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ABSTRACT: Limited-frequency phase-modulation fluorometry of diphenylhexatriene (DPH) and tri- 
methylammonium-diphenylhexatriene (TMA-DPH) was used to characterize the equilibrium and dynamic 
lipid structural properties of (1) reconstituted egg phosphatidylcholine (egg PC)-rhodopsin vesicles varying 
in rhodopsin content from 0 to - 1 mol %, (2) reconstituted PC-cholesterol-rhodopsin vesicles containing 
-1 mol % rhodopsin and 0, - 15, or -30 mol % cholesterol with egg PC, DOPC (di-18:l-PC), or PAPC 
(16:0,20:4-PC) as the phospholipid constituent, and (3) native bovine rod outer segment disk membranes. 
Experiments were conducted at  37,25, 15, and 5 OC. Fluorescence lifetime analysis was performed by fitting 
the data to a constrained, discrete, biexponential model. Rotational depolarization properties were considered 
by a model requiring a single rotational diffusion coefficient and capable of producing orthogonal, bimodal 
orientational distributions for DPH and unimodal distributions for TMA-DPH [Straume, M., & Litman, 
B. J. (1987) Biochemistry 26, 5 1 13-5 1201. Unbleached rhodopsin reduced mean fluorophore lifetimes in 
proportion to the amount of protein present in PC vesicles as a result of probe-to-retinal energy transfer 
by (1) redistributing the relative lifetime contributions in favor of the short lifetime population and (2) reducing 
the lifetimes of each derived population. Lifetimes were increased by cholesterol and by reduction of the 
temperature, but the relative proportions of derived short- and long-lifetime populations were not affected. 
TMA-DPH lifetimes were more sensitive (in a relative manner) than were those of DPH. These observations 
are interpreted in terms of cholesterol and reduced temperature each inhibiting water penetrability into 
these bilayers, with a greater effect occurring in the headgroup and interfacial regions (probed by TMA-DPH) 
than in the hydrophobic bilayer interior (probed by DPH). Diunsaturated DOPC-rhodopsin recombinants 
were more resistant to temperature-dependent lifetime changes than were mixed-chain egg PC or PAPC 
vesicles. This suggests less favorable interaction of rhodopsin with diunsaturated PCs than with mixed-chain 
PCs. Lifetimes in disk membranes exhibited this same temperature dependence although DPH in disks 
had lifetimes longer than those seen in recombinant vesicles. TMA-DPH lifetimes in disks were more similar 
to those observed in cholesterol-containing recombinants. It would therefore appear that the large proportion 
of small, charged (at pH 7) phosphatidylethanolamine and phosphatidylserine headgroups present in disks 
reduces water penetrability into the disk membrane, with a greater effect observed in the hydrophobic bilayer 
interior. Equilibrium lipid ordering was increased in proportion to (1) vesicle rhodopsin content, (2) vesicle 
cholesterol content, and (3) extent of temperature reduction. Unimodal TMA-DPH orientational distributions 
were narrowed whereas the bimodal distributions of DPH were primarily redistributed in favor of alignment 
with the phospholipid acyl chains while not being as substantially narrowed. Rhodopsin, cholesterol, and 
reduced temperature, therefore, each increased the lateral lipid packing density and induced a more extended 
average configuration of the acyl chain termini in these membranes. Diunsaturated DOPC-rhodopsin 
recombinants containing no cholesterol showed less rhodopsin-dependent lipid ordering of the headgroup 
and interfacial regions than did equivalent mixed-chain egg PC or PAPC vesicles. This is again consistent 
with less favorable interaction of rhodopsin with unsaturated acyl chain PCs than with those containing 
saturated acyl chains. Cholesterol eliminated this acyl chain dependent difference. Equilibrium lipid order 
in disk membranes was most similar to that seen in cholesterol-containing recombinant vesicles. Fluorophore 
rotational dynamics were independent of vesicle rhodopsin content, acyl chain composition, and depth within 
the bilayer. Cholesterol had little effect on probe depolarization dynamics in these rhodopsin-containing 
vesicles, in contrast to the considerable cholesterol-dependent acceleration observed in similar rhodopsin-free 
vesicles [Straume, M., & Litman, B. J. (1987) Biochemistry 26, 5121-51261. Slower motions were con- 
sistently induced by temperature reductions. 

Integral membrane proteins are involved in many functional 
roles critical to the activity of biological systems (Benga & 

Holmes, 1984; Salesse & Garnier, 1984; Thompson & Huang, 
1986). Regulation of the functional properties of such proteins 
(or protein systems) can be influenced by various molecular 
interactions which 'can occur in biomembranes. The lipid 
matrices of natural membrane systems are of many 
molecular species which vary in their relative Proportions 
depending on the tissues from which they are derived (Akino 
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& Tsuda, 1979; Benga & Holmes, 1984; Miljanich et al., 1979; 
Thompson & Huang, 1986). The large proportion of unsat- 
urated phospholipid acyl side chains in native bovine rod outer 
segment (ROS)' disk membranes (Anderson & Maude, 1970; 
Anderson & Sperling, 1971; Borggreven et al., 1970; Miljanich 
et al., 1979; Nielsen et al., 1970; Poincelot & Abrahamson, 
1970), as well as that of most biological membrane systems 
(Akino & Tsuda, 1979; Benga & Holmes, 1984; Miljanich 
et al., 1979; Thompson & Huang, 1986), suggests that these 
natural membranes exist in the liquid-crystalline state at 
physiological temperatures. Cholesterol, also, is a common 
constituent of biological membranes and is found in varying 
proportions in different membranes. Compositional heterog- 
eneity of the lipid fraction of biological membranes thus offers 
a means for regulating the physical properties of the bilayer, 
which, in turn, have an influence in mediating functional 
responses of membrane proteins (Applebury et al., 1974; 
Baldwin & Hubbell, 1985a,b; Deese et al., 1981; Devaux & 
Seigneuret, 1985; Jahnig et al., 1982; Litman et al., 1981; 
Morton et al., 1986; O'Brien et al., 1977; Salesse & Garnier, 
1984; Stubbs & Litman, 1978; Stubbs et al., 1976). Since 
integral membrane proteins are responsible for most tran- 
smembrane phenomena in biological systems (Benga & 
Holmes, 1984; Salesse & Garnier, 1984; Thompson & Huang, 
1986), it is of interest to characterize, in a controlled manner, 
the influence of a model, intrinsic membrane protein on the 
physical properties of reconstituted, liquid-crystalline lipid 
bilayers varying in acyl chain composition and cholesterol 
content. An understanding of the relationships between bilayer 
lipid composition and structural properties together with their 
associated influences on membrane protein functional behavior 
may then be developed to yield information about regulatory 
mechanisms at work in biomembranes. 

