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Abstract-We have investigated the relationship between rhodopsin photochemical function and the 
retinal rod outer segment (ROS) disk membrane lipid composition using flash photolysis techniques. 
Bovine rhodopsin was combined with various phospholipids to form recombinant membrane vesicles, 
in which the lipid acyl chain composition was maintained at that of egg phosphatidylcholine (PC), 
while the nature of the headgroups was varied. The ratio of metarhodopsin I1 (MI1)lmetarhodopsin I 
(MI) in these recombinants produced by an actinic flash was investigated as a function of pH, and 
compared with the photochemical activity observed for rhodopsin in native ROS membranes and 
dimyristoylphosphatidylcholine recombinants. In recombinants made with lipids derived from egg PC, 
as well as in native ROS membranes, MI and MI1 were found to be present in a pH-dependent, 
acid-base equilibrium on the millisecond timescale. The recombinants made with phospholipids con- 
taining unsaturated acyl chains were capable of full native-like MI1 production, but each demonstrated 
a titration curve with a different pK. In addition, some of the recombinants exhibited apparent 
deviations from the Henderson-Hasselbalch curve shape. The presence of either phosphatidylethanola- 
mine (PE) or phosphatidylserine (PS) headgroups appeared to increase the amount of MI1 produced. 
This may result from alteration of the curvature free energy, in the case of PE, and from the influence 
of the membrane surface potential in the case of PS. An investigation of the effects of temperature 
on the MI-MI1 transition in native ROS membranes and the recombinants was also carried out. The 
results suggest that the thermodynamic parameters characterizing the MI and MI1 conformational 
states of rhodopsin are influenced by the membrane bilayer environment, indicating a possible role of 
lipids in the visual process. 

INTRODUCTION 

The visual photoreceptor rhodopsin is found in the 
disk membranes of the rod outer segments (ROS)$ 
of the retina, and functions as a signal transducer 
by converting light energy to an intracellular, G 
protein-mediated enzyme cascade (Fung et al.,  
1981). Rhodopsin is promoted to an excited state 
by the absorption of a photon of visible light 
(absorption maximum, A,,, = 498 nm), followed 
by a sequence of thermal decay steps characterized 
by distinct absorption maxima. Two important inter- 
mediates are metarhodopsin I and I1 (MI and MII), 
which are present in a plbdependent equilibrium on 
the millisecond timescale in native ROS membranes 
(Wald, 1968; Applebury et al. ,  1974). Rhodopsin 
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birthday. 

undergoes a conformational change during the 
MI-MI1 transition which facilitates binding of the 
G protein (Hargrave, 1982), activation of phospho- 
diesterase, signal amplification, and ultimately the 
transmission of a nerve impulse. The ratio of 
[MII]/[MI] produced following an actinic Hash is 
therefore indicative of the ability of rhodopsin in a 
membrane lipid recombinant to function properly 
under well-defined conditions in vitro. Regulatory 
mechanisms involving receptor-G protein inter- 
actions are known to exist in a variety of cell types 
(Stryer and Bourne, 1986); thus, rhodopsin is 
important as a paradigm for membrane protein 
function. 

Although the protein rhodopsin has been the sub- 
ject of a great deal of research, the role played by 
the native-membrane lipids in enabling it to function 
properly is still poorly understood. Knowledge of 
this role could be important with regard to the 
treatment of dysfunction in many cell types, as well 
as to a general understanding of membrane protein 
energetics. As a large amphiphilic molecule which 
undergoes a change in conformation associated with 
its function (Lamola et al., 1974), rhodopsin can 
be expected to be influenced by such membrane 
properties as the bilayer thickness, compressibility, 
curvature free energy, and surface potential, to 
name just a few. These quantities may in turn 
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depend on the lipid headgroup size and charge, and 
on the length and degree of polyunsaturation of the 
lipid acyl chains. Past investigations of the influ- 
ences of rhodopsin-lipid interactions on photo- 
chemical function have tended to focus on the con- 
tribution of the lipid acyl chain composition 
(Applebury et al., 1974; O’Brien et al., 1977; Litman 
et al., 1981; Beach et al., 1984; Baldwin and Hub- 
bell, 1985a,b). This emphasis arises in part from 
the observation that docosahexaenoic acid (22:603) 
accounts for approximately 47% of the lipid acyl 
chains in bovine ROS membranes (Stone et al., 
1979). Depletion of these polyunsaturated phospho- 
lipids has been shown to induce loss of visual func- 
tion in monkeys and humans (Holman et al., 1982; 
Neuringer et al., 1986). However, studies of rhodop- 
sin reconstituted into vesicles of defined compo- 
sition (Wiedmann et al., 1988) suggest that although 
22:6 acyl chains may indeed be necessary for rho- 
dopsin photochemical activity, they are not suf- 
ficient to enable native-like behavior. 

