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S U M M A R Y  

The fluorescence of chlorophyll a incorporated into liposomes of mixtures of 
phosphatidylcholines and phosphatidylethanolamines is reported. Plots of fluores- 
cence intensities against temperature show breaks at characteristic temperatures 
which cart be attributed to the onset and completion of solid phase lipid formation. 
These temperatures can be plotted to give diagrams analogous to the phase diagrams 
obtained for macroscopic systems. Complications due to "small-system effects" are 
discussed, and the experimental diagrams are compared with theoretical phase 
diagrams calculated for ideal mixing. Introduction of cholesterol leads to a reduction 
in fluorescence intensity, most readily explained by a 1 : 1 lipid : cholesterol interac- 
tion with exclusion of monomerlc, fluorescent, chlorophyll a. Interaction of divalent 
ions with mixtures of dipalmitoyl phosphatidylchohne and dipalmitoyl phosphati- 
dylserine leads to exclusion of chlorophyll a from the phosphatldylserine. 

INTRODUCTION 

The lipid eompositaon of most biological membranes is complex, both with 
respect to the lipid head groups and with respect to the fatty acid chains. Further, 
model membrane studies have shown that the physical properties of lipids are very 
sensitive to environment: all liplds seem to undergo a gel to liquid crystalline phase 
transition at some characteristic temperature, and those lipids with a net negative 
charge interact with divalent ions with a decrease in motional fluidity (reviewed in 
ref. 1). 

In simple systems containing a single class of lipid, it has been shown that the 
state of the lipid, gel or liquid crystalline, has a marked effect on the activity of  a 
transport protein incorporated into the hpid membrane [2, 3]. Similarly, it would be 
expected that a phase change m the surrounding lipid would affect the environment 
of any lipophihc molecule present in the membrane, and indeed it has been shown 
that the aggregation of chlorophyll incorporated into a lipid bilayer is greater when 
the lipid is in the gel state than when it is in the liquid crystalline state [4]. Since, 

Abbreviation- TEMPO, 2,2,6,6-tetramethylpipendlne-N.oxyl, 
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however, bmlog~cal membranes contain complex mixtures of hplds, it becomes 
important to extend these model stu&es from systems containing single classes of 
lip~ds to systems contalmng mixtures of hp~ds. 

In recent years the properties of hpld mixtures have been probed using &ffer- 
entml scanning calorimetry [5-9] freeze-fracture [10], electron spin resonance [11-15] 
and X-ray diffraction [33]. For binary mixtures of hplds, the general conclusion is 
that most phosphohplds are completely miscible m the hquid crystalhne phase, but 
that m the gel phase there is hnuted sohd solution formation if the hplds &ffer in their 
headgroups, or ff the hpld fatty acid chains differ m unsaturation. These conclusions 
are of importance since it appears that at physiological temperatures, most cell mem- 
branes contain m~xtures of gel and hqmd crystalhne phase hplds [1, 16]. The presence 
of both gel and llqmd erystalhne phases m the same membrane confers special 
thermodynamic properties on the membrane, of whzch the most s~gmficant is probably 
a h~gh compresslbdlty [1, 17, 18] 

This paper reports on the effects of temperature on the degree of aggregation of 
chlorophyll a incorporated into lipid mixtures. Eqmhbrium between monomeric and 
ohgomenc forms of chlorophyll can readily be followed by fluorescence intensity 
measurements, since only the monomenc form is fluorescent. It has been found that 
at chlorophyll • hp~d molar ratios of  1 :400  or greater, the fluorescence intenslty 
measurements closely parallel the TEMPO (I) partition studies of Shlmshlck and 
McConnell [11], so that "phase diagrams" can be readily estabhshed using this 
technique The nature of these phase diagrams wdl be discussed later 

~ N--O (1) 

EXPERIMENTAL 

Dlpalmltoyl phosphatidylchohne and dlmynstoyl phosphatldylchohne were 
obtained from Koch-Light, dlmynstoyl phosphatldylethanolamme and dipalmltoyl 
phosphatldylethanolarnlne from Fluka and &palmitoyl phosphatldylserme from 
Serdary. Cholesterol (from B.D.H.) was twlce recrystallized from ethanol. Chloro- 
phyll a was purified by column chromatography on powdered sugar columns by the 
method of Strata and Svec [19]. Chlorophyll a concentrations were estimated from 
absorptmn spectra, using the extinction coefficients given by Strata and Svec [19]. 

Llplds plus chlorophyll a (1 6 • 10 -9 mol) &ssolved in chloroform or chloro- 
form-methanol were m~xed m 10-ml stoppered flasks and evaporated to dryness under 
a stream of mtrogen and m a vacuum desiccator. Buffer (4 ml; 0.01 M Tns • HCI 
pH 7 2, NaC1 0.1 M) was added and the mixture shaken on a Vortex m~xer. For all 
systems reported here the hp~d : chlorophyll molar ratms were equal at 400 : 1. 