Synthetic model lipid vesicles have been studied extensively 
as a means of characterizing the properties of compositionally 
less complex bilayers than those derived from natural sources. 
Differences in equilibrium and dynamic bilayer structure may 
thus systematically be determined as a function of phospholipid 
acyl chain and/or headgroup composition, cholesterol content, 
protein content, and temperature, for example. Much early 
work in this area focused on characterization of the gel to 
liquid-crystalline phase transition of saturated acyl chain 
phosphatidylcholine systems (Estep et al., 1978; Lakowicz, 
1981, 1980; Lakowicz & Prendergast, 1978; Lakowicz et al., 
1979; Shinitzky & Barenholz, 1978). More recently, greater 
emphasis has been placed on understanding the structural 
properties of unsaturated acyl chain bilayers (Stubbs et al., 
198 1). Characterization of subtle structural differences in- 
duced in synthetic liquid-crystalline vesicles by varying com- 
positional parameters may permit correlation of detailed bi- 
layer structural properties with molecular composition. 

Molecular dynamics in bilayers have been observed to occur 
in the nanosecond time scale (Benga & Holmes, 1984; Brown 
& Williams, 1985; Devaux & Seigneuret, 1985; Stubbs, 1983; 
Thompson & Huang, 1986; Wong, 1984; Yeagle, 1984). 
Characterization of bilayer structural properties may be ac- 
complished on a nanosecond time scale by use of dynamic 

Abbreviations: A280/500, ratio of 280-nm absorbance to that at 500 
nm; DOPC, dioleoylphosphatidylcholine; DPH, diphenylhexatriene; 
DTPA, diethylenetriaminepentaacetate; egg PC, egg phosphatidylcholine; 
ESR, electron spin resonance; NMR, nuclear magnetic resonance; 
PAPC, palmitoylarachidonoylphosphatidylcholine; PC, phosphatidyl- 
choline; PE, phosphatidylethanolamine; POPOP, 1,4-bis(5-phenyl- 
oxazol-2-y1)benzene; PS, phosphatidylserine; ROS, rod outer segment; 
TMA-DPH, trimethylammonium-diphenylhexatriene; AAso0, change in 
500-nm absorbance. 

fluorescence techniques (Lakowicz, 1983, 1981, 1980). Ob- 
servation of the total fluorescence intensity decay kinetics in 
addition to the dynamics of fluorescence anisotropy decay of 
the rod-like membrane probes DPH and TMA-DPH allows 
information to be extracted about the penetrability of water 
into bilayers (Straume & Litman, 1987a,b) and about the 
extents and rates of lipid structural fluctuations in two different 
regions of bilayer membranes (Ameloot et al., 1984; Barrow 
& Lentz, 1985; Engel & Prendergast, 1981; Jahnig et al., 
1982; Kinosita et al., 1981a,b; Lakowicz et al., 1985; Parasassi 
et al., 1984; Pink et al., 1984; Prendergast et al., 1981; Straume 
& Litman, 1987a,b; Stubbs et al., 1984, 1981; van Blitterswijk 
et al., 1981; van de Ven et al., 1984; Vos et al., 1983). DPH, 
an entirely hydrophobic molecule, reports on the hydrophobic 
acyl side chain bilayer interior (Lakowicz, 1983; Shinitzky & 
Barenholz, 1978) whereas the amphipathic TMA-DPH 
molecule permits information to be obtained about the mem- 
brane headgroup and interfacial regions (Ameloot et al., 1984; 
Engel & Prendergast, 1981; Prendergast et al., 1981; Stubbs 
et al., 1984). The nearly collinear excitation and emission 
dipoles and long molecular axis of these probes make possible 
sensitive and relatively direct interpretation of fluorescence 
anisotropy decay phenomena (Lakowicz, 1983; Lipari & 
Szabo, 1980; Szabo, 1984; Zannoni et al., 1983). Fluorescence 
lifetimes of less than approximately 10 ns permit detection of 
nanosecond time scale dynamic quenching and rotational re- 
laxation phenomena, allowing inference about the equilibrium 
and dynamic structure of the bilayer environment in the vi- 
cinity of these reporter molecules. 

Fluorescence anisotropy decays have commonly been con- 
sidered in terms of rotational correlation times and limiting 
anisotropies. These derived parameters do not have any direct 
physical significance in themselves, however. Physical inter- 
pretation has historically been limited to unimodal orientational 
distributions because of difficulty in deriving analytical ex- 
pressions which account for anything beyond the second-rank 
order parameter. Interpretation of DPH rotational relaxation 
in the present work is accomplished by characterizing the 
orientational distribution of this probe by a higher order model 
than has commonly been used in the past. A bimodal orien- 
tational distribution function is invoked such that two or- 
thogonal orientational populations of DPH may be derived 
(Ameloot et al., 1984; van der Meer et al., 1984). Such an 
interpretation is possible by considering not only the second- 
rank order parameter but also the fourth-rank order parameter. 
This interpretation is supported by variable-angle steady-state 
anisotropy experiments on oriented, planar bilayers (van de 
Ven et al., 1984; Vogel & Jahnig, 1985; Vos et al., 1983). 

In the present studies, DPH is permitted to be distributed 
among two orthogonal orientational probability maxima of 
variable width, one aligned parallel to the bilayer normal and 
the other orthogonally oriented, lying parallel to the plane of 
the bilayer and located at  the bilayer median (Straume & 
Litman, 1987a,b). TMA-DPH orientational properties are 
analyzed according to the same mathematical formalism ex- 
cept that all orientational probability is constrained within one 
probability maximum aligned parallel to the bilayer normal 
(Ameloot et al., 1984; Straume & Litman, 1987a,b). Ap- 
plication of such a higher order model to dynamic fluorescence 
depolarization measurements permits more detailed inter- 
pretation of the orientational redistribution of DPH in bilayer 
membranes, therefore potentially allowing a more detailed 
interpretation of lipid structural dynamics in the hydrophobic 
bilayer interior. Employing a common mathematical model 
for both probes allows a direct comparison of DPH and 
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TMA-DPH results. Of course, an assumption implicit in the 
use of extrinsically incorporated probes to monitor bilayers, 
such as DPH and TMA-DPH, is that they accurately report 
information about the equilibrium and dynamic structural 
properties of their local environment. 

Recently reported studies employing the above-mentioned 
experimental and analytical methods have considered system- 
atic changes in the equilibrium and dynamic bilayer structural 
properties of liquid-crystalline PC vesicles as related to acyl 
chain composition and cholesterol content as a function of 
temperature (Straume & Litman, 1987a,b). The present work 
(1) describes the effects of varying levels of the intrinsic 
membrane protein bovine rhodopsin on the structural prop- 
erties of reconstituted egg PC-rhodopsin recombinant vesicles, 
(2) characterizes the properties of more compositionally 
complex ternary reconstituted PC-cholesterol-rhodopsin re- 
combinants varying in acyl chain composition and cholesterol 
content, and (3) compares the properties of these reconstituted 
systems with results obtained from native bovine ROS disk 
membranes, all as a function of temperature. We thus (1) 
consider a variety of compositionally more complex, recon- 
stituted, liquid-crystalline lipid-rhodopsin vesicle systems in 
which numerous compositional parameters are varied system- 
atically and (2) analyze our experimental observations by 
applying a higher order model potentially capable of more 
detailed physical interpretation of bilayer structural dynamics 
than earlier, less sophisticated models. 