To date, the possible influences of membrane 
lipid headgroups on rhodopsin activity have 
received comparatively little attention. In their work 
with rhodopsin recombinants, Wiedmann et al. 
(1988) found that phosphatidylethanolamine (PE) 
headgroups may act in concert with 22:6 acyl chains 
to increase significantly the [MII]/[MI] ratio follow- 
ing an actinic flash. In the absence of these polyun- 
saturated acyl chains, PE headgroups were found to 
yield only modest improvement in MI1 production 
(Wiedmann et al., 1988). These results raise the 
possibility that the presence of both PE headgroups 
and 22:6 acyl chains cause the ROS membrane to 
be near a lamellar-to-non-lamellar phase boundary 
(Deese et al., 1981), and thus better able to facilitate 
the protein conformational change associated with 
the MI-MI1 transition (cf. Lamola et al., 1974). 
Wiedmann et al. (1988) further proposed that lipid 
influences on rhodopsin function may be mediated 
by relatively long-range effects, including the curva- 
ture free energy and the area compressibility of the 
membrane, rather than by short-range interactions 
such as those between rhodopsin and its boundary 
lipids. Similar influences may be operative in other 
systems as well. For example, studies of the Ca2+- 
ATPase of sarcoplasmic reticulum reconstituted into 
phosphatidylcholine (PC) bilayers (Navarro et al., 
1984) have indicated that the Ca2+/ATP coupling 
ratio (the number of Ca2’ transported per ATP 
hydrolyzed) can be increased by increasing amounts 
of PE. The quantitative requirement for PE was 
found to be lowered as the degree of unsaturation 
of the PE acyl chains was increased. Finally, Jensen 
and Schutzbach (1988), in studies involving the 
activity of dolichyl-phosphomannose synthase in 
recombinant membranes, concluded that the 
enzyme activity is determined by the “physical 
organization” of the lipid matrix, rather than by 
specific lipids; enzyme activity was found to be opti- 

mal in lipid matrices expected to form destabilized 
bilayers. 

In addition to the indirect effects mentioned 
above, it is anticipated that the headgroup type can 
influence membrane proteins by virtue of electro- 
static interactions among headgroups, proteins, and 
ions. We have investigated 1ipid:rhodopsin recombi- 
nant membranes in which a roughly constant acyl 
chain composition (that of egg PC) was maintained, 
and the headgroup size and charge were varied. 
Our initial results (Gibson and Brown, 1990) dem- 
onstrated that rhodopsin incorporated into egg PC 
vesicles was essentially unable to undergo the 
MI-MI1 transition at pH 7.0, in agreement with 
Wiedmann et al. (1988). However, a [MII]/[MI] 
ratio approximately equal to that of native ROS 
membranes was found at lower pH values (Gibson 
and Brown, 1990). Therefore it is possible that the 
MI-MI1 transition, which involves proton uptake 
by rhodopsin, is facilitated by increased hydrogen 
ion activity, even when rhodopsin is incorporated 
into a lipid matrix which impedes this transition. In 
the present work, this phenomenon is described as 
a function of bulk solution pH for 1ipid:rhodopsin 
(ca 100: 1) vesicles containing various headgroup 
combinations. Rhodopsin was also reconstituted 
into dimyristoylphosphatidylcholine (DMPC) ves- 
icles, in order to investigate the effects of pH on a 
system known to allow little or no MI1 production 
at physiological pH (cf. O’Brien et al., 1977; Bald- 
win and Hubbell, 1985a). We have discovered that 
all of the systems studied, with the exception of 
the DMPC:rhodopsin recombinants, display fairly 
straightforward acid-base equilibria. In all of these 
cases, the pK for MI1 production in the recombi- 
nants was shifted to lower values relative to rhodop- 
sin in native ROS membranes. In addition, several 
of the recombinants exhibited apparent deviations 
from classical Henderson-Hasselbalch titration 
behavior. These results afford possible insights into 
the electrostatic interactions operating in native reti- 
nal rod membranes. Moreover, the findings illus- 
trate the role of the combined effects of lipid head- 
group and acyl chain composition on rhodopsin 
function. 