Fluorescence measurements were made on an Aminco Bowman SPF Fluori- 
meter. Samples were continuously stirred during the fluorescence experiments, and 
temperatures were measured by a thermocouple. Fluorescence intensities were 
standar&zed between measurements, so that &reet comparison ~s possible between 
samples Fluorescence of chlorophyll a was excited at 420 nm and recorded at 670 nm. 
Effects of scatter were very small at the hpld concentrations used (approx. 3 ~ of the 



13 

fluorescence intensity in liquid crystalline dipalmltoyl phosphatidylchohne) and were 
corrected for when necessary by subtraction. 

Electron spin resonance (ESR) spectra were obtained using a Vanan E3 
spectrometer with a variable temperature controller, at TEMPO concentratmns of 
1 • 10 -4 M. Lipid concentrations of 100 mg/ml were used. 

For studies of sonicated lipid vesicles, hpid and chlorophyll dispersmns in 
buffer were degassed with nitrogen and sonicated in glass wals under nitrogen until 
the sample was translucent and the residual hght scattering was minim~sed. 

RESULTS 

Chlorophyll a and single lipids 
Previous studies [4] have shown that chlorophyll a incorporated into hposomes 

at a chlorophyll : hpid molar ratio of 1 : 400 does not affect the observed temperature 
of the gel to liqmd crystalhne phase transition. In Fig. 1, plots of the fluorescence 
intensity of chlorophyll a m liposomes as a function of temperature show abrupt 
decreases in magnitude at temperatures corresponding to the calorimetrlcally deter- 
mined phase transmon. This cart be attributed to the formation of non-fluorescent, 
aggregated chlorophyll species, as discussed later. If the transition temperature is 
defined as the midpoint of the fluorescence transition curve, then the following tem- 
peratures are obtained, which can be compared to the calorimetric transition tem- 
peratures [8, 9, 20] gwen in parenthesis: dimyristoyl phosphatldylcholine 23 °C 
(23.7 °C); dlpalm~toyl phosphatidylcholine 40.5 °C (41.75 °C); dimyristoyl phosphati- 
dylethanolamine 46 °C (48 °C); dipalmltoyl phosphatidylethanolamine, 62 °C (63 
°C). As described elsewhere [4], the fluorescence intensity changes in dimyristoyl 
phosphatidylcholine and dipalmitoyl phosphatldylcholine also indicate the presence 
of a pre-transitlon, as found in TEMPO partition studies. 

Although the definition of the phase transition temperature as the mid-point of  
the transition is generally useful, the actual range of the transition is also significant. 
This range is readily determined by the intersections of the straight lines which can be 

o Io ~ ~ 4~ .~ ao 
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Fig 1. Fluorescence intensity (arbitrary units) at 670nm of chlorophyll a in hposomes vs temperature, 
at a chlorophyll : hpld ratio of 1 : 400. DMPC, &mynstoyl phosphatldylchohne; DPPC, dlpal- 
mltOyl phosphaadylchohne; DMPE, &mynstoyl phosphatidylethanolamme; DPPE, &palrmtoyl 
phosphatldylethanolamlne. 
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Fig 2 Fluorescence intensity vs temperature for chlorophyll a incorporated into llposomes ot7 
dlmyrlstoyl phosphat]dylchollne/&palmltoyl phosphatldylchohne, at the gwen molar ratios of  
&palmltoyl phosphatldylchohne 

drawn through the three district portions of each curve, and ~s about 2 °C for the 
lipzds stu&ed here. 

Chlorophyll a and lipid mixtures 
Fig. 2 shows plots of the fluorescence intensity of chlorophyll a as a function of 

temperature, when incorporated into mixtures of dlmyrlstoyl phosphatidylcholine and 
dipalmitoyl phosphatldylcholine. The shape of the plots are remarkably similar to 
those obtained by Shimshick and McConnell [11] for TEMPO partitlomng into the 
same liptd m~xtures. The fluorescence plots can be interpreted in a manner analogous 
to that of Shlmshlck and McConnell [11] to give "phase" diagrams that for the 
dimyristoyl phosphatidylchohne : dipalmitoyl phosphatidylchohne mixture is gaven 
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Fig. 3 Temperatures of onset and completion of solid hpld separation m d,mynstoyl phospatidyl- 
chohne/&palmltoyl phosphatldylchohrte mixtures 