EXPERIMENTAL PROCEDURES 
Disk Membrane and Rhodopsin Isolation. Isolation of 

native bovine rod outer segment (ROS) disk membranes and 
purification of unbleached rhodopsin by conconavalin A af- 
finity chromatography of octyl glucoside solubilized disks was 
performed as described previously (Jackson & Litman, 1985; 
Litman, 1982; Smith et al., 1975) except that 50 pM DTPA 
(with 62.5 pM MgC12) was included in all buffers and solutions 
to minimize sample oxidation induced by any trace levels of 
iron. 

Lipid-Rhodopsin Recombinant Vesicle Preparation. Large, 
unilamellar egg PC, DOPC, and PAPC lipid-rhodopsin re- 
combinant vesicles containing 0, - 15, or -30 mol % chole- 
sterol and specified amounts of rhodopsin were prepared by 
an octyl glucoside dilution method (Jackson & Litman, 1985), 
with the modifications described in Straume and Litman 
(1987b) concerning the inclusion of cholesterol. Again, 50 
pM DTPA and 62.5 pM MgC12 were included in all buffers 
and solutions. 

Large, unilamellar egg PC vesicles containing no rhodopsin 
were prepared by octyl glucoside dialysis as described in 
Jackson et al. (1982) and Straume and Litman (1987a). 

Total phospholipid concentrations were determined by 
phosphate analysis according to the method of Bartlett (1959). 

Total protein concentrations were determined by the method 
of Lowry et al. (1951). Unbleached rhodopsin content was 
characterized by the change in 500-nm absorbance (A&,) 
generated upon bleaching of samples by light. Preparations 
were solubilized in 1.5% cetyltrimethylammonium bromide 
(CTAB) in 0.1 M PO4, pH 7, buffer, and 500-nm absorbances 
were determined before and after bleaching of the rhodopsin 
in the presence of hydroxylamine. Both the molar extinction 
coefficient at 500 nm and the molecular weight of rhodopsin 
are approximately 40 000 (Applebury, 1984; Applebury et al., 
1974; Fukuda et al., 1979; Hargrave et al., 1983; Henselman 
& Cusanovich, 1974; Ovchinnikov, 1982). The observed AAm 
was therefore approximately equivalent to the milligrams of 
unbleached rhodopsin per milliliter. The ratio of 280-nm 

absorbance to that at 500 nm (AZ80/500) was also determined 
for unbleached aliquots to monitor the quality of rhodopsin 
samples. Low ratios (less than approximately 2.0) indicate 
relatively small amounts of unbleached rhodopsin and/or 
oxidized lipids. A2801500 ratios typically observed for col- 
umn-purified rhodopsin were approximately 1.7 and for re- 
combinant vesicles were approximately 2.0. 

Lipid peroxidation of PAPC samples was determined by 
233-nm absorbance and thiobarbituric acid assay (Baker & 
Wilson, 1969; Slater, 1984; Sunamoto et al., 1985). No more 
than 0.5% peroxidation of PAPC samples was detected. 

Cholesterol oxidase assays were employed to determine the 
cholesterol content of samples (Moore et al., 1977). Vesicle 
cholesterol content was always within a few mole percent of 
the desired 15 and 30 mol % levels. 

Fluorescence Measurements. All vesicle samples were 
diluted to 0.5 mM phospholipid and labeled to 250:l (mol/ 
mol) DPH:phospholipid or 150: 1 (mol/mol) TMA-DPH: 
phospholipid in rhodopsin-containing systems and 500: 1 
(mol/mol) DPH:phospholipid or 250: 1 (mol/mol) TMA- 
DPH:phospholipid in rhodopsin-free systems as described in 
Straume and Litman (1987a). Samples were equilibrated at 
37 OC in an SLM-4800 limited-frequency phase-modulation 
dynamic spectrofluorometer, and steady-state and dynamic 
measurements were performed at 37, 25, 15, and 5 OC [see 
Straume and Litman (1987a)l. 

Steady-state anisotropies were measured as were the phase 
angle shifts and relative amplitude demodulations charac- 
teristic of total fluorescence intensity decay kinetics and dy- 
namic rotational depolarization properties exhibited by the 
probes. Excitation was by 360-nm light passed through 1-nm 
band-pass slits, and emission was at 430 nm after passage 
through 16-nm band-pass slits. Dual grating monochromators 
were employed for wavelength selection, and Glan-Thomson 
polarizers were used in the excitation and emission channels. 
Steady-state anisotropies were corrected for all instrumental 
factors. All dynamic measurements were made relative to a 
POPOPabsolute ethanol reference solution (Lakowicz, 1980). 
Unlabeled samples showed less than 1% background intensity 
under the conditions of the measurements. Rhodopsin-con- 
taining samples experienced no detectable bleaching of the 
protein as a result of the measurements. 

Methods of Analysis. Total fluorescence intensity decay 
behavior was analyzed according to 

a2 = 1 - al (fractional amplitudes) 

T~ = 4~~ (fluorescence lifetimes) 

The constraint imposed on the T ~ / T ~  ratio was derived from 
numerous reports in the literature based on lifetime behavior 
obtained from biexponential analysis of DPH in lipid bilayers 
(Ameloot et al., 1984; Chen et al., 1977; Hildenbrand & 
Nicolau, 1979; Kawato et al., 1977; Kinosita et al., 1981a,b; 
Klausner et al., 1980; Lakowicz et al., 1985; Parasassi et al., 
1984; Stubbs et al., 1984, 1981). Use of parameters obtained 
at limited modulation frequencies made necessary imposition 
of this constraint to eliminate occasional convergence to 
physically unreasonable parameter values [see Straume and 
Litman (1987a)l. Results derived via this model agreed well 
with previously reported intensity decay behavior. The in- 
tensity-weighted mean fluorescence lifetime, T (  l) ,  was used 
to characterize average intensity decay kinetics and is defined 
as 
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Simultaneous interpretation of Os andAl was thus not necessary, 
and equilibrium ordering could be compared directly among 
systems or under conditions in whichf;, varied. Of course, the 
values off,  produced in the present work are model-dependent 
quantities and reflect an interpretation based on the particular 
form of the probe orientational distribution function described 
above. 

All parameter estimation was performed by application of 
a modified Gauss-Newton nonlinear least-squares algorithm 
(Johnson, 1983; Johnson & Frasier, 1985). Asymmetrical 
confidence intervals were estimated by this same software 
package in which the nonlinear variance space is searched so 
as to map out all parameter values which yield variances less 
than that which corresponds to a particular probability level. 
In the present work, 67% confidence limits were estimated 
because that level of confidence corresponds to approximately 
one standard deviation in the case of Gaussian distributions. 