MATERIALS AND METHODS 

Frozen bovine retinas (Lawson & Lawson, Lincoln, NE) 
were used to prepare ROS according to the method of 
Papermaster and Dreyer (1974). Egg PC was obtained 
from fresh egg yolks as described by Singleton et al. (1965), 
and checked for purity via thin-layer chromatography 
using a solvent system comprising CHCI,:MeOH:H20 
(65:35:5). Egg PE and egg phosphatidylserine (PS), both 
prepared by transphosphatidylation of egg PC, were 
obtained from Avanti Polar Lipids (Alabaster, AL); bo- 
vine brain PS was purchased from Sigma Chemical Co. 
(St. Louis, MO). The purified rhodopsin was recombined 
with lipids in dodecyltrimethylammonium bromide 
(DTAB) at 4°C to form 1ipid:rhodopsin vesicles (molar 
ratio ca 100: 1) using the detergent dialysis method of Hong 
and Hubbell (1973). All samples except the DMPC:rho- 
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dopsin recombinants exhibiied essentially identical charac- 
teristics as measured by the A,,,,/A,, ratio (1.8 * 0.1), 
% regenerability (84-91%), and YO bleaching (25 * 3%) 
following an actinic flash (cf, Wiedmann et d., 1988). The 
latter were found to have a much lower % regenerability 
(60%), but were similar to the other recombinants in 
the remaining characteristics. The ROS membranes and 
rhodopsin-containing recombinants were suspended in 
10 mM phosphate buffer at the desired pH to yield a 
rhodopsin concentration of 2.2 p M ,  assuming an extinc- 
tion coefficient of 40000 M-' cm-I for rhodopsin at 
498 nm (Applebury et al., 1.974). Before data acquisition, 
each sample was sonicated under an argon atmosphere for 
3 min in a Heat Systems W375 sonicator using a 50% duty 
cycle (Heat Systems-Ultrasonics Inc., Farmingdale, NY). 
This was generally done in an ice/water bath for the recom- 
binants containing unsaturated phospholipids, but it was 
done in a 25°C water bath for the DMPC recombinants 
due to their higher phase transition temperature. Flash 
photolysis data were acquired with a home-built apparatus 
(Beach et al., 1984; Wiedrnann et al.,  1988; Gibson and 
Brown, 1990), which incorporated a 1 P28A photo- 
multiplier tube (PMT) and optical components supplied by 
Oriel Corp. (Stratford, CT). A 5 cm pathlength jacketed 
cuvette (Uvonic Instruments, Hicksville, NY), connected 
to a circulating water bath (Model DlG, Haake Buchler 
Instruments Inc., Saddle Brook, NJ), was used to maintain 
a constant sample temperature in the flash apparatus. The 
flash photolysis apparatus was set to follow changes in 
light transmission at 478 nm, the A,,, for MI. An 80286- 
based microcomputer (Ellech Research Inc., Milpitas, 
CA) equipped with an ISC-16E data acquisition board 
from R.C. Electronics (Santa Barbara, CA) was used to 
acquire flash transients. The sampling interval was gener- 
ally 50 ps, with a total acquisition time of 400 ms. These 
parameters were increased in the case o f  the DMPC 
recombinants to yield total acquisition times of up to 30 s. 
A Varian 2290 spectrophotometer was used to record the 
absorption spectra for each sample, both in  buffer and in 
detergent solution, from 700 to 270 nm. All samples were 
manipulated in dim red light (Kodak safelight filter #1, 
15 W bulb) and kept under an argon atmosphere whenever 
possible. Data for native ROS and egg PC: recombinants 
were derived from three separate preparations, which gave 
consistent results (variation = t 0.1V). The data for the 
other recombinant membranes were obtained from single 
preparations. 

Details of the experimental procedure were as follows: 
pelleted ROS membranes or reconstituted lipid-rhodopsin 
vesicles were added to 10 mM phosphate buffer to give 
5.9 mL of a mixture contairiing 2.2 p M  rhodopsin. Follow- 
ing sonication, the absorption spectrum of an aliquot of 
the sample was recorded (700-270 nm, 1.0 OD full scale, 
2 nm/s, vs buffer blank) to determine the amount of light 
scattering inherent in the sample. This aliquot was mixed 
back into the larger volume and 0.9 mL was then removed 
and added to the dried cuvette. Next, 0.1 mL of a deter- 
gent buffer containing 30% Ammonyx LO (Stepan Co., 
Northfield, IL), 1 M hydroxylamine HCI, and 100 mM 
phosphate buffer, pH 7.0, was mixed with the aliquot in 
the cuvette. The absorption spectrum was again taken (vs 
0.9 mL of 10 mM phosphate buffer, pH equal to that of 
the sample, plus 0.1 mL detergent buffer; 0.2 OD full 
scale) in order to determine the true absorbance of the 
protein in the absence of significant light scattering contri- 
butions (A49X = 0.08 2 0.002 when mixed 9:l with deter- 
gent buffer). The cuvette containing the solubilized rho- 
dopsin was removed and flashed six times using a Sunpak 
AP-52 flash unit fitted with a Schott OG 515 filter 

*Equation (4) of Gibson and Brown (1990) should be 
corrected to be identical to Eq. (4) above. 