Fig. 4. Theoretical phase diagram for two component system, mlsoble in both sohd and hqmd 
phases 
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in Fig. 3. When the temperature of a lipid mixture of some specific composition, 
initially in the fluid phase, is reduced, at some characteristic temperature t~ (see Fig. 
4) hpid in the gel, or solid, phase will appear. As the temperature IS lowered further, 
the regions of solid lipid wdl increase and those of fluid lipid will decrease, until at 
the temperature t 3 and below only solid phase lipid will be present. The onset of the 
formation of solid phase lipid is signalled by a decrease in fluorescence, since chloro- 
phyll a will be excluded from the solid lipid, leading to increased aggregation and 
consequent fluorescence quenching. Two breaks are observed in the slope of the 
fluorescence plot, corresponding to the temperatures of onset and completion of 
solid phase separation. It is these onset and completion temperatures that are plotted 
in Fig. 3 For consistency the transition ranges for the pure lipids are plotted in the 
figure rather than the transition temperature defined as the midpoint of the transition. 
Although such diagrams can loosely be termed "phase diagrams" such a term has 
certain implications which may not be true for diagrams such as Fig. 3. this point 
wdl be discussed later. 

The fluorescence-temperature curves are generally completely reversible. For 
techmcal reasons, it was found to be more convenient to study coohng curves rather 
than heating curves, but for systems where both were measured there were no signif- 
icant differences. 

Fig. 5 shows the fluorescence intensity plots for mixtures of &mynstoyl 
phosphatidylcholIne and dlpalmltoyl phosphatidylethanolamme. Again, the shapes 
of the curves are very similar to those for TEMPO partitioning into the same mixtures 
[11 ]. Although the shapes of these curves are rather complex, the upper and lower 
transition temperatures can be determined by the intersections of straight lines drawn 
through the &stinct portions of each curve. The resulting temperatures are plotted in 
Fig. 6. The corresponding data for mixtures of dlpalmatoyl phosphat]dylchohne and 
d~palmitoyl phosphatidylethanolamme are shown in Figs 7 and 8. 

Fig. 9 shows data for mixtures of dlmyrlstoyl phosphatldylcholine and 
cholesterol. For these mixtures, the results are very different from those described 
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Fig 5 Fluorescence intensity vs temperature for chlorophyll a incorporated into hposomes of  
dimynstoyl phosphaUdylchohne/dipalmitoyl phosphatidylethanolamme, at the given molar ratios 
o f  dlpalnutoyl phosphat]dylethanolamme. 

F~g. 6. Temperatures of onset and compleUon of solid hpid separation in dlmyrlstOyl phosphatldyl- 
chohne/dlpalmltoyl phosphatidylethanolamme 
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Fig 7 Fluorescence intensity vs temperature for chlorophyll a incorporated into hposomes of  
dipalmltoyl phosphaUdylchohne/dlpalmitoyl phosphatldylethanolamme, at the given molar ratios 
of  dipalmltoyl phosphatidylethanolamme 

Fig 8. Temperatures of onset and completion of solid hpld separation in dipalmitoyl phosphatzdyl- 
chollne/&palmltoyl phosphatidylethanolamme mixtures 

above. It is clear that with art increasing mole fraction of cholesterol, the lipid phase 
trartsltlon becomes less distinct as the fluorescence intensity at higher temperatures 
decreases. It has previously been observed [4] that there is a marked concentration 
quenching of fluorescence for chlorophyll a incorporated into lipid bilayers, both 
when the lipid is in the gel phase and when it is in the liquid crystalline phase. One 
posslblhty is therefore that the decrease in chlorophyll a fluorescence intensity corre- 
sponds to the decrease in the amount of  phosphollpid present. This however lS not the 
case. Thus when the tool fraction of cholesterol present is 0.33, the amount of dimy- 
nstoyl phosphatidylchohne present is 4- 10 -7 mol, and the phospholipid : chloro- 
phyll molar ratio is 260 : 1, with a fluorescence intensity of 34 (arbitrary units) at 
55 °C : chlorophyll a incorporated into liposomes of dlmyrlstoyl phosphatidylcholine 
at the same molar ratio, has a fluorescence intensity of 76 at 55 °C The observed data 
can, however, be fitted to a model m which a 1 : 1 &myristoyl phosphatldylehohne- 
cholesterol interaction occurs, and monomeric chlorophyll a is displaced when 
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Fig 9. Fluorescence intensity vs temperature for chlorophyll a incorporated into hposomes of  
&mynstoyl  phosphatidylchohne/cholesterol, at the given ratios of cholesterol 
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dimyristoyl phosphatidylcholine and cholesterol interact. The fluorescence intensity 
will then reflect the instantaneous proportion of dlmyristoyl phosphatidylehohne not 
involved in interaction with cholesterol. The curve of fluorescence intensity for the 
m~xture with cholesterol against the calculated molar ratio of "free" lipid to chloro- 
phyll is identical to that found for mixtures of dimyrlstoyl phosphatidyleholine and 
chlorophyll, in which the lipid : chlorophyll molar ratio was varied by varying the 
amount of dimyristoyl phosphatidyleholine present. 