RESULTS AND DISCUSSION 
Fluorescence Lifetimes. Results of the total fluorescence 

intensity decay analysis indicate that both DPH and TMA- 
DPH intensity decays are substantially altered by the presence 
of unbleached rhodopsin in egg PC vesicles. When analyzed 
by the constrained two-population model, the presence of 
rhodopsin in these vesicles induces (1) a substantial increase 
in the derived fraction of short lifetime fluorophores, aI, and 
( 2 )  a reduction in the derived population lifetimes, 7 ,  and 7 2  

[see Appendix of the supplementary material (see paragraph 
at end of paper regarding supplementary material)]. This 
behavior is consistent with unbleached rhodopsin dynamically 
quenching probe fluorescence via probe-to-retinal energy 
transfer (Dencher & Heyn, 1983; Stubbs et al., 1976). In the 
variable acyl chain vesicles (egg PC, DOPC, and PAPC) 
containing differing amounts of cholesterol (0, - 15, and -30 
mol %), the presence of approximately 1 mol % unbleached 
rhodopsin consistently produces short-lifetime fractional am- 
plitudes, cy1, greater than about 0.5 and derived population 
lifetimes considerably shorter than those observed in compo- 
sitionally analogous rhodopsin-free vesicle systems [see Ap- 
pendix and Straume and Litman (1987b) for comparison]. 

Characterization of DPH and TMA-DPH total fluores- 
cence intensity decays by a discrete, two-population model 
better approximates fluorophore decay kinetics than does a 
single exponential model. Probe fluorescence in lipid bilayers, 
particularly in those in which energy-transfer acceptors, such 
as unbleached rhodopsin, are distributed, is very likely best 
represented by a continuous distribution of emitting species 
varying in their fluorescence lifetimes (Glaser et al., 1986). 
Characterization in terms of lifetime distributions, however, 
requires measurements at more than just a few modulation 
frequencies, as in the present work. The approximate nature 
implicit in discrete, biexponential fits of probe total fluores- 
cence intensity decays therefore does not permit any direct 
physical interpretation of the derived population fractional 
amplitudes, ai, and fluorescence lifetimes, T ~ .  The rhodop- 
sin-dependent increase in short-lifetime fluorophore content 
and decrease in derived population lifetimes do, however, 
suggest a redistribution of DPH and TMA-DPH fluorescence 
lifetimes toward shorter values. 

Quantitation of the average fluorophore decay lifetime may 
be accomplished by considering the intensity-weighted mean 
fluorescence lifetime, 7( 1). This parameter permits convenient 
interpretation of the effects of experimental variables (such 
as rhodopsin content, temperature, cholesterol content, and 
acyl chain composition, for example) on the average lifetime 
behavior of DPH and TMA-DPH. The approximately linear 

Rotational depolarization properties of the fluorophores were 
characterized by interpreting the parameters characteristic of 
the dynamics of anisotropy decay (Le., steady-state anisotropy 
and differential phase angle shifts as a function of modulation 
frequency) within the framework of a mathematical model 
yielding bimodal equilibrium orientational distributions for 
DPH (Ameloot et al., 1984; Straume & Litman, 1987a,b; van 
der Meer et al., 1984; van de Ven et al., 1984; Vogel & Jahnig, 
1984; Vos et al., 1983) and unimodal distributions for TMA- 
DPH (Ameloot et al., 1984; Straume & Litman, 1987a,b). 
The model employed characterizes the equilibrium and dy- 
namic orientational properties of DPH and TMA-DPH by 
(1) the Gaussian distribution width of the orientational 
probability maxima Os, (2) the fraction of probe probability 
occupying the parallel orientational probability maximum AI 
(Le,, that oriented parallel to the phospholipid acyl chains), 
and (3) the perpendicular rotational diffusion coefficient D, 
(Straume & Litman, 1987a,b). The equilibrium orientational 
distribution function employed for interpretation in the present 
work has the form 

N = J>O) sin 0 d0 

The value of 0 was constrained to 1 .O in the case of TMA- 
DPH-labeled samples, thus producing a value of 1.0 forAl and 
modeling no orthogonal distribution of TMA-DPH in the 
bilayers (Ameloot et al., 1984; Straume & Litman, 1987a,b). 
The two parameters /3 and Os definedfl0) to permit analysis 
of anisotropy decay parameters according to the model derived 
by van der Meer et al. (1 984) which predicts 

3 

j =  1 
r ( t )  = b4 + C b j  exp 

where r(t)  = time dependence of fluorescence anisotropy decay; 
bl ,  b2, b3 = functions of (P2) and (P4); b4 = function of ( P 2 ) ;  
@ l ,  @', 4~~ = functions of ( P 2 ) ,  ( P 4 ) ,  and D,; ( P 2 )  = sec- 
ond-rank Legendre order parameter; (P4) = fourth-rank 
Legendre order parameter; D ,  = perpendicular rotational 
diffusion coefficient; (Pk) = (1/N)Sg(t9)Pk(cos 0) d0 ( k  = 
2, 4); P2(c0s 0) = (3 cos2 0 - 1)/2; and P~(COS 0) = (35 cos4 

Overall equilibrium ordering experienced by the probes was 
quantified by the fractional volume parameter f v ,  which 
characterizes the volume available for probe reorientational 
motion relative to that available in an unhindered, isotropic 
probe environment (Straume & Litman, 1987a,b). This pa- 
rameter is defined as 

0 - 30 cos2 0 + 3)/8. 
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FIGURE 1: Intensity-weighted mean fluorescence lifetimes, 7(1), derived 
for DPH- (top) and TMA-DPH- (bottom) labeled egg PC-rhodopsin 
vesicles at  37 OC (open symbols) and 5 OC (closed symbols). 

decline of T( 1) for both DPH and TMA-DPH with increasing 
rhodopsin content in egg PC vesicles (see Figure 1) clearly 
indicates the presence of a dynamic quenching process which 
correlates directly with the protein content of these vesicles 
(Dencher & Heyn, 1983; Stubbs et al., 1976). The mean 
lifetimes of DPH and TMA-DPH observed in the variable 
acyl chain vesicle systems containing approximately 1 mol 9% 
rhodopsin and various amounts of cholesterol are considerably 
shorter than those observed in rhodopsin-free vesicles of the 
same lipid composition [see Figure 2 and Straume and Litman 
(1987b) for comparison]. Both probes exhibit increased values 
of T( 1) as the temperature is reduced, independent of rhodopsin 
content, cholesterol content, or acyl chain composition. In- 
creasing the cholesterol content of rhodopsin-containing vesicles 
also induces longer mean fluorophore lifetimes for both DPH 
and TMA-DPH. TMA-DPH lifetimes show greater relative 
temperature-dependent and cholesterol-dependent sensitivity 
than do those of DPH. The same qualitative dependence of 
probe lifetimes on sample temperature and cholesterol content 
was observed in compositionally analogous rhodopsin-free 
vesicles (Straume & Litman, 1987a,b). In those experiments, 
increased probe lifetimes were interpreted as arising from 
reduced water penetrability into the lipid bilayers as a result 
of reduced lipid molecular flexibility under conditions of lower 
temperature or elevated cholesterol content. Reduced 
probe-water interactions make dynamic depopulation of 
fluorophore excited states by water less probable, resulting in 
longer probe lifetimes. Results from experiments utilizing 
other biophysical techniques support correlation of these 
temperature-dependent and cholesterol-dependent lifetime 
increases with reduced water penetrability into the bilayer as 
a result of a more ordered bilayer structure at lower tem- 
peratures and higher cholesterol levels, particularly at  the 
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FIGURE 2: Intensity-weighted mean fluorescence lifetimes, T( l), derived 
for DPH- (top) and TMA-DPH- (bottom) labeled vesicles at 37 OC 
(solid lines) and 5 OC (dotted lines) as a function of PC acyl chain 
composition and mole percent cholesterol. 

headgroup and interfacial regions of the bilayer (the regions 
probed by TMA-DPH). The presence of rhodopsin in these 
liquid-crystalline PC vesicles does not appear to eliminate these 
temperature-dependent and cholesterol-dependent changes in 
lipid structure. 