(A > 500 nm). Delivery of six flashes was sufficient to 
photolyze - 100% of the rhodopsin. The hydroxylamine 
present in the cuvette reacted with any MI1 produced as 
a result of the flashes to hydrolyze the retinal-lysine Schiff 
base linkage, and produce the apoprotein (opsin) plus 
retinaloxime (A,,,, = 365 nm). Consequently, all of the 
photolyzed rhodopsin was converted to opsin. Another 
absorption spectrum was taken to measure the completely 
bleached state; this provided a baseline with which to 
estimate the original absorption at 500 nm. 

Of the remaining 5.0 mL of suspension, 4.1 mL were 
placed in the flash photolysis apparatus and the flash 
transient recorded [cf. Gibson and Brown (1990) and this 
paper, Figs. 1 and 3, for representative traces]. A 0.9 mL 
aliquot of the flashed sample was then removed, 0.1 mL 
detergent buffer added, and the absorption spectrum 
taken. This sample was also flashed six times to ensure 
complete bleaching, and another spectrum taken to estab- 
lish a baseline. The absorbance change at 500 nm relative 
to the two previous spectra provided a measure of the 
degree of bleaching caused by the flash photolysis appar- 
atus (25 * 3% in all cases). 

The amount of incident light (Ill) transmitted through a 
particulate sample is a function of several variables 
including the wavelength, refractive index of the solution, 
and particle size (Van Holde, 1985). The various recombi- 
nants were found to scatter light to differing degrees. 
For example, sonicated ROS membranes having a true 
A,,, = 0.09 (determined using detergent buffer) yielded 
an apparent A,,, of 0.15 in phosphate buffer, while the 
corresponding values for representative sonicated egg PC 
recombinant membranes were 0.09 and 0.38. For those 
wavelengths at which the true absorption is zero, 

where I,,,, is the light intensity scattered away from the 
detector. Furthermore, the light scattering phenomenon 
acts as a scaling factor F ,  i.e., I,,.,, = Fl,, (Van Holde, 
1985). As a result, 

where S, also a scaling factor, has a value between 0 and 
1. This means that any changes in transmitted light inten- 
sity due to real absorption changes will also be scaled by 
a factor roughly equal to S. As a result, those samples 
which scatter more light will produce smaller changes 
in transmitted light intensity for a given change in real 
absorbance. In order to obtain data which could be mean- 
ingfully compared, it was necessary to correct for scat- 
tering differences in the samples. All sample concen- 
trations were carefully chosen to give equal absorbances 
at 478 nm in the absence of light scattering (monitored with 
the use of detergent buffer, see above). Since the PMT 
output voltage (V,,,,) is proportional to I, ,; , , , ,  it also is 
scaled by the scattering factor, S. However, adjusting the 
voltage across the PMT (i.e., the gain) can also scale V,,,,. 
In other words, 

V,,", = GsIll(1-c), (4) 
in which G is the gain and C is a constant due to true 
absorption.* Thus, V,,,,, can be corrected for different 
values of S by varying the gain G (i.e., the voltage across 
the PMT) as long as samples of identical real absorbance 
are used). 

The validity of this approach was confirmed as follows: 
samples of native ROS and egg PC recombinant mem- 
branes were each divided into two aliquots which were 
sonicated for 0 and 3 min. The unsonicated ROS sample 
closely matched the sonicated egg PC:rhodopsin vesicles 
in light scattering properties. The other sonicated recombi- 
nants were intermediate in degree of light scattering 
between the sonicated ROS membranes and sonicated egg 
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PC:rhodopsin recombinants. At a set PMT gain, each of 
the unsonicated samples produced a preflash minus dark 
voltage offset and a flash transient which were greatly 
diminished (by 7C-95%) relative to those produced by the 
sonicated samples. When the experiment was repeated 
using a different PMT gain in order to produce a 10 V 
preflash minus dark offset for each sample, the flash transi- 
ents were virtually identical (data not shown). 

RESULTS 

Flash photolysis transients for rhodopsin in native 
ROS membranes and in egg PC and  DMPC recom- 
binants a t  pH 5.0 and 7.0 are depicted in Fig. 1. I t  
is evident that ,  whereas the  response of rhodopsin 
in native ROS membrane vesicles (a) is little affec- 
ted by the change in pH, there  is a large difference 
in the voltage response for rhodopsin in egg PC 
vesicles (b). The DMPC recombinant (c) is appar- 
ently blocked a t  the MI stage a t  pH 7.0; the higher 
postflash voltage a t  pH 5.0 may indicate some for- 

a) ROS membranes 

b) egg PC:Rhcdopsin (ca 1oO:l) 