Some studies have also been performed with the charged lipid dipalmitoyl 
phosphatidylserme. Incorporation of chlorophyll a into hposomes of &palnutoyl 
phosphatidylserine leads to irreversible decomposition, presumably because of the 
large negative charge on such liposomes. It has been reported [21] that incorporation 
of chlorophyll a into monolayers of fatty acids leads to pheophytinization. Decompo- 
sition does not occur, however, when the dipalmitoyl phosphatidylserlne is dduted 
with uncharged lipid. Table I shows some of the results obtained with a 1 : 2 dipal- 
mitoyl phosphatidylserine • dipalmitoyl phosphatidylcholine mixture with a chloro- 
phyll • lipid molar ratio of 1 : 400. In the absence of any divalent metal ions, there 
were no significant differences in fluorescence intensity between the mixture and 
dipalmitoyl phosphatidylcholine alone. On addition of 0.01 M Ca 2 ÷ or 0.04 M Mg 2 ÷, 
however, there was a marked drop in fluorescence intensity for the mixture, to a level 
characteristic of a chlorophyll : hpld molar ratio of 1 : 260. Interaction of dipalmitoyl 
phosphatldylserine with divalent ions therefore appears to lead to an exclusion of  
chlorophyll a. 

TABLE I 

FLUORESCENCE INTENSITIES (ARBITRARY UNITS) FOR C H L O R O P H Y L L  a IN 
LIPOSOMES 

Conditions Chlorophyll "hpld (molar ratio 1 400) Chlorophyll.  hpld (molar ratio 1 • 260) 

Dlpalnutoyl Dlpalmltoyl Dlpalmltoyl 
phosphatldylserme phosphatldyl- phosphatldyl- 
dlpalmltoyl chohne chohne 
phosphatidylchohne (alone) (alone) 
(1:2) 

55 °C, no 
divalent ions 103 111 

35 °C, no 
dtvalent Ions 44 49 

15 °C, no 
dwalent runs 19 19 

55 °C, 0.01 M 
Ca 2 + 68 111 

55 °C, 0.04 M 
Mg 2 + 55 111 

35 °C, 0.01 M 
Ca 2 + 18 46 

35 °C, 0 04 M 
Mg 2 + 18 49 

76 

25 

12 
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The effect of somcatton 
After sonicatlon of hposomes containing chlorophyll a, there is a decrease in 

fluorescence intensity, typically by about 30 %. For brief somcatlon periods, the 
fluorescence intensity is fairly reproducible, but prolonged somcatlon leads to further 
loss of  fluorescence, presumably due to decomposition of chlorophyll. Although it ~s 
not therefore possible to attach any s~gnlficance to the decrease of  intensity observed 
after somcatlon, a broadening of the transmon is also observed, which 1s reproduced 
m all samples. The transition width increases from 2 °C in the unsomcated samples to 
8 °C in the sonlcated samples. To confirm that this observation is not artifactual, 
measurements have also been made on the partmomng of  TEMPO into somcated 
hposomes, since in this case it is posstble to add the TEMPO after somcatmn, so that 
decomposition of the label is no longer a problem. It has previously been shown that 
sonication under the condmons employed here does not produce any degradation of 
the lipid [22]. 

The electron spin resonance spectrum of TEMPO m an aqueous lipid disper- 
sion is the superposltlOn of the spectrum of TEMPO in an aqueous environment and 
in a lipid enwronment The amplitudes B and F of  the high-field signal sare approxi- 
mately proportmnal to the amount of TEMPO dissolved in the hpid and in the aqueous 
phase respectwely [11, 14]. Plots of the parameter f ,  given by 

f =  B/(F+ B) 

as a function of temperature, then show discontinuities at temperatures corresponding 
to the onset and completion of  the phase transmon. For  unsomcated aqueous disper- 
sions of dlmynstoyl phosphatldylcholine and dlpalmltoyl phosphatldylchohne, the 
observed width of the transition is 2 °C, whereas in the somcated lipid dlspersmns ~t 
is approx. 8 °C 

