nonequivalent inner and outer mono- 
layers of the small vesicles; (3) because of the special packing 
requirements introduced by the small radius of curvature of 
sonicated vesicles (Sheetz and Chan, 1972; Thompson et al., 
1974; Lentz et al., 1976), these two similar lipids really do mix 
imperfectly nearly the point of immiscibility, in the inner or 
outer monolayer of the small vesicle bilayer. The first expla- 
nation seems unlikely, for three reasons. First, complete or 
nearly complete segregation of the two lipids into separate 
vesicle populations would have resulted in an Arrhenius plot 
of much different shape (Le., as in Figure 1C). Second, de- 
termination of the fatty acid composition of the sonicated 
vesicle preparations indicated no preference for either lipid of 
a mixture to appear in large as opposed to small liposomes. If 
there were no preferential partitioning of lipids between vesicles 
of different radii of curvature, it would be difficult to imagine 
a reason for preferential partitioning between vesicles of very 
similar radii of curvature. Third, the existence of a population 
of vesicles composed almost entirely of DPPC would neces- 
sarily imply a coexisting population composed almost exclu- 
sively of DMPC. This should result in an apparent nonmixing 
in the gel phase as well as in the liquid-crystalline phase. 
However, no such behavior is observed. For a similar reason, 
the second explanation in unlikely, that is, enrichment of the 
other monolayer with DMPC necessarily would imply a con- 
comitant enrichment of the inner monolayer with DPPC. No 
evidence for this is observed. Thus, it appears most likely that 
the shape of Figure 3B indicates that packing constraints in 
these small vesicles cause DMPC and DPPC to mix nonideally 
in the liquid crystalline state. That such imperfect mixing oc- 
curs in the liquid crystalline phase and not the gel phase is 
surprising. On the other hand, it is, in fact, reasonable to expect 
that the extended, all-trans configuration of the phospholipid 
acyl chains in the gel state (Seelig and Seelig, 1974) would be 
less affected by the unusual packing requirements of a small 
radius of curvature vesicle than would the disordered, 
gauche-containing acyl chains of the liquid crystalline state. 

The phase diagram for mixtures of DMPC and DSPC in- 
corporated into small single-lamellar vesicles is shown in Figure 
4B. Again, there is a clear indication of nonideal mixing in the 
liquid crystalline state in these vesicles which is not observed 
in multilamellar liposomes. As is the case with multilamellar 
liposomes, the phase diagram of this lipid mixture also suggests 
immiscibility in the gel phase. However, immiscibility occurs 
in small vesicles only at concentrations of DMPC above 0.6 mol 
fraction, whereas in multilamellar liposomes this occurs above 
0.3 mol fraction (Figure 4A). It is interesting to note that for 
single-lamellar (as for multilamellar liposomes) the Arrhenius 

plots of the apparent microviscosity for 0.83 and 0.67 mol 
fraction DMPC show two distinct straight lines in the phase 
transition region. This suggests two phases of different com- 
position in the gel state. In summary, small, single-lamellar 
vesicles composed of DMPC/DSPC show the same gel-phase 
immiscibility as do multilamellar liposomes, but over a nar- 
rower range of composition. In addition, they display a noni- 
deality of mixing in the liquid crystalline phase not observed 
in the multilamellar liposomes. The interpretation of this be- 
havior is similar to that suggested for the results obtained for 
small vesicles composed of DMPC/DPPC; the disordered acyl 
chains of the liquid crystalline phase mix considerably less 
ideally, while the ordered acyl chains of the gel phase mix more 
nearly ideally under the packing constraints imposed by the 
small radius of curvature of a single-lamellar vesicle. 