11 5 5.0 1 
1 

L 

10.5 10.0 a : 
7.0 1 

1 c )  DMPC:Rhodopsin (ca 1oO:l) 4 

0 50 100 I50 200 

time / ms 
Figure 1. Flash photolysis transients obtained at 478 nm 
for rhodopsin in native and recombinant membrane ves- 
icles at pH 5.0 and 7.0 at a temperature of 28°C. (a) Native 
ROS membrane vesicles; (b) egg PC:rhodopsin (ca 1OO:l )  
vesicles; and (c) DMPC:rhodopsin (ca 1OO:l )  vesicles. The 
ROS membranes show a modest dependence of the 
[MII]/[MI] ratio on pH over this range (a), whereas there 
is a substantial difference for rhodopsin in egg PC vesicles 
(b). For the DMPC:rhodopsin vesicles at pH 7.0 (c), there 
appears to be an accumulation of MI, as suggested by the 
increase in absorbance at 478 nm (AV negative). The trace 
for DMPC recombinants at pH 5.0 may indicate the forma- 
tion of a small amount of MII, or decay of MI to other 
products. It is also evident that the apparent forward rate 
constant k,,, for the MI-MI1 transition is greater for the 
ROS membranes and egg PC recombinants at pH 5.0 than 

at pH 7.0. 

2.0, , . , . , . , , , . , . , . , , 2.0 
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5 g LO 

5 1 5  
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00 
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Figure 2. Change in the PMT output voltage (AV, which 
increases as MI1 production increases) at 478 nm, follow- 
ing an actinic flash vs pH at a temperature of 28°C. (a) 
Rhodopsin in native ROS membranes (H) and incorpor- 
ated into egg PC vesicles (0); (b) rhodopsin in egg PE:egg 
PC (50:50) recombinant membranes ( A )  and in egg 
PE:egg PC (1535) recombinant membranes (a); (c) rho- 
dopsin in bovine brain PS:egg PC (15:85) recombinant 
membranes (+); and (d) rhodopsin in egg PS:egg PE:egg 
PC (15:40:45) recombinant membranes (H). The 1ipid:rho- 
dopsin ratio for the recombinants was approximately 
1OO:l .  Solid lines were derived from fits of the 
Henderson-Hasselbalch equation to the experimental 
data. The curves were generated by converting theoreti- 
cally predicted concentration values to AV values using 
the Beer-Lambert law (AA = dAC)  and the relationship 
AA = log( Vprcnd\h/Vpo,,n~,h). For simplicity, the absorp- 
tion due to rhodopsin and MI was assumed to be equal 
and that due to MI1 was neglected. The symbol height 
corresponds roughly to the magnitude of the noise under 
the highest PMT gain conditions (that used for the egg PC 
recombinants); the noise for samples which scattered less 
light was correspondingly lower. The fits for native ROS 
membranes (---) and egg PC:rhodopsin recombinant mem- 
branes (-.-) are included in (b)-(d) for comparative pur- 
poses. The values in parentheses denote mol% of the 

corresponding phospholipids. 

mation of MII. This observation is in accord with 
results reported earlier by Baldwin and Hubbell  
(1985a). To avoid denaturation of rhodopsin solubil- 
ized in DTAB, recombination is routinely carried 
ou t  a t  4"C, well below the phase transition tempera- 
ture for DMPC (T, = 24°C). The phase state of 
the lipid matrix during reconstitution is a variable 
which may require further investigation in the 
future. 

To further delineate the underlying causes of the 
different behavior of rhodopsin in the recombinant 
membranes, their photolytic responses were studied 
as a function of pH a t  a constant temperature of 
28°C. A summary of currently available da t a  is pro- 
vided in Fig. 2.  T h e  experiments were confined 
to the range obtainable using phosphate buffer, as 
organic buffer counterions have been shown to  
affect membrane behavior (Hauser and Shipley, 
1983). For example, 100 mM Tris buffer has been 
shown t o  depress the T, of dimyristoylphosphatidyl- 
serine (DMPS) bilayers by nearly 10°C relative to  
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the T, obtained with inorganic buffers (Hauser and 
Shipley, 1983); use of such buffers might have intro- 
duced an unwanted variable into the experiments. 
Figure 2(a) illustrates the results of the pH titration 
experiments for ROS membranes and egg PC:rho- 
dopsin recombinants. The MI-MI1 transition is 
known to involve uptake of a proton (Wong and 
Ostroy, 1973), and the data for ROS membranes 
and egg PC recombinants can be explained in terms 
of a simple acid-base equilibrium. The titration 
curve is shifted to a lower value (pK ;= 6.3) in the 
egg PC recombinant relative to that found for the 
native ROS membranes (pK = 8.0). 

