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Bovine rhodopsin was recombined with various phospholipids in which the lipid acyl 
chain composition was held constant at that of egg phosphatidylcholine (PC), while the identity 
of the headgroups was varied. The ratio of MII / MI produced in the recombinant membrane 
vesicles by an actinic flash was studied as a function of pH, and compared to the photochemical 
activity observed for rhodopsin in native ROS membranes. MI and MII were found to coexist 
in a pH-dependent, acid-base equilibrium on the millisecond timescale. Recombinants made with 
phospholipids containing unsaturated acyl chains were capable of full native-like MII production, 
but demonstrated titration curves with different pK values. The presence of phosphoethanolamine 
or phosphoserine headgroups increased the amount of MII produced. In the case of 
phosphatidylserine this may result from alteration of the membrane surface potential, leading to 
an increase in the local H ÷ activity. The results indicate that the Gibbs free energies of the MI 
and MII conformational states are influenced by the membrane bilayer environment, suggesting 
a possible role of lipids in visual excitation. ¢ 1991 Aoademio P . . . . .  ~no. 

The visual pigment rhodopsin is found in the disk membranes of the retinal rod outer 

segment (ROS) and acts as a signal transducer, converting light energy into an intracellular 

enzyme cascade mediated by a G protein (1). Absorption of a photon of visible light by 

rhodopsin (absorption maximum, ~ x  = 498 nm), leads to a series of thermal decay steps 

characterized by different absorption maxima. Two important intermediates are metarhodopsins 

I and II (MI and MII), which coexist in a pH-dependent equilibrium on the millisecond timescale 

in native ROS membranes (2,3). Rhodopsin undergoes a conformational change during the 

MI-MII transition, which is thought to enable binding and activation of the G protein (4), 

leading ultimately to transmission of a nerve impulse. The ratio ofMII  / MI produced following 

an actinic flash can therefore be considered to be representative of the ability of rhodopsin in a 

membrane lipid recombinant to function properly under well-defined conditions in vitro. 

Inasmuch as it is a large amphiphilic molecule which undergoes a change in conformation 

associated with its function (5), rhodopsin can be expected to be influenced by such membrane 
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properties as the bilayer thickness, compressibility, curvature free energy, and surface charge (6). 

Prior investigations of the influences of rhodopsin-lipid interactions on photochemical function 

have concentrated largely on the contribution of the lipid acyl chain composition (3, 7-11). This 

focus results in part from the observation that docosahexaenoic acid (22:6~3) accounts for 

approximately 47% of the lipid acyl chains in bovine ROS membranes (12). To date, the 

possible effects of the membrane lipid headgroups on rhodopsin activity have received 

comparatively little attention. In their work with rhodopsin recombinants, Wiedmann et  al. (6) 

suggested that the presence of phosphatidylethanolamine (PE) headgroups, together with 22:6 

acyl chains, increases significantly the [MII] / [MI] ratio following an actinic flash. In the 

absence of these polyunsaturated acyl chains, PE headgroups were found to promote only modest 

improvement in MII production. 

Because the MI-MII transition involves proton uptake by rhodopsin (13), it may also be 

facilitated by an increase in the local hydrogen ion activity. We have discovered that the pK for 

MII production in recombinants is shifted to lower values relative to rhodopsin in native ROS 

membranes, and that phosphatidylserine (PS) is involved in determining these pK's. These 

findings afford possible insights into the electrostatic interactions at work in native ROS 

membranes, and underscore the importance of the combined effects of the lipid headgroup and 

acyl chain composition on rhodopsin function. 

Experimental Procedures 

Rod outer segments were prepared from frozen bovine retinas (Lawson & Lawson, 
Lincoln, NE) according to the method of Papermaster and Dreyer (14). Egg phosphatidylcholine 
(PC), obtained from fresh egg yolks as described by Singleton et  al.  (15), was checked for purity 
via thin layer chromatography using a solvent system comprising CHC13:MeOH:H20 (65/35/5). 
Egg phosphatidylethanolamine (PE) and egg phosphatidylserine (PS), prepared by 
transphosphatidylation of egg PC, were obtained from Avanti Polar Lipids (Alabaster, AL). 
Purified rhodopsin was combined with lipids in dodecyltrimethylammonium bromide (DTAB) 
at 4 °C to form lipid:rhodopsin vesicles (molar ratio ca. 100/1) using the detergent dialysis 
method of Hong and Hubbell (16). All samples exhibited essentially identical characteristics as 
measured by the A280/A5o o ratio (1.8 + 0.1), % regenerability (84-91%), and % bleaching (25 
_ 3 %) following an actinic flash (6). 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/~M, assuming an extinction coefficient of 40,600 M -1 cm -~ for rhodopsin at 498 nm (17). 
Prior to data acquisition, each sample was sonicated in an ice/water bath under argon for 3 min 
in a Heat Systems W375 sonieator using a 50% duty cycle (Heat Systems-Ultrasonics, Inc., 
Farmingdale, NY). Flash photolysis data were acquired using a home built apparatus (6,9,18). 
The flash photolysis apparatus was set to monitor changes in light transmission at 478 nm, the 
~'m~x for MI. An 80286-based microcomputer (Eltech Research, Inc., Milpitas, CA) equipped 
with a 12-bit data acquisition board (ISC-16E, R.C. Electronics, Santa Barbara, CA) was used 
to record flash transients; a Varian 2290 spectrophotometer was used to record absorption 
spectra. All samples were handled in dim red light (Kodak safelight filter #1, 15 W bulb) and 
kept under argon whenever possible. Other details of the experimental procedures were as 
previously described (18). 
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Results and Discussion 

