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Temperature Dependence of 1 ,g-Diphenyl- 1,3,5-hexatriene 
Fluorescence in Phospholipid Artificial Membranes? 

Mary P. Andrich and Jane M. Vanderkooi* 

ABSTRACT: The fluorescence polarization of 1,6-diphenyl- 
1,3,5-hexatriene in phospholipid vesicles is a function of the 
physical state of the lipid. Below the phase transition, the 
polarization approaches the theoretical maximum for total 
immobilization while above the phase transition the fluores- 
cence becomes nearly completely depolarized. The disconti- 
nuity in the temperature dependence of polarization occurs 
within a temperature range under 5 OC in the case of pure 
phospholipids, but for mixed phospholipids occurs over a 
temperature range greater than 20 OC. From these data, 
phase diagrams describing the gel-sol equilibrium can be 

T h e  importance of the physical state of the lipid bilayer in 
regulation of membrane function is apparent from two 
points of view: 

1. Compelling evidence is available that membrane com- 
ponents are able to diffuse laterally (Frye and Edidin, 
1970) or rotate about an axis perpendicular to the mem- 
brane surface (Cone, 1972; Brown, 1972). 

2. The temperature dependence of the activity of mem- 
brane enzymes and the transport of metabolites and ions 
can be interpreted in terms of the mobility of the membrane 
lipids (Overath et al., 1970; Wilson and Fox, 1971; Mavis 
and Vagelos, 1972; Papahadjopoulous et al., 1973). 

Techniques which have been employed to study mem- 
brane phase transitions include spin-label (Scandella et al., 
1972; Caron et al., 1974; Hubbell and McConnell, 1968) 
and fluorescent probe analysis (Vanderkooi and Martonosi, 
1971; Vanderkooi and Chance, 1972; Shinitzky et al., 1971; 
Cogan et al., 1973), as well as more direct techniques such 
as nuclear magnetic resonance analysis (Sheetz and Chan, 
1972; Horwitz et al., 1973), x-ray analysis (Luzzati et al., 
1968; Luzzati, 1968), and differential scanning calorimetry 
(Ladbrooke and Chapman, 1967). 

Shimshick and McConnell ( 1  973) first interpreted the 
response of a membrane “probe” molecule in terms of later- 
al phase separations which occur in phospholipid disper- 
sions. The spin-label 2,2,6,6-tetramethylpiperidine-I-oxyl 
was observed by them to partition differentially in lipid 
below and above the phase transition, enabling construction 
of phase diagrams. Although the use of fluorescent probes 
to sense changes in the “membrane fluidity” is well estab- 
lished (Shinitzky and Inbar, 1974; Vanderkooi et al., 1974), 
a similar complete physical description of the response of a 
fluorescent dye in terms of the gel-sol phase diagram of the 
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constructed; the phase diagrams correspond well with those 
described in the literature which were constructed using 
spin-label probes or from x-ray diffraction patterns. The 
marked change in polarization at the phase transition may 
be related to the packing of the probe molecule into the 
lipid bilayer: fluorescence measurements on oriented bi- 
layers indicate that below the phase transition the long axis 
of the probe is oriented perpendicular to the plane of the 
membrane while above the transition the probe is oriented 
randomly relative to the plane of the membrane. 

lipid is not available. In this paper, we describe the fluo- 
rescent behavior of the dye 1,6-diphenyl- 1,3,5-hexatriene 
(DPH’) as a function of temperature in phospholipid dis- 
persions. DPH is a small lipophilic molecule which has pre- 
viously been shown to partition into membranes of cells 
(Shinitzky and Inbar, 1974). We show here that the polar- 
ization of DPH fluorescence in membranes is a function of 
membrane fluidity and, from the temperature dependence 
of polarization, construct phase diagrams of the lipids. In 
addition, we give data concerning the location and orienta- 
tion of the probe molecule in the lipid bilayer. 

Experimental Section 

Materials 
L-a-Dimyristoyllecithin and L-a-dipalmitoyllecithin were 

supplied by Sigma Chemical Co. (St. Louis, Mo.); ~ - a -  
distearoyllecithin came from Applied Science Laboratories 
(State College, Penna.). Purity of the lipids was analyzed 
by thin-layer chromatography on silica gel G plates using 
chloroform, methanol, and water as solvent in the volume 
ratio 65:25:4. All three lipids were determined pure by the 
presence of only one spot for each after staining with iodine. 
DPH was obtained from Dr. R. Cooper, University of Penn- 
sylvania, and from Aldrich Chemical Co. (Milwaukee, 
Wis.). D20 for the N M R  experiment was procured from 
Wilmad Glass Co. (Buena, N.J.). Distilled and deionized 
water was used throughout the experiments. All other re- 
agents were of the highest purity commercially available. 

