
Vol. 169, No. 3, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

June 29, 1990 Pages 1028-l 034 

INFLUENCE OF pH ON THE MI-m EQUIUB- OF 
RHODOPSIN IN RECOMBINANT MEMBW 

Nicholas J. Gibson and Michael F. Brown 

Department of Chemistry, University of Arizona, 
Tucson, AZ 85721 

Received May 9, 1990 

Rhodopsin in native rod membranes and incorporated into egg phosphatidylcholine (egg 
PC) vesicles was studied at pH 5 and 7 at 28°C. Rhodopsin function, as monitored by the 
formation of metarhodopsin II (MII) from metarhodopsin I (MI) following an actinic flash, was 
found to be largely blocked in egg PC vesicles at pH 7. When the pH was lowered to 5, 
however, rhodopsin showed essentially equal activity in both native and egg PC membranes. 
This activity exceeded that found for rhodopsin in native membranes at pH 7. Phospholipid 
composition is thus shown to directly affect the MI + MI1 equilibrium, which in turn is linked 
to visual function. 01990 Academic Press, Inc. 

In recent years it has become increasingly clear that membrane proteins are influenced, 

both in function and structure, by changes in their environment. Membrane lipids appear to be 

an important factor, due to their intimate contact with both the hydrophobic and hydrophilic 

portions of membrane proteins (l-7). Significant progress has been made in defining lipid 

characteristics essential for the function of such proteins as the Ca-ATPase of sarcoplasmic 

reticulum (1) and rhodopsin (2-6). These studies have established important roles for the lipid 

acyl chain length and degree of unsaturation as well as the headgroup size, all of which are 

related to the lipid “average shape” (8). The requirement for specific lipids may reflect a need 

for non-bilayer character (9, lo), which could induce membrane instability in order to accomodate 

protein conformational changes (6). It must be remembered, however, that the same factors 

which govern the lipid average shape can also affect other membrane characteristics. The goal 

of the present work has been to investigate possible roles for lipid headgroups beyond their 

effects on the average lipid shape. 

Rhodopsin in rod outer segment (ROS) membranes and reconstituted into lipid vesicles 

was used as the model system for the following studies. Upon illumination the covalently 

attached retinal chromophore of rhodopsin isomerizes, causing the retinal-protein complex to 

convert sequentially to a number of intermediate states characterized by different absorption 

maxima. A rhodopsin conformational change results in its binding to a membrane-associated G- 
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protein, which then becomes activated and ultimately causes transmission of a nerve impulse 

(11). The critical step in G-protein activation is thought to be the transition from metarhodopsin 

I (MI) to metarhodopsin II (ME) (12). This event occurs on an appropriate time scale 

(milliseconds), involves a major absorption change from 478 to 380 nm, and requires uptake of 

one proton by the protein. The two states exist in a pH dependent equilibrium, as indicated 

below : 

MI + H+ + MII. (1) 

We have confirmed the findings of Wiedmann et al. (6) that rhodopsin in egg 

phosphatidylcholine (PC) vesicles at pH 7.0 and 28 “C is largely nonfunctional compared to 

rhodopsin in native ROS membranes, as judged by the amount of MI1 produced by photolysis. 

However, it was discovered that decreasing the pH leads to an increase in the amount of MI1 

produced in rhodopsimegg PC vesicles, suggesting that the above mentioned equilibrium is 

driven to the right. At pH 5.0, rhodopsin in egg PC vesicles and in ROS membranes shows 

essentially identical ratios of MI1 to MI. Furthermore, this ratio is found to exceed that found 

for the ROS membranes at pH 7.0. 

Methods 

Rod outer segments were obtained from bovine retinas (Lawson & Lawson, Lincoln, NE) 
according to the method of Papermaster and Dreyer (13). Egg PC, obtained from fresh egg 
yolks as described by Singleton et al. (14), was checked for purity using thin layer 
chromatography. Purified rhodopsin was combined with the egg PC to form rhodopsin/egg PC 
vesicles (molar ratio l/100) using the method of Hong and Hubbell (15). All samples exhibited 
essentially identical characteristics as measured by A&A,,, % regenerability, and % bleaching 
following an actinic flash (6). ROS membranes and rhodopsin-containing egg PC multilamellar 
dispersions were suspended in 10 mM phosphate buffer to yield a final pH of 5.00 or 7.00 + 
0.05 and a rhodopsin concentration of 22.2 PM. Prior to data acquisition, each sample was 
sonicated under argon for three min in a Heat Systems W375 sonicator using a 50% duty cycle 
(Heat Systems-Ultrasonics, Inc., Farmingdale, NY), in order to induce vesicle formation. Flash 
photolysis data were acquired using a home built apparatus (Figure l), which incorporated an 
IP28A photomultiplier tube (PMT) and optical components supplied by Oriel Corp. (Stratford, 
CT). Constant sample temperature was maintained in the flash apparatus through the use of 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). The flash unit 
was set to monitor changes in light transmission at 478 nm, the x,,~ for MI. A personal 
computer (Eltech Research, Inc., Milpitas, CA) equipped with an ISC-16E data acquisition board 
from R.C. Electronics (Hollister, CA) was used to record flash transients; a Varian 2290 
spectrophotometer was used to record absorption spectra. The flash transient sampling interval 
was 50 ps; total acquisition time was 400 ms. All samples were handled in dim red light and 
kept under argon whenever possible. 