Native ROS membranes have been shown to contain primarily PC, PE, and PS 

headgroups in the molar ratio of approximately (40/42/15) (19). The lipids in ROS membranes 

are disposed asymmetrically, with the majority of PE and PS in the membrane outer monolayer, 

and the majority of PC in the inner monolayer (20,21). It has been shown, however, that when 

rhodopsin is recombined with solubilized ROS lipids, it demonstrates native-like MII production 

in the absence (presumably) of this transbilayer asymmetry (6). As a means of investigating the 

various headgroup contributions to rhodopsin function, recombinants with egg PC, egg PE and 

egg PS were studied, either singly or in combination. The egg PE and egg PS were made by 

transphosphatidylation of egg PC, so that the acyl chain composition was held constant. Flash 

photolysis transients for rhodopsin in native ROS membranes, in PC recombinants, and in 

PS:PE:PC (15/40/45) recombinants at pH 5.0 and 7.0 are shown in Figure 1. It is readily 

apparent that, whereas the response of rhodopsin in native ROS membrane vesicles (part a) is 

little affected by the change in pH, there is a large difference in the voltage response for 

rhodopsin in PC vesicles (part b). The PS:PE:PC recombinant with a native-like headgroup ratio 

(part c) demonstrates behavior at pH 7.0 which is intermediate between that seen for native 

membranes and PC recombinants. Similar results were observed for the PE:PC (50/50) and 

PS:PC (15/85) recombinants (results not shown). 

In order 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 at 

a constant temperature of 28 °C. Part a of Figure 2 depicts the results of the pH titration 

experiments for ROS membranes and PC:rhodopsin recombinants. The MI-MII transition is 

known to involve uptake of a proton (13), and the results for ROS membranes and PC 

recombinants can be explained in terms of such a simple acid-base equilibrium. It can be seen 

that the titration curve is shifted to a lower value (pK = 6.3) in the PC recombinant relative to 

that found for the native ROS membranes (pK = 7.9). Titration curves for PE:PC:rhodopsin 

vesicles, containing 15 and 50 mol% PE, exhibit improved MII production, relative to PC, at 

pH 6 and above. Similarly, PS:PC (15/85) recombinants demonstrate improved MII production, 

relative to rhodopsin in PC vesicles, but only at pH 6 and above (not shown). Part b of Figure 

2 shows the results for rhodopsin incorporated into vesicles containing PS:PE:PC in the ratio 

(15/40/45). These recombinants display a simple titration curve with pK = 7. I. However, 

native-like behavior is not obtained in that the pK is still shifted to a lower value than for the 

ROS membranes (cf. part a). 

The above results indicate that essentially all of the rhodopsin in the recombinant vesicles 

containing unsaturated phospholipids has the capability for full native-like MII production. There 

is no evidence for a subpopulation of "inactive" rhodopsin, a possible variable in recombinant 
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Figure 1. Comparison of flash photolysis transients obtained at 478 nm for rhodopsin in native 
and recombinant membrane vesicles at pH values of 5.0 and 7.0 and a temperature of 28 °C. 
(a) Native ROS membrane vesicles; (b) egg PC:rhodopsin (ca. 100/1) vesicles; and (c) 
eggPS:eggPE:eggPC:rhodopsin (ca. 15/40/45/l) vesicles. Only a modest dependence of the 
[MI1] / [MI] ratio on pH is seen for the ROS membranes over this range (part a), whereas a 
greater difference is found for rhodopsin in egg PC vesicles (part b). The effect of pH on 
rhodopsin in the PS:PE:PC recombinants (part c) is intermediate between that seen for rhodopsin 
in native ROS or egg PC recombinant membranes (parts a and b). 