DISCUSSION 

The concentration of  chlorophyll within photosynthetic membranes is lugh, 
and in chloroplasts has been estimated to be 0.1 M [23] The majority of this chloro- 
phyll is present as "antenna" chlorophyll, orgamsed for efficient energy transfer to a 
reactive centre. In a previous paper [4] it has been argued that both monomerlc, 
fluorescent, and ohgomenc, non-fluorescent, forms of chlorophyll are present in 
hposomes, both when the lipid is m the gel phase and when it is in the liquid crystalhne 
phase. However, the proportion of  oligomeric chlorophyll is much higher m the gel 
phase lipid than in the liquid crystalline. This is readily understandable in view of the 
structure of chlorophyll a .The hpophlhc part of  the molecule is phytol, a fatty alcohol 
whose hydrocarbon chain is linked through an ester bond to the proplomc acid side 
chain of the chlorophylhde residue. Along the sixteen carbon chain of the phytol there 
are four methyl groups at positions 3, 7, 11 and 15. Although these bulky groups could 
be relatwely well accommodated when the lipid is highly fluid, when it crystalhzed in 
the gel phase, the chlorophyll a will be excluded and so form separate aggregates 

In this paper, the studies of  chlorophyll a in hposomes are extended to mixtures 
of  phosphatldylchohnes and phosphatldylethanolamlnes, two of the llpids found, for 
example, in the membranes of  photosynthetic bacteria [24]. In such mixtures mono- 
menc chlorophyll a effectively "partit ions" between aggregated chlorophyll and the 
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lipid, so that the proportion of monomeric chlorophyll reflects the proportion of fluid 
lipid. The plots shown in Figs 2, 5 and 7 show the relative proportions of monomeric 
chlorophyll in lipid mixtures at various temperatures. At the same time, they can be 
used to detect phase transitions in lipid mixtures, in much the same way as ESR 
measurements of TEMPO partitioning. The fluorescence measurements, however, 
have the advantage of being faster and of requiring less material. 

The low fluorescence yield in the phosphatidylethanolamines in the liquid 
crystalline phase is of interest since this is a major lipid of photosynthetic bacteria 
[24]. thus m Rhodospirtllum rubrum the lipid composition is 57 ~ phosphatldyl- 
ethanolamme, 6 ~o phosphatidylcholine and 29 ~ phosphatidylgl)cerol [25]. The 
small proportion of monomerlc chlorophyll in dlmyristoyl phosphatidylethanol- 
amine and dipalmitoyl phosphatidylethanolamlne can be attributed to a more tightly 
packed fatty acid chain region in the bilayer, caused by strong interaction between the 
phosphatldylethanolamlne headgroups, with the positively charged amine group of 
one molecule interacting electrostatically with the negatively charged phosphate group 
of an adjacent molecule. 

For both dimyristoyl phosphatidylcholine and dipalmitoyl phosphatldyl- 
choline, a pretransition is observed which can be associated with a change in head- 
group conformation [4]. No pretransition is apparent in dimyristoyl phosphatidyl- 
ethanolamlne or dipalmitoyl phosphatidylethanolamine in agreement with other 
studies [9, 11 ]. Interestingly, in mixtures of phosphatldylcholines and phosphatidyl- 
ethanolamines containing greater than 20 ~ phosphatidylethanolamine, the pre- 
transition is abolished. This suggests both that the pre-transition in the phosphatidyl- 
cholines is highly cooperative, and that the long range order in the lipid headgroup 
re#on is easily perturbed. 

From these fluorescence-temperature plots for mixtures of phosphohpids it 
is also possible to measure temperatures corresponding to the onset and completion 
of the formation of solid phase lipid. These are presented in Figs 3, 6 and 8 for the 
mixtures studied here. The shape of the plots are very similar to those reported by 
Shimshick and McConnell [11] and their significance will be discussed later. The 
results obtained by fluorescence measurements for dlmyristoyl phosphatidylcholine/ 
cholesterol mixtures are, however, significantly different from those observed by 
Shimshick and McConnell [12] using TEMPO partitioning. A very tentative explana- 
tion of the different results obtained using TEMPO and chlorophyll a, is that choles- 
terol significantly reduces the fluidity of the lipid fatty acid chains [34] with relatively 
little effect on the glycerol backbone region, and that TEMPO is dissolving in that 
part of the membrane close to the glycerol backbone re#on, whereas chlorophyll a 
is sensitive to changes in the whole of the fatty acid chain re#on. But whatever the 
reason for the different effects of cholesterol, the important observation in our case is 
the marked decrease in fluorescence on addition of cholesterol, so that at a dimyrlstoyl 
phosphatidylcholine : cholesterol molar ratio of 1 : 1 there is virtually no fluorescence. 
The results can be explained if it is assumed that a 1 : 1 interactlort occurs between 
cholesterol and dlmyristoyl phosphatidylcholine with the effect of excluding chloro- 
phyll a. It should perhaps be emphasized that this Stolchiometry does not necessarily 
imply complex formation between lipid and cholesterol, but could represent some 
optimum geometrical packing arrangement Calorimetric experiments appear to 
indicate a 2 : 1 stoichiometry for the lipid-cholesterol interaction, but this has been 
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challenged by Phillips and Finer [27] Largely on the basis of NMR data, Phllhps and 
Freer [27] propose a 1 1 stolchlometry for hpld-cholesterol interaction, with the 
formation of a long lived complex, but this, in its turn, has also been challenged [28]. 