Methods 
Preparation of Samples. For the fluorescence experi- 

ments, DPH in tetrahydrofuran was added to lipid samples 
suspended in 0.1 M ammonium acetate. The highest final 
concentration of tetrahydrofuran was 0.1%. Unless other- 
wise noted, samples were then sonicated using a Branson 
sonifier for 1 min at maximum power output. The sample 

’ Abbreviations are: NMR,  nuclear magnetic resonance; DPH, 1,6- 
diphenyl-] ,3,5-hexatriene; DML, L-a-dimyristoyllecithin; DPL, L-a-  
dipalmitoyllecithin; DSL, L-a-distearoyllecithin. 
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FlCURE 1: Uncorrected excitation and emission spectra. The sample 
contained DPH (0.2 fiM) in 0.1 mg/ml (0.13 mM) of DSL and 0.1 M 
ammonium acetate, at  23 OC. Excitation and emission wavelengths 
were at  360 and 430 nm, respectively. Bandpass was 5 nm. 

size for sonication was 1-3 ml, and the normal size probe 
was used. The sample was allowed to warm during sonica- 
tion (this, along with the small sample size, facilitates soni- 
cation). In the case of the samples for the N M R  experi- 
ment, the tetrahydrofuran was evaporated prior to suspen- 
sion in DzO, and sodium acetate was added for internal ref- 
erence. 

Fluorescence Measurements. Steady-state fluorescence 
polarization was measured at 90 O C  relative to the exciting 
beam using an Hitachi MP-2A fluorescence spectrometer. 
Polacoat 4B polarizers were used to polarize both exciting 
and emitting beams. The fluorescence polarization, P, was 
calculated according to: 

where ZVV and I V H  are observed intensities measured with 
polarizers parallel and perpendicular to the vertically polar- 
ized exciting beam, respectively. G is a factor used to cor- 
rect for the inability of the instrument to transmit different- 
ly  polarized light equally. 

Temperature was regulated by circulating water which 
heated or cooled the sample cell holder. The temperature of 
the sample was measured prior to each measurement by 
means of a digital thermometer with a thermistor probe. 
Temperatures were accurate to within 1 O C .  

Oriented multilayers were prepared on glass microscope 
coverslips by allowing the mixture of DPH and DPL to air- 
dry overnight. The relative humidity was 87% and tempera- 
ture was about 24 O C .  During the experiment, the coverslip 
was placed in the cell holder in three different positions: one 
perpendicular (I )  and two parallel (11, I l l )  to the incident 
beam (see Figure 6). Four polarization measurements were 
taken in each position: combinations of exciting and emit- 
ting light either vertically or horizontally polarized-for a 
total of 12 measured intensities. Due to symmetries of the 
lipid bilayer, only 4 of these 1 2  quantities are independent 
(denoted by a,P,fi,y). These were calculated, after Yguera- 
bide and Stryer (1971), for the case where there is no rota- 
tion of chromophores and both the absorption and emission 
transition moments lie along the same axis: 

y = 27r SOr2 p (4) cos2 4 sin3 4 d 4  

6 = 47r Jz'2 p (4) cos4 4 sin 4 d 4  
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FIGURE 2: D F "  fluorescence polarization in DML and DPL mixed 
dispersions. Varying molar concentrations of DML and DPL were 
mixed to give a total lipid concentration of 0.14 mM in 0.1 M ammo- 
nium acetate, pH 6.7. DPH was added to a final concentration of 0.2 
fiM, and the samples were then sonicated. Temperature profiles were 
measured by scanning from the highest temperature to the lowest and 
back to the highest: (0 )  descending temperature; (0) ascending tem- 
perature. Excitation and emission were at  360 and 430 nm, respectivc- 
ly. (A) 100% DML; (B) 80% DML, 20% DPL; (C) 60% DML, 40% 
DPL; (D) 40% DML, 60% DPL; (E) 20% DML, 80% DPL; (F)  100% 
DPL in molar ratios. 

where p ( @ )  is the distribution of transition moments in the 
bilayer. 