Another factor which may potentially contribute to these 
observed temperature-dependent and cholesterol-dependent 
lifetime changes in rhodopsin-containing bilayers must, how- 
ever, be considered. Retinal in rhodopsin offers an absorption 
dipole roughly parallel to the plane of the bilayer (Chabre & 
Breton, 1979). As temperature is reduced or cholesterol 
content is increased, average lipid ordering is increased (see 
Equilibrium Ordering). This causes a net alignment of DPH 
and TMA-DPH emission dipoles with the bilayer normal. 
Such a redistribution of probe molecules will cause the en- 
ergy-transfer donor and acceptor dipoles to deviate from 
parallel alignment leading to reduced energy-transfer effi- 
ciency. This produces less dynamic quenching of probe 
fluorescence and results in longer fluorophore lifetimes (La- 
kowicz, 1983). The greater relative sensitivity of mean probe 
lifetimes to changes in temperature or cholesterol content in 
these rhodopsin-containing vesicles than in compositionally 
analogous rhodopsin-free vesicles is consistent with changes 
in energy-transfer efficiency playing a role in this phenomenon. 

The DOPC-rhodopsin vesicles display less temperature- 
dependent lifetime enhancement, independent of cholesterol 
content, than do the egg PC or PAPC vesicles. This suggests 
that, at  low temperature, this diunsaturated PC-rhodopsin 
system permits greater penetration of water into the bilayer 
than do the mixed-chain egg PC or PAPC system. This would 
result in more frequent probe-water interactions thus pro- 
moting dynamic quenching of probe fluorescence and causing 
lifetimes to be shorter than would be the case in the absence 
of such interactions. Such acyl chain dependent differences 
were not apparent in compositionally analogous rhodopsin-free 
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vesicles (Straume & Litman, 1987a,b). This suggests that 
rhodopsin interacts less favorably with DOPC than with egg 
PC or PAPC. Other evidence exists supporting the preferential 
interaction of rhodopsin with saturated rather than unsaturated 
acyl chains (Zumbulyadis & OBrien, 1979). The equilibrium 
order exhibited by the DOPC-rhodopsin vesicles is quite 
similar to that seen in the egg PC and PAPC systems, par- 
ticularly in the presence of cholesterol, so it appears unlikely 
that a difference in energy-transfer efficiency could account 
for this acyl chain dependent difference in probe lifetimes. 

The mean lifetime of DPH in disk membranes is somewhat 
longer than that observed in even the 30 mol 5% cholesterol 
containing vesicles. TMA-DPH lifetimes, however, do not 
show as much variation between disks and the 30 mol % 
cholesterol containing vesicles. This behavior is consistent with 
(1) a reduced frequency of quenching DPH-water interactions 
and (2) an unchanged frequency of TMA-DPH-water in- 
teractions in disks relative to that in the 30 mol % cholesterol 
containing PC vesicles. DPH resides within the hydrophobic 
bilayer interior (Shinitzky & Barenholz, 1978) while TMA- 
DPH is localized near the bilayer headgroup and interfacial 
regions (Engel & Prendergast, 1981; Prendergast et al., 1981). 
The mean lifetime results thus imply that the penetration of 
water into the hydrophobic region of the bilayer is limited to 
a greater extent in the disk membrane than it is in the 30 mol 
% cholesterol containing PC vesicles. The phospholipid 
headgroup composition of bovine ROS disk membranes in- 
cludes 35-45 mol % PE and 10-15 mol '% PS, primarily in 
the outer monolayer, and 35-45 mol % PC and 10-15 mol % 
cholesterol, primarily in the inner monolayer (Raubach et al., 
1974; Sklar et al., 1979; Smith et al., 1977). The present work 
indicates no substantial differences in equilibrium or dynamic 
bilayer structure between disks and the PC vesicles. Differ- 
ences in probe-to-retinal energy-transfer efficiency are 
therefore not likely the cause of the observed lifetime differ- 
ences. The presence of charged PE and PS headgroups (at 
pH 7) may, however, be responsible for reducing the depth 
of water penetrability into disk membranes. More favorable 
water-headgroup interactions may occur in disks thus limiting 
the mobility of water molecules at the membrane surface. The 
presence of PE and PS headgroups may also restrict local lipid 
molecular fluctuations, such as acyl chain rotomers [see 
Straume and Litman (1987a,b)], which aid in transporting 
water into the disk membrane. This would limit the acces- 
sibility of water to regions nearer the bilayer surface relative 
to that which occurs in the PC vesicles. The considerable acyl 
chain heterogeneity that exists in disk membranes (Anderson 
& Maude, 1970; Anderson & Sperling, 1971; Borggreven et 
al., 1970; Miljanich et al., 1979; Nielsen et al., 1970; Poincelot 
& Abrahamson, 1970) may also contribute in some way to 
the observed lifetime differences, although the present ex- 
periments contribute no insight into such a possibility. 

The same qualitative temperature dependence of ~ ( 1 )  is 
observed for both DPH and TMA-DPH in disk membranes 
as in the reconstituted vesicles examined. Temperature re- 
ductions therefore further inhibit water penetrability into disk 
membranes, although the effect of increasing equilibrium order 
on the probe-to-retinal energy transfer efficiency must also 
be considered as a potential contributing factor to these tem- 
perature-dependent lifetime increases. 

Equilibrium Ordering. At all temperatures examined, both 
the hydrophobic bilayer interior and the headgroup and in- 
terfacial regions of egg PC vesicles become more ordered as 
rhodopsin levels are increased. This is demonstrated by the 
reduction in the fractional volume derived for DPH and 
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FIGURE 3: Fractional volumes, f,, available for probe reorientational 
motion for DPH- (top) and TMA-DPH- (bottom) labeled egg PC- 
rhodopsin vesicles at 37 O C  (open symbols) and 5 OC (closed symbols). 
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FIGURE 4: Fractions of DPH orientational distribution functions 
parallel to the bilayer normal,&, Le., parallel to the phospholipid acyl 
side chains, in egg PC-rhodopsin vesicles at 37 OC (open symbols) 
and 5 O C  (closed symbols). 