The DOPC/DPPC phase diagram shown in Figure 5R il- 
lustrates the effect of a cis double bond in the acyl chains of one 
phospholipid component in the small, single-lamellar vesicle 
system. The 9,lO double bond causes a fixed gauche-like kink 
a t  this point in the acyl chain. By analogy to the behavior of 
large multilamellar liposomes, this phase diagram probably 
represents the phase behavior of only the DPPC-rich regions 
of the lipid bilayer. Although there is no direct evidence in 
small, single-bilayer vesicles, another phase change probably 
occurs in the range of -20 OC, which is presumed to be the 
phase-transition range for pure DOPC small vesicles. The 
phase diagram in Figure 5B is interpreted in light of these as- 
sumptions. As in the case of the saturated systems already 
discussed, the shape of the liquidus line in Figure 5B suggests 
nonideal mixing of DPPC and DOPC in the liquid crystalline 
phase. The existence of a nearly horizontal section of this line 
below 0.55 mol fraction DOPC suggests liquid crystalline 
phase immiscibility even more convincingly than in composi- 
tionally similar multilamellar liposomes (Figure 5A). It is 
interesting that the solidus line in Figure 5B also has a dis- 
tinctly horizontal section (0.17 to 0.55 mol fraction DOPC). 
This probably reflects a limited miscibility of DPPC and 
DOPC in the DPPC-rich gel state. This phenomenon was not 
observed for DPPC/DOPC mixtures in large, multilamellar 
liposomes (Figure 5A). The Arrhenius plots of microviscosity 
for mole fractions of DOPC from 0.17 to 0.55 are fit well by 
two straight lines in the temperature range of the phase tran- 
sitions (correlation coefficient of the slope > 0.986; standard 
deviation from a straight line < 6.5%). This is analogous to the 
behavior of the other systems studied for which gel phase im- 
miscibilities were noted (DMPC/DSPC multilamellar lipo- 
somes and small vesicles). Thus, the phase diagram in Figure 
5B is consistent with the hypothesis that, in small radius of 
curvature bilayers, lipids with fully extended acyl chains (those 
of saturated lipids below the phase transition) mix more nearly 
ideally than do lipids with kinked acyl chains (unsaturated 
chains, or any chain above the phase transition). 

It is worthwhile noting that the small vesicle, mixed lipid 
systems so far discussed are examples of lipid bilayers for which 
the term “phase separation” is not an entirely appropriate 
description of the gel-liquid crystalline phase transition. This 
is so because lipid immiscibility seems often to be associated 
with the liquid crystalline phase of the small radius of curvature 
bilayers, which should result in some degree of phase separa- 
tion (or lipid-domain formation) even above the phase tran- 
sition temperature. It is this liquid crystalline phase bilayer 
heterogeneity (rather than gel phase heterogeneity) which 
results in the phase transition broadening in mixed-lipid, small 
vesicles. It is not clear whether this heterogeneity should in- 
crease on cooling through the phase transition, as implied by 
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t I G U R E  6:  Plot of activation energy vs. mole fraction of DOPC for 
DOPCiDPPC mixtures. (0) Small, single-lamellar vesicles; (0 )  large, 
multilamellar liposomes. 

the common use of the term “phase separation” (McConnell 
et al., 1972). 

The Activation Energy of the Apparent Microviscosity. 
Changes in the temperature dependence of the microviscosity 
have been observed as a function of fatty acid composition in 
the vesicle and liposome systems studied. For the purpose of 
discussion, it is convenient to note that the activation energy 
of the microviscosity ( A E + )  may be defined as R ,  the gas 
constant, times the slope of the Arrhenius plot of the apparent 
microviscosity. In the theory of Eyring (1936), this is the ac- 
tivation energy of the rate determining step of viscous flow. 
More recently, Shinitzky (personal communication) has re- 
lated the activation energy to a molecular volume. Although 
the exact molecular interpretation of this quantity remains 
obscure, it is nevertheless a useful relative structural param- 
eter. As noted in the preceding paper (Lentz et al., 1976), the 
activation energy of the microviscosity was less for DOPC than 
for any of the saturated phosphatidylcholines incorporated into 
either small, single-lamellar vesicles or multilamellar lipo- 
somes. In both of these systems comprised of mixtures of sat- 
urated phosphatidylcholine, AE+ has an approximately con- 
stant value of 12.5 f 1.5 kcal/mol. However, in both small 
vesicles and multilamellar liposomes comprised of DOPC/ 
DPPC, AE+ varies from about 8 kcal mol-’ deg-’ for pure 
DOPC to 14 kcal mol-’ for pure DPPC as shown in Figure 
6. 