The fluorescence lifetime, 7, of DPH was measured with 
an Ortec photon-counting fluorescence lifetime instrument 
as previously described (Vanderkooi et al., 1974). Excita- 
tion and emission wavelengths were isolated using appropri- 
ate interference filters. The data were transferred from the 
multichannel analyzer to a PDP- 10 computer via cassette 
magnetic tape. The data were deconvoluted for the lamp 
function and analyzed for exponential decay using a nonlin- 
ear, least-squares analysis. 

Nuclear Magnetic Resonance. N M R  spectra were taken 
on a Varian NR-220 N M R  spectrometer equipped with a 
Fourier transform accessory. The sample temperature mea- 
sured with a thermistor thermometer was controlled to 
f 0 . 5  O C .  

Results 
Characterization of Fluorescence Parameters. The fluo- 

rescence excitation and emission spectra of DPH in 
distearoyllecithin vesicles are presented in Figure 1.  The 
wavelengths of maxima for excitation and emission are not 
detectably altered by the gel-sol phase transition of the 
lipid and the peaks correspond to the maxima reported by 
Shinitzky and Inbar (1974) in hydrophobic solvents. On the 
other hand, the other fluorescence parameters of the DPH 
probe are affected by the physical state of the lipid and can 
be used to detect gel-sol phase transitions. The fluorescent 
lifetime of DPH in dimyristoyllecithin a t  23 O C  is 10.0 f 
0.4 ns; a t  15 O C  it was determined to be 10.4 ns and a t  30 
O C  it is 8.9 ns. The decrease in fluorescence lifetime with 
increasing temperature is proportional to a decrease in the 
fluorescence intensity. 
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FIGURE 3: DPH fluorescence polarization in DPL and DSL mixed 
dispersions. Conditions were the same as described in Figure 2. (A) 
100% DPL; (B) 80% DPL, 20% DSL; (C) 60% DPL, 40% DSL; (D) 
40% DPL, 60% DSL; (E) 20% DPL, 80% DSL; (F) 100% DSL in 
molar ratios. 

Table I :  Polarized Fluorescence 1ntensities.O 

Excitation and Emission Component I I1  111 

ff ff 6 
Y P Y 
P Y Y 
Y Y P 

From Yguerabide and Stryer (1971). 

The fluorescence parameter which is, however, most dra- 
matically altered by the lipid phase transition is the fluores- 
cence polarization. Sharp discontinuities in the temperature 
dependence of DPH polarization are observed a t  23, 40, 
and 54 O C  for the DML, DPL, and DSL suspensions, re- 
spectively (Figures 2-4). These temperatures correspond to 
the temperature a t  which these lipids undergo phase transi- 
tions as detected by differential scanning calorimetry 
(Chapman et a]., 1967; Hinz and Sturtevant, 1972). The 
breaks in the curves for the polarization profiles are sharp, 
and the transition occurs within 5 OC of the literature 
values. This can be interpreted to mean that the probe does 
not greatly alter the packing of the hydrocarbon chains 
below the phase transition and, therefore, does not cause a 
large depression in the melting point. Not shown in the fig- 
ures are experiments in which DPH concentration was in- 
creased to 2 pM; essentially the same results were obtained. 
The sharp discontinuity of DPH fluorescence polarization 
a t  the phase transition of the lipid disappears when the lip- 
ids of different fatty acid chain length are mixed. The tem- 
perature range a t  which the transition occurs is 4 OC for the 
pure lipid, but is broadened to around 26 O C  for the lipid 
vesicles composed of 60:40 molar ratio of D M L  and DPL or 
DPL and DSL. 

More complicated behavior is obtained for the tempera- 
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FIGURE 4: DPH fluorescence polarization in DML and DSL mixed 
lipid dispersions. 6A-C: 40% DML and 60% DSL (molar ratio); 6D-F: 
60% DML and 40% DSL (molar ratio). All samples contained 0.2 pM 
DPH, 0.14 mM total lipid concentration and 0.1 ammonium acetate, 
pH 6.7. Samples represented by Figures 6A and 6D were not sonicated 
after the two lipid dispersions (previously sonicated) were mixed. 7B-F 
were sonicated after mixing lipids and DPH. Temperature profiles for 
7B and 7E were performed by starting at 23 OC, ascending to highest 
temperature, descending to lowest, and ascending to 23 OC. 7C i n d  7F  
were obtained by descending from the highest temperature to the low- 
est, and then ascending to the highest. Closed symbols denote descend- 
ing temperature while open symbols are ascending temperature. Emis- 
sion and excitation wavelengths were 430 and 360 nm, respectively. 

ture dependence of DPH polarization in mixed phospholipid 
vesicles in which the fatty acid side chains differ by more 
than two carbons. In Figure 4 the temperature profiles of 
DPH polarization in dimyristoyllecithin-distearoyllecithin 
mixed vesicles are presented. For the sample in which the 
lipids are mixed, but not sonicated together, two distinct 
phase transitions can be discerned (Figure 6A).  The sam- 
ples which are sonicated together (Figures 4B, C, E, and F) 
also give rise to discontinuities but the transitions are less 
sharp. 