Figure 2. Plots of the change in the photomulfiplier (PMT) output voltage (AV, proportional to 
MII production in this case) at 478 nm, following an actinic flash versus pH. (a) Rhodopsin in 
native ROS membranes (-,)and incorporated into egg PC vesicles (o),and (b) rhodopsin in egg 
PS:egg PE:egg PC (15/40/45) recombinant membranes (A). The lipid:rhodopsin ratio for the 
recombinants was approximately 100/1. Solid lines are derived from fits of the Henderson- 
Hasselbalch equation to the experimental data. The fits for native ROS membranes ( - - - )  and 
egg PC:rhodopsin recombinant membranes ( - . - )  are included in part b for purposes of 
comparison. The numbers in parentheses indicate tool percentages of the corresponding 
phospholipids. 

membranes (22). The general trends o f  the data in Figure  2 can be explained in terms o f  a 

s imple acid-base equilibrium, 

kl 

MI  + H + ~ MII,  
k_l 
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in which the pK varies as a function of the membrane lipid environment. What then is the role 

played by the PC, PE, and PS phospholipid headgroups in rhodopsin photochemical activity? 

Although a great deal more work must be done in order to fully understand the interactions 

involved, some tentative conclusions may be drawn from the results presented here. It is 

apparent 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 7.9 to 6.3. Similar pK's have been 

noted for the MI-MII transition of rhodopsin studied at temperatures of 3-5 °C, both in native 

ROS membranes suspended in buffer (23) and in digitonin (24). The PS:PE:PC (15/40/45) 

recombinant displays a significant increase in MII production, relative to PC, which may reflect 

the importance of maintaining 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 (25) and an 

intrinsic pK = 3.6 (26). The presence of acidic PS headgroups renders the membrane surface 

potential negative, resulting in a diffuse electrical double layer due to the accumulation of 

protons and other cations in accord with the Gouy-Chapman theory. Consequently, the surface 

pH would be lower than that for the bulk solution. Since the MI-MII transition appears to 

involve the transfer of a proton from the cytoplasm to an interfacial boundary region of the 

membrane (27), the presence of PS headgroups could help drive the MI-MII equilibrium to the 

right (Le Ch~telier's principle) by keeping the [H ÷] relatively high in the electrical double layer 

adjacent to this boundary region. Szundi and Stoeckenius (28) have discussed the possibility that 

a similar phenomenon occurs in the purple membrane of Halobacterium halobium. The titration 

behavior for rhodopsin therefore appears to depend both on the lipid acyl chain and headgroup 

composition, since duplicating the headgroup ratio found in native membranes is not sufficient 

to shift the titration curve back to pK = 7.9. 

Previous studies (6) have suggested that recombinants containing both a native-like 

headgroup combination and a native-like acyl chain composition, including 50% docosahexaenoic 

acid (22:6o3), exhibit native-like MII production at neutral pH. The presence of 22:6o3 fatty 

acids together with PE headgroups in native ROS membranes may influence the curvature free 

energy of the bilayer, and thus better enable the membrane to accomodate protein conformational 

changes during the MI-MII transition (6). For example, phospholipids with phosphoethanol- 

amine headgroups and unsaturated acyl chains have a more conical "average shape" than their 

phosphocholine-containing counterparts, and thus have a greater tendency to form reversed 

hexagonalphase (H~) structures with relatively small radii of curvature (29,30). Aplanarbilayer 

containing PE may therefore be elastically strained or frustrated, which could help to drive any 

protein conformational changes tending to relieve some of that frustration (31). Studies on 

several membrane proteins support such a model (6,31-33). It seems plausible, in view of the 

arguments made above, that the recombinants at 28 °C and the ROS membranes at lower 
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temperatures may both be further from the lamellar-to-nonlamellar (i. e. reversed hexagonal, H n, 

or cubic) phase boundary (29) than are the ROS membranes at 28 °C. The resultant differences 

in curvature free energy of the membrane bilayer could impose greater constraints on the ability 

of rhodopsin to undergo the conformational changes necessary in the MI-MH transition. By 

altering the chemical potentials of the MI and MII states, an increase in [H +] due to the presence 

of PS headgroups could counteract the influences of the increased bilayer stability, leading to an 

increase in MII production. This balance of forces would be evident as a shift in pK to lower 

values. 

In conclusion, it has been demonstrated that the MI and MII states of rhodopsin in native 

and recombinant membranes coexist in a pH-dependent acid-base equilibrium, the pK of which 

is determined in part by the lipid headgroup composition. A native-like headgroup composition, 

in the absence of lipids containing polyunsaturated fatty acids, appears necessary but not 

sufficient for full native-like MII production. The presence ofphosphoethanolamine headgroups 

and polyunsaturated acyI chains may influence the curvature free energy of the bilayer (6,29) and 

thus facilitate the MI-MII transition. In addition, phosphatidylserine may contribute to 

formation of MII by rendering the membrane surface potential negative, thereby increasing the 

local [H +] and helping to drive the equilibrium toward MII. 
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