Summary and Conclusions 
The results presented in this paper indicate that the mixing 

of phosphatidylcholine molecules within a bilayer is affected 
not only by the nature of the acyl chains, but also by the ge- 
ometry of the bilayer. Two different phosphatidylcholine 
species mix less ideally in small, single-walled vesicles which 
have a radius of curvature of about 120 A than in multilamellar 
liposomes of very large radius of curvature. The phase di- 
agrams obtained for small vesicles are most simply interpreted 
in terms of nonideal mixing of components in the plane of the 
bilayer as opposed to nonideal mixing across the plane of the 
bilayer. In most cases, too, the range of temperatures for which 
a gel phase exists in equilibrium with a liquid crystalline phase 
is increased in small vesicles relative to large liposomes. Thus, 
the effect of bending a lipid bilayer to give a small radius of 
curvature is to increase the range of temperature and compo- 
sition over which different phases may coexist in the plane of 
the bilayer. There has been considerable speculation recently 
about the importance of lateral phase separation of lipids in 

biomembranes (Shimshick and McConnell, 1973; Linden et 
al., 1973). If these speculations are correct, then our results 
suggest that regions of high curvature in biomembranes may 
be associated with in-plane formation of lipid domains of dif- 
fering composition. Of even greater significance is the fact that 
these results suggest the possibility of lateral segregation of 
lipids into different domains in highly curved bilayers even 
abow the gel-liquid crystalline phase transition. This is not 
“lateral phase separation” in the sense originally used by 
McConnell et al. (1972) since it is induced by changes in bi- 
layer curvature rather than by passage below the liquid crys- 
talline phase transition temperature. This phenomenon would 
more appropriately be referred to as lateral lipid domain for- 
mation. Since most biomembranes exist a t  temperatures above 
the gel-liquid crystalline phase transition of the component 
lipids, this phenomenon provides a means of introducing lateral 
inhomogeneities into the bilayers of biomembranes. Such in- 
homogeneities should result in the same special compressibility 
properties that have been speculated to occur in bilayers 
undergoing lateral phase separation (Shimshick and 
McConnell, 1973; Linden et al., 1973). 

The results of this study also suggest a role for unsaturated 
fatty acids in the lipids of biomembranes. First, our studies with 
systems composed of DOPC and DPPC (together with the 
study of Phillips et al., 1972) have demonstrated that intro- 
duction of double bonds into the fatty acid chains of phos- 
phatidylcholines results in decreased miscibility of the bilayer 
lipids in both small vesicles and multilamellar liposomes. This 
increases the possibility of lateral compositional inhomo- 
geneities in the bilayer. Second, introduction of unsaturated 
phosphatidylcholines into bilayers markedly lowers the acti- 
vation energy of the microviscosity in the temperature range 
above the phase transition. In practical terms, this would have 
the effect of moderating changes in membrane fluidity that 
occur with changes in temperature. 

Comparison of POPC bilayers with bilayers formed from 
a 1 : 1 mixture of DOPC and DPPC has further shown that the 
particular arrangement of unsaturated fatty acids in and 
among the phosphatidylcholine molecules of the bilayer is also 
important in predicting the effect of unsaturated fatty acids 
on membrane structure. Thus, POPC bilayers undergo phase 
transitions at much lower temperatures than the corresponding 
I : 1 DOPC/DPPC bilayers. However, a t  temperatures above 
the phase transition, POPC systems have microviscosities and 
activation energies very similar to those of DOPC/DPPC 
systems. 