TMA-DPH reorientational motion as the vesicle rhodopsin 
content is increased (see Figure 3). Unimodal TMA-DPH 
orientational distributions are narrowed whereas bimodal DPH 
equilibrium orientations are primarily redistributed in favor 
of alignment with the bilayer normal while not experiencing 
much narrowing (see Figure 4 for DPHf;, values and the 
Appendix for probe Or values). The presence of approximately 
1 mol % rhodopsin in the variable acyl chain vesicle systems 
also induces greater equilibrium lipid order (as quantified by 
the fractional volume parameter, fv, in Figure 5 )  relative to 
compositionally analogous vesicles containing no rhodopsin [see 
Straume and Litman (1987b) for comparison]. This rho- 
dopsin-dependent ordering is observed independent of acyl 
chain composition, cholesterol content, or temperature. Again, 
TMA-DPH orientational distributions are narrowed, and those 
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of DPH are narrowed to a small extent but primarily redis- 
tributed parallel to the bilayer normal [see Figure 6 for DPH 
4, values, the Appendix for probe Og values, and Straume and 
Litman (1987b) for comparison with rhodopsin-free vesicles]. 

Lipid molecular motions are thus restricted at the headgroup 
and interfacial regions (as probed by TMA-DPH) indicative 
of increased lateral molecular packing density of the bilayer 
lipids in the presence of rhodopsin. The rhodopsin-induced 
redistribution of DPH orientational probability, on the other 
hand, suggests that free volume is reduced and equilibrium 
ordering is increased at  the bilayer median. Rhodopsin spans 
the entire thickness of the bilayer (Hargrave et al., 1983; 
Ovchinnikov, 1982) and thus is expected to inhibit the extent 
of motional freedom available to phospholipid acyl chain 
termini resulting in a more extended average acyl chain con- 

figuration. The relative resistance of cholesterol-free DOPC- 
rhodopsin vesicles to experience rhodopsin-dependent ordering 
in the headgroup and interfacial regions again suggests that 
rhodopsin interacts less favorably with diunsaturated PC 
molecules, in the absence of cholesterol, than it does with 
mixed-chain lipids, consistent with the results of Zumbulyadis 
and O'Brien (1979). Upon inclusion of cholesterol to ap- 
proximately 15 or 30 mol 5% levels, however, the equilibrium 
ordering detected in DOPC vesicles becomes similar to that 
found in the other systems examined. 

Experiments using ESR and NMR techniques have shown 
that intrinsic membrane proteins exert an ordering influence 
on bilayer lipid molecular structure (Chapman, 1982; Deese 
et al., 1982; Fisher & Levy, 1981; Jost et al., 1973; Seelig & 
Seelig, 1980; Seelig et al., 1981; Utsumi et al., 1980). Analysis 
of experimental observations has led to interpretation in terms 
of lateral gradients of lipid structural order around some in- 
trinsic membrane proteins but not around others. Different 
biophysical methods are capable of detecting lipid molecular 
order relative to different time scales. Comparisons among 
results obtained by various techniques suggest that exchange 
of bulk bilayer lipids with those adjacent to membrane proteins 
occurs on the order of 10-7-10-5 s. Methods unable to discern 
molecular dynamics faster than approximately 1 0-5 s therefore 
do not detect multiple lipid populations differing in ordering 
properties. Methods capable of resolving lipid structural 
properties on a faster time scale, however, often infer the 
presence of a relatively immobilized lipid subpopulation around 
intrinsic membrane proteins. 

The fluorescent probes DPH and TMA-DPH are expected 
to distribute throughout the lipid matrix of protein-containing 
vesicle systems thus experiencing all of the structural envi- 
ronments which may exist in the bilayer. Because these probes 
permit characterization of dynamic phenomena on the order 
of s, their measured properties will not reflect averaging 
due to lateral exchange among lipid molecules in the bilayer. 
The present work, however, estimates only a single, homoge- 
neous population of fluorophores with regard to their rotational 
depolarization properties. A rotational diffusion coefficient 
and either a unimodal equilibrium orientational distribution 
(for TMA-DPH) or a bimodal equilibrium orientational 
distribution (for DPH) fully define the dynamic and equilib- 
rium depolarization properties of each of these probes. The 
present analysis thus simultaneously considers (1) the more 
ordered structural properties of any boundary lipid which may 
be present and (2) the structural properties of bulk lipid which 
is unaffected by the presence of protein in the membrane. 
Such an analysis will necessarily produce derived structural 
properties suggesting greater average lipid order. The observed 
rhodopsin-dependent increases in equilibrium lipid order 
therefore are consistent with, although not direct evidence for, 
the presence of lateral gradients of lipid order around rhodopsin 
molecules. Greater experimental determination of the systems 
considered in this work, by multifrequency measurements, for 
example (Lakowicz et al., 1985), would permit characteriza- 
tion of the measured system properties by a more complex and 
sophisticated analytical model. Such an approach would make 
possible interpretation of dynamic fluorescence depolarization 
phenomena in terms of multiple populations of rotating species 
(Davenport et al., 1986; Wang et al., 1986). Discrimination 
of gradients of lipid order around intrinsic membrane proteins 
might then be directly possible from fluorescence measure- 
ments as has been inferred from ESR and NMR studies. 

Temperature reductions and increasing levels of cholesterol 
also induce more ordered equilibrium bilayer structure in 
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rhodopsin-containing vesicles as detected by both DPH and 
TMA-DPH. The temperature-dependent changes in equi- 
librium ordering observed in egg PC-rhodopsin vesicles occur 
across the entire range of rhodopsin levels examined. The 
ordering induced by reducing the temperature, however, is not 
as substantial in systems higher in protein content. This comes 
about because the protein-dependent lipid ordering is of greater 
magnitude at higher temperatures. When the effects of in- 
creasing cholesterol content on the structural properties of 
rhodopsin-containing vesicles are considered, it is seen that 
the bilayer interior of the variable acyl chain vesicle systems 
undergoes more substantial cholesterol-dependent ordering at 
higher temperatures than it does at  lower temperatures, in- 
dependent of acyl chain composition. The ordering of the 
bilayer interior induced by temperature reductions is therefore 
of greater magnitude at lower cholesterol levels, as well. 
Rhodopsin and cholesterol thus each inhibit lipid molecular 
freedom more substantially under conditions in which the lipid 
matrix is inherently more highly disordered, i.e., at  higher 
temperatures. This suggests that a limiting degree of order 
in the liquid-crystalline state can be attained by either in- 
creasing protein content, increasing cholesterol content, or 
decreasing temperature. 

The ordering experienced by DPH molecules in response 
to temperature reductions or increasing levels of cholesterol 
arises from a substantial redistribution of DPH molecules in 
favor of alignment with the bilayer normal accompanied by 
a small reduction in the width of the probe orientational 
probability distribution. Increasing the cholesterol content and 
lowering the sample temperature thus each promotes ordering 
of the bilayer interior, just as increasing levels of rhodopsin 
do. Cholesterol and lower temperatures therefore also induce 
more extended average acyl chain structure at the bilayer 
median thereby reducing the free volume available for mo- 
lecular motion. Increasing cholesterol levels and temperature 
reductions contribute to increases in the lateral lipid molecular 
packing density of the bilayer surface region, as well. Many 
of the responses observed in these rhodopsin-containing vesicles 
are qualitatively similar to those observed in compositionally 
analogous protein-free systems (Straume & Litman, 1987a,b), 
so the presence of rhodopsin in these vesicles does not eliminate 
these temperature-dependent and cholesterol-dependent 
changes in lipid structural properties. 