The results obtained with mixtures of dlpalmltoyl phosphatldylchohne and 
dlpalmltoyl phosphatidylserme are as would have been expected from previous 
studies with phosphatldylsermes Interaction with d~valent metal ions results m a 
decrease in flmdlty for the dlpalmltoyl phosphatldylserlne with exclusion of chloro- 
phyll a and a decrease m fluorescence. 

On phase diagrams 
The plots of onset and completion of solid phase formation in lipid m~xtures 

(Figs 3, 6, 8) closely resemble traditional phase diagrams. Before their identity can be 
accepted, however, it is rtecessary to consider the consequences of the fact that hpid 
systems are small systems in a thermodynamic sense [29]. One important consldera- 
tlort concerns the nature of tb.e phase-transitions that can be expected. The sharpness 
of a phase transition depends on the number of molecules forced to cooperate in the 
transltzon: this number ~s called the co-operative unit A first-order phase transition is 
defined as a transmon for which there is a d~scontlnuous change in the first derivatives 
of the G~bbs free energy Such a "sharp" transition will only occur for art lnfimte 
co-operative unit and would correspond to the melting of a perfect lrtfinlte crystal. 
Since real crystals contain many imperfections, the co-operat~ve umt will be much 
smaller than the total solid, and a phase transition will be more or less gradual. No 
exact thermodynamic treatment ~s possible for such transitions [29], but the phase 
transition temperature can usefully be defined as the mid-point of the transition 

In hpld bflayers, the co-operative unit has been shown to be qmte small. The 
w~dth of the gel to hqmd crystalline phase transition for dtmyristoyl phosphatldyl- 
choline and dlpalm~toyl phosphatldylehohne depends on sample pre-hlstory, and ~s 
found calorimetncally to be between 0 2 °C and 2 °C, corresponding to cooperative 
units of 200 and approx 100 respectively [20]. The slgmficant width of the transition 
is not due simply to problems m estabhshmg thermal equlhbrlum w~thln the samples 
[9] since X-ray diffraction studies have also shown that the transition takes place over 
a finite temperature range [30]. The phase rule cannot then be applied directly to such 
transitions. According to the phase rule, a two component system (1.e. dimynstoyl 
phosphatldylcholine and water or dlpalmltoyl phosphatldylcholine and water) w~th 
three phases 0 e. gel, hquld crystalline and pure water phases) should have no degrees 
of freedom at constant pressure, that is, the transition between gel and liqmd crystal- 
hne phase should be truly isothermal, which it is not for lipid systems. The problem 
arises because the Gibbs phase rule was introduced to explain the behawour of 
macroscopic systems [31] where phase transitions can be expected to be very sharp 
because the co-operative units are very large. W~th small co-operative umts and 
broad transitions, the phase rule cannot be strictly apphed, and consequently phase 
diagrams cannot be rigorously constructed. 

Fig. 4 shows a typical phase diagram for a macroscopic system of two very 
similar compounds, miscible both m the hquid and solid phases, and will serve to 
illustrate the problems outlined above. If  we consider a mixture of compositon X, 
thert at any temperature down to tl, there will be a single liquid phase of composmon 
X. Similarly, at temperatures below t3, there will be a single solid phase of eomposl- 
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tion X. At some intermediate temperature t2, however, both liquid and solid phases 
will be present, the hquid phase having composition X1 and the solid phase composi- 
tion X2. As required by the phase rule, there is just one single temperature t2 at which 
liquid of composition X~ and solid of composlUon )(2 are m eqmlibnum. 

For hpid mtxtures, we determine experimentally a diagram showing the onset 
and completion temperatures for the formation of hpid m the sohd phase. If the 
transition between liquid and solid phases In such systems were very sharp, then these 
dmgrams would be conventional phase diagrams. If, however, the co-operativity of 
the transition is low, then the width of the transition for a mixture of composition X 
(1.e. from temperature t 1 to t3) could be primarily due to the low co-operatwity, and 
not ~mply much difference in the composition of the solid and liquid phases. Although 
the co-operatiwty of the transition in hpid mixtures is not known, at least it is known 
that for single hpids, the co-operatiwty can be highly variable. Hinz and Sturtevant 
[20] report a co-operative unit of between approx. 200 and 100 depending on sample 
prehlstory, and experiments reported here show that in somcated hpid dispersions the 
co-operatwity can drop to approx 10, with a corresponding increase in the width of 
the transition to 8 °C. 