The DPH fluorescence temperature profiles for the 
mixed lipid systems resemble those obtained by Shimshick 
and McConnell (1  973) using the spin-label probe 2,2,6,6- 
tetramethylpiperidine-1-oxyl. These authors interpret the 
results in terms of phase separations; that is, at intermedi- 
ate temperatures there is a separation in two dimensions of 
the solid phase. Using the same interpretation, phase di- 
agrams can be constructed from the data presented in Fig- 
ures 2 and 3 .  The temperature marked T1 refers to the tem- 
perature below which all the lipid is in the paracrystalline 
state; T2 refers to the temperature above which all the lipid 
is in the melted, disordered state (Figure 5 ) .  This interpre- 
tation is supported by x-ray analysis (Luzzati et al., 1968; 
Tardieu et al., 1973) and by the observation that proteins 
and lipids and hydrocarbon probes can diffuse laterally in 
the membrane (Frye and Edidin, 1970; Cone, 1972; Brown, 
1972; Vanderkooi and Callis, 1974; Hubbell and McCon- 
nell, 1968). The phase diagrams which one obtains with 
DPH are similar to the ones which have been obtained 
using a spin-label probe (Shimshick and McConnell, 1973), 
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DPH of 5:1, the spectrum was unaltered. These data pro- 
vide some evidence that DPH in lipid above the phase tran- 
sition does not greatly alter the packing of the molecules 
within the bilayer. 

Discussion 
The data presented here illustrate that the fluorescence 

polarization of DPH can be used to detect lipid phase tran- 
sitions and phase separations. There does not appear to be a 
large difference in the partitioning of the dye between the 
two phases. If, for example, the probe exclusively partitions 
into the melted lipid, we would expect the probe to detect 
only the onset ( T I )  of the phase transition, and the transi- 
tion would be displaced but not broadened. Further evi- 
dence that the probe partitions into both the lipid phases 
can be concluded from the data of Figure 4. In  the mixed 
lipid samples which have been suspended together but not 
sonicated together, one is able to see two sharply defined 
transitions (Figure 4A and D). If the probe were able to 
partition only in the melted phase, one might predict that 
the probe would detect only the phase transition of the com- 
ponent which melts at a lower temperature. 

A comment may be made about the analysis presented 
here. In a complete analysis of the rotational motion of a 
fluorescent molecule in the membrane, several things need 
to be taken into account, in addition to the polarization 
measurements. The relaxation time of rotation, p,  is related 
to the fluorescent lifetime, T, according to the Perrin equa- 
tion: 

(;-;) = (k-i) (1 +;) 
It is apparent that polarization is only indirectly a function 
of the relaxation time and that changes in the lifetime, 7, 
will affect the polarization observed (Weber, 1956). In ad- 
dition, the meaning of rotational relaxation time needs 
some clarification in our situation. DPH can be approxi- 
mated as a prolate ellipsoid. Since the transition moments 
for absorption and emission are along the long axis of the 
molecule, rotation about another axis normal to this axis 
will cause depolarization, while rotation about the long axis 
will not result in depolarization. A further point is the an- 
isotropic nature of the membrane. Below the phase transi- 
tion the molecule is oriented perpendicular to the plane of 
the membrane, while above the transition a more random 
distribution is obtained. Because of these uncertainties, we 
have expressed our data in terms of polarization rather than 
converting the data to rotational correlation times or 
“micro-viscosity”. The emphasis is then placed upon the 
ability to detect phase transitions and to be able to con- 
struct phase diagrams. 

Summary 
1. The fluorescence polarization of DPH can be used to 

monitor phase transitions in phospholipid vesicles. 
2. From the temperature profile of depolarization of 

DPH in mixed phospholipid membranes, phase diagrams 
can be constructed. 

3. The probe appears to be oriented with its long axis per- 
pendicular to the plane of the bilayer in lecithin samples 
below the phase transition. 
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