Native ROS membranes have been shown to con- 
tain primarily PC, PE, and PS headgroups in the 
molar ratio of approximately 40:42: 15 (Miljanich et 
al., 1979). The lipids in ROS membranes are dis- 
posed asymmetrically, with the majority of PE and 
PS in the membrane outer monolayer, and the 
majority of PC in the inner monolayer (Miljanich 
et al., 1981, 1985). Control experiments indicate, 
however, that when rhodopsin is recombined with 
solubilized ROS lipids, it demonstrates native-like 
MI1 production in the absence (most likely) of this 
transbilayer asymmetry (Wiedmann et al., 1988). In 
order to investigate the various headgroup contri- 
butions to rhodopsin function, PE and PS were 
included in the egg PC-containing membranes, 
either singly or in combination. Figure 2(b) shows 
titration curves for egg PE:egg PC:rhodopsin ves- 
icles, containing 15 and 50 mol% egg PE. The 
PE:PC (15:85) recombinant has pK 2- 6.1, whereas 
the PE:PC (5050) recombinant does not appear to 
display a classical acid-base titration curve. The 
latter system does, however, exhibit improved MI1 
production, relative to PC, at pH 6 and above. 
Figure 2(c) shows the effects of including 15 mol% 
bovine brain PS with 85 mol% egg PC on the photoly- 
sis behavior of rhodopsin as a function of pH. The 
conversion of MI and MI1 is seen to be improved 
substantially, relative to rhodopsin in egg PC ves- 
icles, at pH 6 and above. However, the titration 
behavior appears to be more complex; it is not 
possible to fit the data with a simple 
Henderson-Hasselbalch curve. Finally, as neither 
the PE:PC nor the PS:PC recombinants appeared 
capable of native-like MI1 production, an exper- 
iment was conducted to determine whether or not a 
combination of the three headgroups would increase 
the [MII]/[MI] ratio following an actinic flash. Fig- 
ure 2(d) shows the results for rhodopsin incorpor- 
ated into vesicles containing transphosphatidylated 
egg PS:egg PE:egg PC .in the ratio 15:40:45. These 
recombinants display a simple titration curve with 
pK 2- 7.1. Significantly, they do not show the lim- 
ited MI1 production seen for the PS:PC (15245) and 
PE:PC (5050)  recombinants below about pH 6 [Fig. 
2(b,c)]. Yet native-like behavior is not seen; the pK 
remains shifted to a lower value than for the ROS 
membranes [Fig. 2(a)]. 

12.0 

11.5 

28 

l 6  i 10.0 

9.5 

0 50 100 I50 200 

time / ms 

T/OC 12.0 ! c )  DMPC:Rhodopsin (cn 1OO:l) > 

2 4  6 8 10 

time / s 

Figure 3. Influence of temperature on flash photolysis 
transients obtained at 478 nm for rhodopsin in native and 
recombinant membrane vesicles at pH 7.0. The numbers 
to the right of the traces refer to the sample temperature 
(in "C). (a) Native ROS membranes; (b) egg PC:rhodopsin 
(ca 1OO:l )  vesicles; and (c) DMPCxhodopsin (ca 1OO:l) 
vesicles. Note that the timescale in (c) is much longer than 

for (a) and (b). 

Some preliminary studies of the influences of tem- 
perature on the photolysis behavior of membrane 
recombinants containing rhodopsin have also been 
carried out (Fig. 3). It is apparent that in native 
ROS membranes and egg PC recombinants [Fig. 
3(a,b), respectively] there is a significant influence 
of temperature on both the equilibrium constant K 
and the apparent forward rate constant kab, for the 
MI-MI1 transition. However, the behavior of the 
DMPC recombinant [Fig. 3(c)] is significantly differ- 
ent in that the changes at all temperatures are sub- 
stantially slower, by roughly 2 orders of magnitude. 
Previous work has shown that in DMPC:rhodopsin 
recombinants at pH 6.5 and 30°C the MI photo- 
intermediate is hydrolyzed directly to yield free reti- 
nal plus opsin, rather than forming MI1 (Baldwin 
and Hubbell, 1985a,b). 