Thus, a cell should have great variability in adjusting the 
properties of its membranes, even if the membrane bilayer were 
to consist solely of phosphatidylcholine. Introduction of un- 
saturated fatty acids would produce more fluid membranes, 
but arrangement of these fatty acids both on one phosphati- 
dylcholine molecule would allow for a greater possibility of 
lateral bilayer inhomogeneities occurring at  physiological 
temperatures. Inclusion of phospholipids with much different 
fatty acid moieties would also increase the chance of lateral 
phase separation. Finally, even if the membrane as a whole did 
not undergo lipid lateral phase separation, small regions of high 
curvature could be formed in which lateral separation of 
component lipids into domains would be more probable. 
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Effects of Iodination of Tyrosyl Residues on the Binding and Action 
of Glucagon at Its Receptor" 

Michael C. Lin,* Simonetta Nicosia,$ and Martin Rodbell 

ABSTRACT: The binding and action of glucagon at its receptor 
in hepatic plasma membranes have been compared, as a 
function of pH, with that of glucagon containing iodotyrosyl 
residues. Iodinated glucagon, at pH 7.0 and below, binds to the 
receptor and activates adenylate cyclase with an affinity about 
threefold higher than that of native glucagon. At pH 8.5, the 
affinity of the receptor for native glucagon is the same as that 
seen at pH 7.0. However, iodinated glucagon binds with a 
lowered affinity with increasing pH. The decreased affinity 
of the iodinated hormone correlates with ionization of the io- 
dotyrosyl phenoxy group, which has a pK, of 8.2. It is sug- 
gested that the decreased affinity is actually due to the inability 

T h e r e  are conflicting reports in the literature concerning the 
effect of iodination of glucagon on its binding and action on 
receptor-mediated adenylate cyclase systems. While enhanced 
biological potency has been reported for iodoglucagon (Bromer 
et al., 1973; Desbuquois, 1975), in two separate studies we were 
unable to detect any difference in the potency of native and 
monoiodoglucagon (Rodbell et al., 1971; Lin et al., 1975). The 
reasons for this discrepancy need to be clarified since resolution 
might yield a better insight into the general problems of util- 
izing iodinated hormones for investigating the binding and 
action of hormones at their receptors. 

Iodine is principally and equally incorporated into the two 
tyrosyl residues of glucagon (Desbuquois, 1975). Iodination 
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of the ionized iodoglucagon to bind to the receptor. The relative 
potency of native and iodoglucagon will depend, therefore, on 
the concentrations of ionized and un-ionized species of iodo- 
glucagon, which in turn depend on the pH of the medium. We 
conclude that incorporation of iodine atoms in the tyrosyl 
residues of glucagon has two major effects: (i) the iodine atom 
increases hydrophobic interaction of the hormone with the 
receptor and (ii) ionization of the phenoxy groups results in 
the loss of biological activity possibly as the result of loss of 
hydrogen bonding capability. Thus, the tyrosyl residues in 
glucagon are critically involved in the function of the hor- 
mone. 

of tyrosyl residues produces two opposing effects: (i) an in- 
crease in the hydrophobicity of the phenoxy ring, and (ii) a 
reduction in the pK, for hydroxyl group of tyrosine. A major 
effect due to iodination of peptide hormones can be expected 
if the iodinated tyrosyl residues are critically involved in the 
function of these molecules. We considered the possibility that 
these two effects resulting from iodine incorporation may alter 
the binding and action of the iodinated glucagon on the hepatic 
adenylate cyclase system. By studying the binding and action 
of iodoglucagon at a pH where the phenoxy group is not ion- 
ized, the effect of increased hydrophobicity can be examined. 
I n  this report, we provide evidence that ionization of the io- 
dinated tyrosyl residues results in a marked decrease in the 
binding of glucagon, whereas the un-ionized species displays 
both an increased affinity for the glucagon receptor and in- 
creased potency in the activation of adenylate cyclase. Studies 
to be reported elsewhere' will deal with the binding kinetics 
of unlabeled native glucagon. 

I C. Londos, manuscript in  preparation. 
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