Native disk membranes labeled with DPH exhibit equilib- 
rium ordering of the hydrophobic bilayer interior most similar 
to that observed in PC recombinants containing approximately 
30 mol % cholesterol. Both the derived Gaussian distribution 
widths, Og, and the fraction of DPH parallel,f;,, agree closely 
thus yielding very similar fractional volumes,f,. The interfacial 
and headgroup regions of disks, as probed by TMA-DPH, 
however, display somewhat less equilibrium lipid order than 
do the 30 mol % cholesterol containing recombinants. These 
observations suggest that the lipid heterogeneity present in disk 
membranes accounts for some additional equilibrium lipid 
structural disorder at the bilayer surface relative to that of 
recombinant vesicles composed only of PC, cholesterol, and 
rhodopsin. 

Two additional differences between disks and these recon- 
stituted vesicles should be pointed out: (1) disks contain ap- 
proximately 1.5 mol % rhodopsin versus approximately 1 mol 
% in the recombinants, and (2) disks contain rhodopsin or- 
iented in a unique direction relative to the inner and outer 
monolayers of the membrane whereas the recombinants very 
likely contain rhodopsin molecules oriented with their C-ter- 
mini oriented toward the inner and outer monolayers in 

roughly equal proportions. The higher rhodopsin content in 
disks would be expected to further increase equilibrium lipid 
order relative to that occurring in a compositionally analogous 
membrane containing only 1 mol % rhodopsin. This implies 
that the headgroup and/or acyl chain heterogeneity in disks 
may contribute to maintaining some additional equilibrium 
lipid disorder relative to that present in the reconstituted PC 
vesicles examined. Uniform versus random vectorial distri- 
butions of rhodopsin in the membrane bilayer do not imme- 
diately suggest any effect on bilayer structure, although such 
a possibility cannot be ruled out by the present experimental 
observations. 

The equilibrium and dynamic probe orientational properties 
derived from the present analysis implicitly take into account 
probe fluorescence intensity decay behavior. Fluorescence 
lifetime parameters are derived prior to analysis of anisotropy 
decay parameters and are included as input parameters into 
the depolarization analysis. Therefore, any changes in 
fluorescence lifetimes brought about by changes in vesicle 
composition or temperature are fully accounted for during 
derivation of probe equilibrium and dynamic reorientational 
properties. For example, a reduction in DPH lifetime would 
have the effect of increasing the steady-state anisotropy of 
DPH if everything else in some hypothetical system remained 
constant. However, a dynamic analysis, such as that performed 
in the present studies, would extract from all of the experi- 
mental observations on this same hypothetical system (Le., 
probe fluorescence lifetime parameters, steady-state anisotropy, 
and dynamic depolarization parameters) the correct and un- 
altered equilibrium and dynamic probe reorientational prop- 
erties. 

Experiments to test this were performed on native bovine 
ROS disk membranes which were (1) unbleached, (2) 
bleached, (3) bleached in the presence of hydroxylamine (to 
shift the retinal absorption peak considerably blue by forming 
retinal oxime), and (4) bleached in the presence of hydrox- 
ylamine and then extracted with fatty acid free bovine serum 
albumin (to remove as much of the retinal oxime as possible). 
The absorption spectra of samples 1-4 were substantially 
different both in extinction and in wavelength of maximum 
absorbance. The extent of overlap between the absorption 
spectra of these samples and the emission spectra of DPH and 
TMA-DPH therefore also was quite different for each of these 
four samples. The lifetime properties of the probes thus varied 
considerably and systematically on going from sample 1 to 
sample 4. Fractional amplitudes of the short-lifetime com- 
ponent decreased and population lifetimes increased on going 
from sample 1 to sample 4 and encompassed approximately 
the same range of values encountered in the studies reported 
here. However, the dynamic reorientational analysis produced 
effectively identical parameter values characteristic of the 
equilibrium order and the dynamics of probe rotational dif- 
fusion for each of these four samples. Differences in ener- 
gy-transfer efficiency, or any other phenomena causing lifetime 
differences, for that matter, therefore will not invalidate the 
results obtained from this depolarization analysis. 

Rotational Dynamics. Rates of DPH and TMA-DPH 
depolarizing motion in egg PC vesicles fail to show any dis- 
cernible correlation with mole percent rhodopsin at any of the 
temperatures examined (see Appendix). Lipid molecular 
dynamics therefore appear not to be affected by the protein 
either in the hydrophobic bilayer core or at the headgroup and 
interfacial regions of egg PC vesicles. No differences in ro- 
tational dynamics are apparent between the bilayer core and 
the bilayer surface region in any of the vesicle systems exam- 
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ined. Rotational depolarization kinetics do, however, appear 
to be slightly accelerated by increasing cholesterol levels in 
the variable acyl chain vesicle systems, although not to nearly 
the same extent as in compositionally analogous vesicles 
containing no rhodopsin (Straume & Litman, 1987b). The 
presence of approximately 1 mol % rhodopsin therefore largely 
suppresses the substantial cholesterol-dependent acceleration 
of probe rotational dynamics observed in protein-free vesicles. 
Precise characterization of rates of probe depolarizing motion 
is difficult with limited-frequency measurements giving rise 
to some scatter among the values derived in different exper- 
iments. While little or no dependence of depolarization kinetics 
is seen on rhodopsin content, acyl chain composition, chole- 
sterol content, or depth within the bilayer, all of the samples 
considered in this work display slower depolarization kinetics 
for both DPH and TMA-DPH as sample temperatures are 
reduced. Values of D, for DPH range from 0.18-0.39 ns-' 
at 37 "C to 0.07-0.28 ns-' at 5 "C. D, for TMA-DPH ranges 
from 0.17-0.53 ns-' at 37 "C to 0.06-0.22 ns-' at 5 "C. 

Native disk membranes exhibit lipid dynamics very similar 
to those observed in the reconstituted vesicles. Again, lipid 
dynamics as detected by DPH and TMA-DPH are approx- 
imately the same, suggesting no dependence of lipid dynamics 
on depth within the bilayer. Lower temperatures promote 
slower probe depolarization in disks as was the case in the 
reconstituted PC-cholesterol-rhodopsin vesicles. Attempts to 
more thoroughly interpret relatively subtle differences among 
the derived D, values would not be justified due to the inherent 
difficulty in precisely quantifying this parameter. 

CONCLUSIONS 
We present here conclusions from the series of studies in 

which the compositional complexity of reconstituted vesicles 
was systematically increased (Straume & Litman, 1987a,b), 
culminating with the present report. DPH and TMA-DPH 
fluorescence lifetimes were analyzed by a constrained, discrete 
biexponential model (Straume & Litman, 1987a). Probe 
depolarization properties were analyzed by a recently devel- 
oped, higher order model which (1) derives orthogonal, bi- 
modal orientational distributions for DPH, (2) derives uni- 
modal orientational distributions for TMA-DPH, and (3) 
characterizes depolarization kinetics by a single rotational 
diffusion coefficient (Straume & Litman, 1987a). 