DISCUSSION 

Perhaps the most significant conclusion to be 
drawn from this work is that essentially all of the 
rhodopsin in the recombinant vesicles containing 
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unsaturated phospholipids retains the capability for 
full native-like MI1 production. Evidence has not 
been obtained for a subpopulation of “inactive” 
rhodopsin, a possible variable in recombinant mem- 
branes (DeGrip et al., 1983). It appears that a sim- 
ple acid-base equilibrium can account for the gen- 
eral trends of the data in Fig. 2, viz. 

k l  

k -  1 
MI + H+ MII, ( 5 )  

in which the pK varies as a function of the mem- 
brane lipid environment. However, the actual mech- 
anism may be more complex and deviations from 
classical Henderson-Hasselbalch titration behavior 
may exist which require further investigation. It is 
evident that the major result of substituting egg PC 
for the native ROS phospholipids is to shift the pK 
of the titration curve at 28°C from approximately 
8.0 to 6.3. Similar pK values have been observed 
for the MI-MI1 transition of rhodopsin monitored 
at temperatures of 3-S°C, both in native ROS mem- 
branes suspended in buffer (Bennett, 1978) and in 
digitonin (Matthews et al., 1963). It is interesting 
that incorporation of 50 mol% PE, 15 mol% PS, or 
15 mol% PS + 40 mol% PE into egg PC:rhodopsin 
recombinants yields pH titration curves which are 
shifted back towards that found for native ROS 
membranes, at least for bulk solution pH values 
above 6. Below this value, the PS:PE:PC (15:40:45) 
recombinant maintains the simple curve shape seen 
for both the ROS membranes and the egg PC 
recombinants. On the other hand, the PS:PC 
(1.5235) and PE:PC (5050) recombinants appear to 
exhibit the reduced levels of MI1 formation seen for 
the egg PC recombinants. Control studies utilizing 
extracted ROS lipids indicate that it is possible to 
recover most or all of the native MI1 production in 
membrane recombinants (Wiedmann et al., 1988). 
The titration behavior for rhodopsin therefore 
appears to be a function of both the lipid acyl chain 
and headgroup composition, since duplicating the 
native headgroup ratio does not suffice to shift the 
titration curve back to pK = 8.0. 

What then is the role played by the PC, PE, and 
PS phospholipid headgroups in rhodopsin photo- 
chemical activity? The above results were obtained 
using single preparations of PE:PC, PS:PC, and 
PS:PE:PC recombinant membranes, so firm 
hypotheses must await future experimental tests. 
Nevertheless, some tentative conclusions may be 
drawn from the results presented here. The incor- 
poration of 50% PE in the recombinants yields 
improved MI1 production, relative to the egg PC 
recombinants, whereas addition of 15% PE changes 
the egg PC behavior very little. As the egg PE used 
here differs from the egg PC in headgroup size but 
not in acyl chain composition, its effects may be 
associated with a smaller cross-sectional area per 
molecule (Thurmond et al., 1991), or perhaps 

mediated via alteration of the curvature free energy 
of the membrane lipid bilayer (Gruner, 1985; Thur- 
mond et al., 1990). For example, phospholipids with 
phosphoethanolamine headgroups have a more 
conical “average shape” than their phosphocholine- 
containing counterparts, and thus have a greater 
inclination to form reversed hexagonal phase (HI,) 
structures with relatively small radii of curvature 
(Israelachvili, 1985; Thurmond et al., 1990). A 
planar bilayer containing PE may therefore be elas- 
tically strained or frustrated, which could help to 
drive any changes in protein conformation which 
tended to relieve some of that frustration 
(Wiedmann et al., 1988; Gruner, 1989). Studies on 
several membrane proteins are consistent with such 
a model (Navarro et al., 1984; Jensen and Schutz- 
bach, 1988; Wiedmann et al., 1988). 

The PS:PC (15:85) recombinant displays a sig- 
nificant increase in MI1 production, relative to egg 
PC, which may reflect the importance of main- 
taining an optimal membrane surface potential. The 
serine carboxyl group of PS in the lamellar phase 
has been shown to have an apparent pK = 5.5 (Cevc 
et al., 1981) and an intrinsic pK = 3.6 (Tsui et al., 
1986). The presence of acidic PS headgroups ren- 
ders the membrane surface potential negative, 
resulting in a diffuse electrical double layer due to 
accumulation of protons and other cations in accord 
with Gouy-Chapman theory. Consequently, the 
surface pH would be lower than that for the bulk 
solution. Since the MI-MI1 transition appears to 
involve the transfer of a proton from the cytoplasm 
to an interfacial boundary region of the membrane 
(Cafiso and Hubbell, 1980b), the presence of PS 
headgroups could help drive the MI-MI1 equili- 
brium to the right (Le Ch2telier’s principle, cf. Eq. 
5) by keeping the [H+] relatively high in the electri- 
cal double layer adjacent to this boundary region. 
Szundi and Stoeckenius (1989) have discussed a 
similar phenomenon in the purple membrane of 
Halobacterium halobium. 