ConsideraUons such as these mean that ~t is probably not possible to interpret 
the finer detads of these diagrams, although the grosser aspects are probably mean- 
ingful, in that large deviations from the expected phase diagrams for ideal mixing can 
be attributed to immiscibility. The phase diagrams for ideal mixing can be calculated 
from the latent heats of fusion and the melting points of the two components. Consider 
two components A and B, with melting points TA and Ta, respectively, and molal 
heats of fusions A HA and AHa respectively, w~th Ta > TA. The mol fraction of B in the 
liquid phase at temperature T, Na, ~s given by [32] 

Na = 1 ~ k A  eAtlMRT 

k B eAHn/RT--kA eAHA/RT 

where 

kA = 1 / e  a u ~ / R r ~  

and 

k B = 1/eaHB/RTB 

The mol fraction of B in the sohd phase, N'a, at the same temperature is 

N'a -~ Nakae duB/Rr 

For ideal mixing in mixtures of dimyristoyl phosphatidyleholine and dipalmitoyl 
phosphatidylchollne, the phase diagram in Fig. 10 is obtained, assuming a highly co- 
operative phase transition: in the calculations, transition enthalpies of 6.2 and 9.7 
kcal • mol -~ and transition temperatures of 23.7 °C and 41.7 °C were assumed for 
dimynstoyl phosphatidylcholine and dipalmitoyl phosphat~dylcholine, respectively 
[20]. The theoretical phase diagram is similar to the experimental Fig. 3, in that both 
the solidus and fluidus curves are continuous. The major difference is in the separation 
between solidus and flmdus curves: at a 1 :1  dimyristoyl phosphatidyehollne : 
dipalmatoyl phosphatidylcholine molar ratio, the w~dth of the transition in the 
theoretical curve is 3 °C, whereas in the experimental curve it is 5 °C. The experimental 
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Fig. 10 Theoretical phase diagram calculated for ideal mixing ofdlmynstoylphosphatldylchohne] 
dlpalmltoyl phosphatldylchohne. 

Fig. 11 Theoretical phase dmgram calculated for 1deal mixing of dlmynstoyl phosphatldylchohne/ 
dlpalmltoyl phosphatldylethanolamme 

onset and completion temperatures for solid state separation reported by Chapman 
et al. [9] using differential scanning calorimetry are all approx. 2.5 °C higher than 
those that we observe, but correcting for this our curves are superimposable. Similarly, 
the temperatures reported by Shimshiek and McConell [11 ] are approx. 1 °C htgher 
than those reported here, but again the transition widths are the same The extra width 
of  the experimental transition appears to be largely attributable to a lowering of  the 
solidus curve, but the deviations from ldeahty appear to be relatively small. 

The shape of  the "phase" diagram for mixtures of  dlmyristoyl phosphatidyl- 
choline and dapalmltoyl phosphatldylethanolamme suggests a much greater dewation 
from ideal mixing The phase diagram for 1deal mixing ~s shown in Fig 11, using an 
enthalpy of transition of  8.0 kcal • m o l - i  and a transmon temperature of  63 °C 
for dlpalmltoyl phosphatidylethanolamine [8]. At a 1 1 dlmynstoyl phosphatldyl- 
chohne : dlpalmltoyl phosphatidylethanolarmne molar ratio the width of  the transl- 
tmn is 13 °C, very considerably greater than that found for a 1 : 1 dlmynstoyl phos- 
phatldylchohne :dlpalmitoyl phosphatidychohne mixture The most noticeable 
difference between the experimental and theoretical curves for the dlmyristoyl phos- 
phatidylchohne : dlpalmitoyl phosphatldylethanolamlne mixtures is the horizontal 
portion of  the experimental solidus curve, an indication of solid state lmmlscabillty. 
An ~mportant consequence of  this immiscibility for the functmnlng of the cell mem- 
brane could be the corresponding increase in the proportmn of hpmd m the fluid state at 
lower temperatures. The proportion of lipid in the solid and liquid phases can be 
calculated from a phase diagram as follows (see Fig. 4). If  nl is the sum of the number 
of molecules of components A and B in the hqmd phase, and n s is the corresponding 
sum for the solid phase, then for a mlxture with mol fraction X of component B at 
temperature t2, 

X ( n l 4 - n , )  = X l n l 4 - X 2 n  s 

n, ( x : - x )  
n, (x-xo 
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For ideal m~xing of dlmyrlstoyl phosphatldyleholine and dipalmitoyl phosphatidyl- 
ethanolamlne, a mixture eontaimng 40 tool ~ dlpalmitoyl phosphatldylethanolamine 
would be all m the solid phase below 35 °C, and at 40 °C would contain 47 ~ hpid in 
the hquid phase. From the experimental dmgram (F~g. 6) we can see however that 
because of dewatlons from ldeahty already at 30 °C for the same mixture, there is 
37 ~o lipid m the hqmd phase, and by 40 °C this has risen to 75 ~ .  