Probe lifetimes are generally increased by (1) lesser degrees 
of acyl chain unsaturation, (2) increasing levels of cholesterol, 
and (3) reductions in temperature. In the absence of rho- 
dopsin, long-lifetime fluorophores account for the majority of 
the fluorescence intensity decay amplitude. When rhodopsin 
is present, probe-to-retinal energy transfer increases the relative 
contribution of short-lifetime fluorophores to a majority and 
causes lifetimes to be reduced. The relative proportions of 
short- and long-lifetime fluorophores are not affected by 
changes in acyl chain unsaturation, cholesterol content, or 
temperature. Conditions which promote longer lifetimes are 
interpreted as altering membrane structural properties in ways 
so as to permit less penetration of water into the bilayer. 
Lifetime results suggest that diunsaturated DOPC molecules 
interact less favorably with rhodopsin than do mixed-chain 
PCs. Also, native disk membranes appear to reduce the 
penetration of water into the hydrocarbon region of the bilayer 
to a greater extent than do any of the recombinant vesicles 
examined, perhaps as a result of the relatively large proportion 
of PE and PS phospholipids in disk membranes. 

The equilibrium order of both the hydrophobic bilayer core 
and of the headgroup and interfacial regions of the bilayer is 
increased by (1) lesser degrees of acyl chain unsaturation, (2) 

increasing levels of cholesterol, (3) increasing levels of rho- 
dopsin, and (4) reductions in temperature. Increases in order 
are characterized by narrower probe orientational distributions 
and, in the case of DPH, by redistribution of probe molecules 
in favor of alignment with the bilayer normal. The lateral 
molecular packing density in the plane of the bilayer is 
therefore increased as equilibrium order increases. Redis- 
tribution of DPH parallel to the bilayer normal indicates that 
the acyl chain terminal region at the bilayer median adopts 
a more extended average acyl chain configuration as equi- 
librium order increases. The order of the bilayer interior is 
more sensitive to changes in vesicle composition and tem- 
perature than are the bilayer headgroup and interfacial regions. 
The equilibrium order results again suggest that diunsaturated 
DOPC molecules interact less favorably with rhodopsin than 
do mixed-chain PCs, but this difference is eliminated upon 
including 15 or 30 mol % cholesterol. Native disk membranes 
exhibit nearly the same equilibrium order as that observed in 
cholesterol-containing PC-rhodopsin recombinant vesicles. 

Probe rotational dynamics appear to be independent of acyl 
chain composition and rhodopsin content, but in the absence 
of rhodopsin, cholesterol promotes considerable acceleration 
of probe reorientational dynamics. The presence of 1 mol % 
rhodopsin, however, largely eliminates this cholesterol-de- 
pendent acceleration of probe depolarizing motion. DPH and 
TMA-DPH exhibit approximately the same rotational dif- 
fusion coefficients, suggesting that there is no dependence of 
lipid dynamics on depth within the bilayer. Reductions in 
temperature consistently slow probe depolarizing motions. 
Disk membranes display the same rates of probe motion as 
do the recombinant rhodopsin-containing PC vesicles. 

Knowledge of the effects of acyl chain composition, chole- 
sterol content, rhodopsin content, and temperature on the 
equilibrium and dynamic structure of unsaturated acyl chain 
vesicles aids in developing a more thorough understanding of 
composition-structure relationships which exist in biological 
membranes. Although native bovine ROS disk membranes 
display considerably more compositional heterogeneity than 
any of the recombinant vesicle systems examined in these 
studies, the nature of some of the molecular interactions oc- 
curring in natural membranes has been addressed. The 
preparation of reconstituted vesicles containing up to ap- 
proximately 30 mol % cholesterol corresponds to the limit 
necessary to mimic the bilayer environment of rhodopsin in 
disk membranes if the approximately 10-15 mol % cholesterol 
found in disks is completely asymmetrically distributed into 
one monolayer of the disk membrane. Studies currently in 
progress to determine the equilibrium and dynamic structural 
and functional properties of rhodopsin in reconstituted model 
vesicle systems of defined composition will permit correlation 
of the functional response of this membrane protein to the 
physical properties of its bilayer environment (Morton et al., 
1986). Such systematic studies on compositionally defined 
reconstituted model vesicles will therefore help advance the 
current understanding of the involvement of variables such as 
acyl chain composition, cholesterol content, and headgroup 
composition on biomembrane physical properties as well as 
their specific influences on regulation of membrane-associated 
protein structure and function. 
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SUPPLEMENTARY MATERIAL AVAILABLE 

Appendix containing tabulations of derived fluorescence 
intensity decay and dynamic depolarization parameters for 
DPH and TMA-DPH as a function of temperature, rhodopsin 
content, acyl chain composition, and cholesterol content for 
large, unilamellar, octyl glucoside dilution recombinant vesicles 
and native bovine rod outer segment disk membranes (14 
pages). Ordering information is given on any current masthead 
page. 

Registry No. DOPC, 1001 5-85-7; PAPC, 74936-60-0; HzO, 
7732-18-5; cholesterol, 57-88-5. 
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ABSTRACT: The rotational diffusion of actin was studied with the technique of time-resolved phosphorescence 
anisotropy using actin labeled at  Cys-374 with erythrosin iodoacetamide. Immediately after the polymerization 
of actin was initiated, the correlation time increased sharply, passing through a maximum at 5 min and 
then declined to low values. F-Actin at equilibrium showed no anisotropy decay. The results were interpreted 
as indicating the initial formation of short mobile filaments which became increasingly immobile as elongation 
proceeded, leaving a decay which was dominated by shorter filaments. Some of these short filaments could 
have arisen by fragmentation of longer filaments. Eventually, the shorter filaments themselves became 
immobilized by entanglement within the gel matrix. The infinite-time anisotropy increased during po- 
lymerization, reflecting a smaller range of angular motion of the probe brought about by restricted torsional 
motion on the submicrosecond time scale. The results were compared with the length distribution of actin 
filaments revealed by electron microscopy [Kawamura, M., & Maruyama, K. (1970) J .  Biochem. (Tokyo)  
67, 437-4571, Polymerization in the presence of 1 pM cytochalasin B abolished the maximum in the 
correlation time profile and tended to prevent the immobilization of filaments by favoring shorter capped 
filaments which retained considerable rotational freedom. Addition of spectrin dimer to F-actin caused 
an increase in the time-invariant anisotropy. Subsequent additions of spectrin-binding proteins (erythrocyte 
bands 2.1 and 4.1) caused further increases in the anisotropy in a concentration-dependent manner, suggesting 
additional restriction of submicrosecond torsional motions. The results suggest that actin filaments within 
nonmuscle cells are rotationally immobile particularly if they are cross-linked by actin-binding proteins. 

M i c r o t u b u l e s ,  intermediate filaments, and microfilaments 
play an important role in determining cell shape and motility 

and the disposition and movement of subcellular organelles. 
Together with their associated proteins, they make up a cy- 
toskeletal scaffolding on which is arrayed a number of cyto- 
plasmic enzymes. Although the term “cytoskeleton” implies 
a relatively rigid arrangement of structural units of limited 
flexibility, it is likely that cytoskeletal elements possess 
degrees of internal and global motion that permit deformation 
of cell shape without rupture of the cell membrane and 
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