A typical experiment was performed as follows: ROS membranes or reconstituted egg PC 
vesicles were added to 10 mM phosphate buffer to give 5.9 ml of a mixture containing 22.2 PM 
rhodopsin. Following sonication, the absorption spectrum of the sample was recorded (700-270 
nm, 1.0 OD full scale, 2 nm/sec, vs buffer blank) to determine the amount of light scattering 
inherent in the sample. This sample was added back to the larger volume, mixed, and 0.9 ml 
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then removed and added to the dried cuvette. Next, 0.1 ml of a detergent buffer containing 30% 
Ammonyx LO (Stepan Co., Northfield, IL), 1 M hydroxylamine HCl, 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 5 or 7, + 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 contributions. The cuvette containing the solubilized rhodopsin was removed and 
flashed six times using a Sunpak AP-52 flash unit fitted with a Schott OG 515 filter ( x > 500 
nm ). 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 apoprotein (opsin) + 
retinaloxime (x,, = 365 nm). Another absorption spectrum was taken to measure the 100% 
bleached state. 

Of the remaining 5.0 ml of suspension, 4.1 ml were placed in the flash photolysis 
apparatus and the flash transient recorded (Figure 2). A 0.9 ml aliquot of the flashed sample 
was then removed, 0.1 ml detergent buffer added, and the absorption spectrum taken. The AA 
at 500 nm relative to the two previous spectra provided a measure of the degree of bleaching 
caused by the flash photolysis apparatus (27% + 2% in all cases). The remaining 0.9 ml of 
unflashed suspension was added to the 3.2 ml still in the flash photolysis cuvette in order to 
maintain the original volume. Flashes were then delivered repeatedly until no further change in 
PMT output voltage was observed. This provided an incident light reference and a time resolved 
record of the contribution to the PMT output voltage change due to scattered flash lamp 
afterglow (see Figure 2, top trace and inset). A final absorption spectrum (without detergent 
buffer) was taken to check for any changes in light scattering of the sample during the course 
of the experiment (no change was found). 

The amount of incident light, I,, transmitted through a particulate sample is a function 
of several variables including the wavelength, refractive index of the solution, and particle size 
(16). The egg PC vesicles containing rhodopsin scattered considerably more light than did the 
ROS membrane vesicles. In the absence of true absorption, then, 

I tra”S = IO - La, . (2) 

Furthermore, due to the nature of light scattering, this phenomenon acts as a scaling factor F, 
i.e., I,, * FI, . As a result, 

I tram = (l-F& 9 CW 
= SI, ) t3b) 

where S has a value between 0 and 1 (16). This means that any changes in transmitted light 
intensity due to real absorption changes will also be scaled by a factor roughly equal to S. Thus 
samples which scatter more light will produce smaller changes in transmitted light intensity 
following a given change in real absorbance. In order to obtain data which could be 
meaningfully compared, it was necessary to correct for scattering differences in the samples. 
All sample concentrations 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,,S is proportional to ZWm, 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 out = G(SI,,) - 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 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 in two ways. 
Fist, a sample of ROS membranes was divided into two aliquots which were sonicated for 0 and 

1030 



Vol. 169, No. 3, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

3 min, respectively. The unsonicated sample closely matched the rhodopsimegg PC vesicles in 
light scattering properties. At a set PMT voltage, the unsonicated sample produced a preflash 
minus dark voltage offset and a flash transient which were greatly diminished (by 70%) relative 
to those produced by the sonicated sample. When the experiment was repeated using different 
voltages across the PINT in order to produce a 10 V preflash minus dark offset for each sample, 
the flash transients were virtually identical (data not shown). The above approach also appears 
justified by the observation that the final voltage offset following repeated flashes (Figure 2, top 
trace) was the same for all samples to within 4% ( 15.1 f 0.3 V). Upon repeated flashing the 
samples become bleached (x,, = 380 nm) and therefore do not absorb light of x = 478 nm. 
Therefore all samples should show the same final voltage offset if properly corrected for 
scattering differences. Any small discrepancies can be attributed to drift in the monitoring lamp 
and to small amounts of sample bleaching by the monitoring beam while adjusting the voltage 
across the PMT. 