REFERENCES 

1 Lee, A G. (1975) Prog. Blophys Molec. Biol. 29, 3-56 
2 Warren, G B ,  Toon, P. A., Blrdsall, N J M ,  Lee, A G and Metcalfe, J C (1974) Biochemistry 

13, 5501-5510 
3 Warren, G. B ,  Metcalfe, J. C ,  Lee, A. G and Blrdsall, N J. M. (1975) FEBS Lett 50, 261-264 
4 Lee, A G. (1975) Biochemistry, in the press 
5 Phllhps, M. C ,  Hauser, H. and Paltauf, F (1972) Chem Phys Llplds 8, 127-133 
6 De Kruyff, B ,  Demel, R. A., Slotboom, A. J., Van Deenen, L. L. M. and Rosenthal, A F. (1973) 

Blochlm. Blophys. Acta 307, 1-19 
7 De Kruyff, B., Van Dijck, P. W. M., Demel, R. A ,  Schuuff, A ,  Brants, F and Van Deenen, 

L L. M (1974) Blochlm. Blophys Acta 356, 1-7 
8 Blume, A and Ackermann, T. (1974) FEBS Lett 43, 71-74 
9 Chapman, D ,  Urbma, J. and Keough, K. M (1974) J. Blol Chem 249, 2512-2521 

10 Ververgaert, P H J. T h ,  Verklelj, A J ,  Elkers, P F and Van Deenen, L. L. M (1973) Blochim 
Biophys. Acta 311,320-329 

11 Shlmshlck, E. J. and McCormell, H. M. (1973) Btochemlstry 12, 2351-2360 
12 Shlmshlck, E. J. and McConnell, H. M. (1973). B~ochem. Blophys. Res Commun. 53, 446-451 
13 Ohmshl, S-i and Ito, T. (1974) Biochem J 13, 881-887 
14 Lee, A. G ,  Blrdsall, N. J. M., Metcalfe, J. C., Toon, P. A and Warren, G. B. (1974) Bzochem 13, 

3699-3705 
15 Wu, S. H -W. and McConnell, H. M. (1975) Biochemistry 14, 847-854 
16 Ansell, G. B ,  Hawthorne, J N. and Dawson, R M. C. (1973) Form and Ftmctlon of Phospho- 

hplds, Elsevier, Amsterdam 
17 Huang, H W (1973)J Theoret Blol 40, 11-17 
18 Linden, C. D ,  Wright, K. L ,  McConnell, H. M. and Fox, C. F. (1973) Proc. Natl. Acad Scl 

U.S 70, 2271-2275 
19 Strain, H. H. and Svec, W. A (1966) in The Chlorophylls (Vernon, L P. and Seely, G R ,  eds), 

Academic Press, New York 
20 I-hnz, H-J and Sturtevant, J. M. (1972) J. Blol Chem 247, 6071-6075 
21 Sperhng, W and Ke, B (1964) J. Chem Phys 40, 2596 
22 Levlne, Y. K ,  Lee, A G ,  Blrdsall, N J M ,  Metcalfe, J C and Robinson, J D. (1973) Blochlm. 

Blopl'ys Acta 291,592-607 
23 Duysens, L N M (1964) Prog. Blophys Mol Biol. 14, 1-104 
24 Oelze, J and Drews, G (1972) Blochlm. Blophys Acta 265, 209-239 
25 Van Deenen, L. L M. and Haverkate, F (1966) m Biochemistry of Chloroplasts (Goodwln, 

T. W., ¢d ), Vol I, pp 117-131 
26 Hmz, H J. and Sturtevant, J. M (1972) J. Blol Chem. 247, 3697-3699 
27 Phllhps, M C and Finer, E G (1974) Blochlm Bipohys Acta 356, 199-206 
28 Ulmlus, J ,  Wennerstrom, H ,  Lmdblom, G and Arwdson, G (1975) Blochlm. Blophys Acta 

389, 197-202 
29 Hill, T L (1963) Thermodynamics of Small Systems, Part I, W. A Benjamin, New York 
30 Gottheb,  M. H and Eanes, E. D (1974) Blophys. J. 14, 335-342 
31 Gibbs, J W (1906) Collected Scientific Papers, Longmans Green and C o ,  London 
32 Seltz, H. (1934) J Am Chem Soc. 56, 307-311 
33 Ranck, J L ,  Mateu, L ,  Sadler, D. M ,  Tardleu, A ,  Gullk-Krzywlckl and Luzzatl, V (1974) 

J Mol. BlOl 85, 249-277 
34 Hubell, W. L and McConnell, H. M (1971) J Am Chem. Soc 93,314-326 