One should note that the recombinant containing 
PS:PE:PC (15:40:45) demonstrates the most consist- 
ently native-like titration behavior of any system 
tested. Although the mechanism is not clear, the 
presence of PE headgroups may eliminate the 
apparent deviation from a Henderson-Hasselbalch 
curve shape seen for the PS:PC (15:85) recombi- 
nants. Several groups have demonstrated that PS 
bilayers are stabilized at lowered pH, exhibiting 
an increase in the order-disorder phase transition 
temperature and increased acyl chain ordering 
(Cevc et al., 1981; De Kroon et al., 1990). This is 
apparently due to an electrostatic shielding of the 
serine carboxyl groups by bound protons, resulting 
in lowered charge repulsion between PS head- 
groups. In light of the model being discussed, stabil- 
ization of the bilayer at lower pH values might 
counteract the influence of the surface charge 
imparted by PS headgroups, thereby leading to 
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decreased MI1 production. It is possible that the 
presence of PE in ROS membranes prevents this 
pH-induced stabilization from occurring, thereby 
maintaining a more standard p H  titration curve 
shape. 

Prior studies (Wiedmann et al., 1988) have sug- 
gested that recombinants containing both a native- 
like headgroup combination and a native-like acyl 
chain combination display native-like MI1 pro- 
duction at  neutral pH. In future experiments it will 
be necessary to  verify this by obtaining complete 
titration curves. The presence of 22:6w3 fatty acids 
in native retinal rod membranes may also influence 
the curvature free energy, and thus better enable 
the membrane to accommodate protein confor- 
mational changes during the MI-MI1 transition 
(Deese et al . ,  1981; Wiedmann et al . ,  1988). This 
may be accomplished vitz membrane proximity to a 
bilayer-reversed hexagonal phase transition (Deese 
et al.,  198l), by increased compressibility of the 
lipid matrix (Lamola et a l . ,  1974), or a combination 
of these and other factors which could combine 
to  help drive the MI-MI1 transition. Because the 
MI-MI1 transition is an endothermic process 
(AH" > 0), the equilibrium constant K is expected 
to  increase with temperature. One  result of incorpo- 
rating rhodopsin into vesicles containing egg PC 
acyl chains and an ROS-like headgroup mixture 
comprising PS:PE:PC may be to mimic the effects 
of lowered temperature on MI1 production in ROS 
membranes (cf. Parkes and Liebman, 1984). It 
seems reasonable, given the arguments made above, 
that the recombinants at 28°C and the ROS mem- 
branes at lower temperatures may both be further 
from the lamellar-to-non-lamellar ( ie . ,  reversed 
hexagonal, HI,, or cubic) phase boundary than are 
the ROS membranes at  28°C. As a consequence, 
the different curvature free energy of the membrane 
bilayer might impose greater constraints on the 
ability of rhodopsin to undergo the conformational 
changes necessary in the MI-MI1 transition. Due  to 
alteration of the chemical potentials of the MI and 
MI1 states, an increase in [H+] could counteract the 
influences of the increased bilayer stability, leading 
to  greater MI1 production. This balance of forces 
would result in a shift in pK to lower values. 

It is possible that the membrane lipid composition 
influences the photochemical activity of rhodopsin 
in other ways as well. Hydrogen bonding inter- 
actions among the lipid headgroups and rhodopsin 
would be sensitive to the relative proportions of 
the constituents, and are expected to  affect both 
membrane and rhodopsin behavior (cf. Boggs, 
1987). Furthermore, the MI-MI1 transition is 
thought to  produce a change in both the rhodopsin 
dipole moment (Petersen and Cone, 1975) and the 
electrochemical potential in the external (cyto- 
plasmic) ROS boundary region (Cafiso and Hub- 
bell, 1980a), in which case electrostatic interactions 
between the protein and lipids may change during 

the transition. Finally, it must be remembered that 
the titration behavior of rhodopsin is potentially a 
composite of the titration of the many residues 
which are accessible to  the aqueous environment 
(cf. Tanford, 1961). Some of these residues may 
experience changes in their pK following reconsti- 
tution into vesicles composed of certain types of 
lipids, making an analysis of the specific mechanisms 
by which lipids influence rhodopsin quite difficult. 

T o  summarize, it has been shown that the MI and 
MI1 states of rhodopsin in native and recombinant 
membranes are present in a pH-dependent acid- 
base equilibrium, the pK of which is governed in 
part by the lipid headgroup composition. A native- 
like headgroup composition, without the presence 
of lipids containing polyunsaturated fatty acids, 
appears necessary but not sufficient for full native- 
like MI1 production. Phosphatidylserine may favor 
production of MI1 by rendering the membrane sur- 
face potential negative, thereby increasing the local 
[H+] and shifting the equilibrium toward MI[. In 
addition, the occurrence of phosphoethanolamine 
headgroups and polyunsaturated acyl chains in reti- 
nal rod disk membranes may influence the curvature 
free energy of the bilayer and thereby facilitate the 
MI-MI1 transition. 
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