Results and Diicussion 

A summary of representative experimental results is provided in Figure 3. In each case, 

the PMT voltage following an actinic flash delivered to membrane vesicles containing rhodopsin 

is depicted as a function of time. The increase in PMT voltage following photolysis of rhodopsin 

reflects the transition from MI (x,, = 478 nm) to MI1 (x,, = 380 nm). A similar or identical 

fraction of rhodopsin was photolyzed in each case (27% + 2%), indicating that the differences 

are not a consequence of secondary photoreactions (6). The data in Figure 3a, obtained at pH 

7.0, are in close agreement with results published by Wiedmann et al. (6) and indicate that, at 

physiological pH, rhodopsin has little function in egg PC relative to the native ROS membranes 

(i.e. less MI1 is produced). The greater level of noise in the flash transients of the rhodopsin/egg 

PC vesicles is due to the need for higher voltages across the PMT to compensate for the higher 
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Figure 1: Block diagram of the flash photolysis system, viewed from the top. 
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degree of light scattering. Although the xenon flash lamps were located to either side of the 

sample cuvette (see Figure l), light scattering by the rhodopsin/egg PC vesicles was sufficient 

to introduce a significant scattered flash lamp afterglow component into the transients (see inset, 

Figure 2). This glow decreased rapidly with time and disappeared by 25 ms postflash; therefore 

it did not affect the final AV. As mentioned above, a record of the transient flash lamp 

afterglow was acquired for each sample following complete bleaching. The afterglow data have 

been subtracted from the rhodopsiniegg PC flash photolysis transient data acquired at pH 7.0, 

in order to give a more representative picture of the true curve. ROS membranes showed a 
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Figure 2: A summary of the experimental procedure used in acquiring flash transients (ROS 
sample data). Voltage UC~OSS the photomultiplier (PMT) was adjusted to give a 10 V offset 
between the dark (bottom trace) and preflash (first part of middle trace) PMT output. A flash 
transient was recorded (middle trace), after which the sample was bleached by repeated flashes 
until no further change in output voltage was observed (top trace). This last trace provided a 
record of the scattered flash lamp afterglow as weII as a measure of the incident light. Inset: A 
portion of the trace obtained for bleached rhodopsin/egg PC vesicles, which demonstrated 
considerably more scattered flashlamp afterglow than the ROS samples. The scale is identical 
to that used in the main figure; preflash voltage is approximately 15.3 V. 

Figure 3: Comparison of flash photolysis transients obtained at 478 nm for rhodopsin in native 
rod membrane vesicles (ROS) and in egg PC vesicles (egg PC) at (a) pH 7.0 and (b) pH 5.0. 
A significant reduction of the PMT output voltage change (AV) following the actinic flash is 
evident for rhodopsin in egg PC vesicles relative to the native ROS membrane control at pH 7.0 
(a). However, at pH 5.0 the magnitude of AV is comparable in the two cases (b). Note that the 
apparent forward rate constant is greater for both samples at pH 5.0. 
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much smaller afterglow contribution, due both to a much lower degree of light scattering and a 

reduced voltage across the PMT. 

Figure 3b summarizes the photoresponse at pH 5.0. ROS membranes show a modest 

increase in MII production relative to the same membranes at pH 7.0, as would be expected for 

an equilibrium shifted to the right (towards MII) by an increase in [H+] (17,18). The results for 

rhodopsin in egg PC vesicles, on the other hand, are much more dramatic. The MI1 to MI ratio 

is found to be essentially identical to that for the ROS membranes. (It should be noted that the 

flash lamp afterglow artifact has been allowed to remain in the rhodopsin/egg PC transient at pH 

5.0, and is visible as a negative-going component immediately following the rapid post-flash 

rise.) It is also noteworthy that the light scattering properties, and hence vesicle size, did not 

vary significantly with pH for a given system (i.e. egg PC or ROS). Thus the change in 

function with pH noted for rhodopsin/egg PC vesicles does not appear to be due to changes in 

average vesicle diameter. The very similar results for the rhodopsimegg PC and ROS membrane 

preparations at pH 5.0 also argue against a role for vesicle diameter in the present results. 

The restoration of full function to rhodopsin in egg PC vesicles as the result of decreasing 

the pH has important implications for the study of lipid-protein interactions. First of all, these 

results demonstrate convincingly that all of the rhodopsin in egg PC vesicles maintains the 

capability for full function. There is no evidence for the existence of a significant subpopulation 

of nonfunctional rhodopsin, always a troubling possibility for rhodopsin reconstituted into 

phospholipid vesicles. Secondly, it is now clear from the present data and from pH titration 

curves (not shown) that egg PC decreases rhodopsin function by shifting the MI + H+ * MI1 

equilibrium to the left, and that this equilibrium can be driven to the right by increasing the 

hydrogen ion activity. It appears that egg PC, by virtue of its lower degree of acyl chain 

unsaturation and/or single headgroup type vis-ci-vis the native ROS lipids (9), acts by influencing 

the energetics of the MI + MI1 transition. In the native ROS membranes, the lipids include 

phosphatidylserine (PS), which yields a negative surface potential and could decrease the local 

pH, thereby favoring MII. Other factors involving the lipid hydrocarbon chains may also be 

important (6). In conclusion, membrane lipids can directly affect the equilibrium between the 

conformational states of rhodopsin linked to visual function, as postulated by Wiedmann et al. 

(6). The precise mechanisms by which this is accomplished are currently being studied by 

systematically examining head group and acyl chain influences on the rhodopsin photochemical 

function over a wide range of pH and temperature values. 
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