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PURIFICATION OF SQUID RHODOPSIN AND REASSEMBLY INTO LIPID BILAYERS 
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Rhodopsin from squid photoreceptor membranes was solubilized in octyl glucoside and purified to a single 
band on SDS-polyacrylamide gels of M r 46000. Purified rhodopsin was recombined with phospholipids to 
form vesicles by detergent dialysis. Spectroscopic analysis of the rhodopsin-lipid vesicles showed that the 
interconversion between acid and basic metarhodopsin had a pK of 8. Furthermore, rhodopsin in the vesicles 
could be photoregenerated from metarhodopsin in solutions of either neutral or alkaline pH. These two 
spectroscopic properties are comparable to those for rhodopsin in photoreceptor membranes. The results 
indicate that the native conformation of rhodopsin is preserved during purification and after recombination 
with phospholipids into vesicles. This preparation is, therefore, an active starting point for functional 
reconstitution studies. 

Introduction 

A useful means for gaining an understanding of 
cellular processes has been to purify the con- 
stituents of a system and examine the interactions 
of the elements when they are recombined. This 
allows a functional assessment of the recombined 
system compared to the native cell and permits a 
description of the role of individual components in 
creating a functional whole. This method has been 
applied successfully to study the interaction of 
vertebrate rhodopsin with elements of rod phos- 
phodiesterase [1-3], and also for the study of 
permeability properties of vertebrate rhodopsin in 
vesicles (for review, see Ref. 4). 

Squid rhodopsin has been studied spectroscopi- 
cally in detergents after partial purification [5-14]. 
However, because the functional properties of in- 
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vertebrate rhodopsin in the photoreceptor were 
not known, methods were not extended to include 
studies of purified rhodopsin in the membrane. 
Recently, we showed that squid rhodopsin activates 
GTPase activity, guanine nucleotide binding and 
cholera toxin-catalyzed labeling of a 44 kDa pro- 
tein after illumination [15]. Furthermore, rhodop- 
sin phosphorylation and phosphinositide turnover 
also are influenced by light in squid photorecep- 
tors [16,17]. As a step towards examining the 
properties of purified rhodopsin with these enzyme 
systems in the natural environment of the lipid 
bilayer, we describe a method for purification of 
squid rhodopsin using the dialyzable detergent 
octyl glucoside. We show that recombined lipid 
vesicles containing purified squid rhodopsin ex- 
hibit spectroscopic properties indicative of rho- 
dopsin in a native conformation. 

Experimental Procedures 

Materials 
Octyl B-D-glucoside was purchased from Calbi- 

ochem-Behring Corp. (La Jolla, CA), di- 
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phytanoylphosphatidylcholine from Avanti Bio- 
chemicals (Birmingham, AL), DEAE-cellulose DE 
32 from Whatman (Clifton, NJ); gel electrophore- 
sis reagents from Bio-Rad (Richmond, CA); and 
[U-14C]glucose-labeled octyl fl-D-glucoside from 
New England Nuclear (Boston, MA). 

Photoreceptor preparation 
Squid (Loligo opalescens; Sea Life Supply, 

Monterey, CA) were dark adapted for 2 h, after 
which the eyecups were dissected under dim red 
light (Kodak Wratten 2) and then stored at - 80°C. 
All procedures except gel electrophoresis were car- 
ried out at 4°C in the dark or under dim red light 
unless stated otherwise. Solutions were bubbled 
with argon prior to use to protect the membranes 
from peroxidation. For purification of the photo- 
receptors, 50-70 eyecups were thawed and then 
gently shaken in 680 mM NaC1 to dislodge the 
photoreceptors from the retina. The suspension 
was centrifuged (35 000 × g, 30 min) and the pellet 
resuspended by homogenization with 10 slow 
passes of a motor-driven teflon-on-glass homo- 
genizer in 120 ml of 40% (w/v) sucrose/300 mM 
NaC1/100 mM sodium phosphate/2 mM EDTA, 
pH 6.8. 20 ml aliquots of this suspension were 
placed in a sucrose step gradient overlayed with 13 
ml 33% (w/v) sucrose and 6 ml 10% (w/v) sucrose 
both containing 300 mm NaC1, 100 mM sodium 
phosphate and 2 mM EDTA, pH 6.8. The gradient 
was centrifuged in a Beckman SW 27 rotor at 
23 000 rpm for 90 rain. The bright pink band of 
membranes at the interface between the 33% and 
10% sucrose layers was collected from each gradi- 
ent, pooled and washed three times with 35 ml 820 
mM NaC1 (35 000 × g, 20 min). The membranes 
were further washed once with 35 ml 1 mM EDTA, 
pH 7.0 (35 000 × g, 40 rain), four times with 35 ml 
820 mM NaC1 (35 000 × g, 20 min), once with 35 
ml 1 mM EDTA, pH 7.0 (35 000 × g, 35 min) and 
finally resuspended in 10 mM imidazole/1 mM 
EDTA, pH 7.0. The membranes were divided into 
aliquots containing about 0.1 #mol rhodopsin, 
centrifuged (35000 × g, 30 min) and the mem- 
brane pellets frozen in liquid nitrogen for storage 
at - 80°C. 

Rhodopsin purification 
Rhodopsin was purified by extraction into octyl 
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glucoside followed by batch-wise chromatography 
on DEAE-cellulose. An aliquot of sucrose-density 
purified photoreceptor membranes with 0.15-0.2 
#mol rhodopsin was extracted into 6 ml of 50 mM 
octyl glucoside/10 mM imidazole/1 mM EDTA, 
pH 7.0 containing 0.5 mg/ml diphytanoyl- 
phosphatidylcholine (membrane solubilizing solu- 
tion) for 30 min, and then centrifuged to remove 
insoluble material (35 000 × g, 40 min). The deter- 
gent-solubilized rhodopsin was incubated for 15 
min with 1 ml of DEAE-cellulose that had been 
equilibrated in the membrane-solubilizing solu- 
tion. Before use, the DEAE-cellulose was prepared 
by washing in distilled water until the supernatant 
was clear, then washing in 0.5 M HC1 for 1 h, 
washing in water, then washing in 0.5 M NaOH 1 
h, and then rinsing extensively with water until the 
pH of the supernatant was neutral. At low ionic 
strength, rhodopsin does not bind to the DEAE- 
cellulose, and it can be separated from other pho- 
toreceptor proteins which adhere to the DEAE-cel- 
lulose. The rhodopsin-containing solution was 
removed after centrifugation (1 rnin, clinical 
centrifuge), and the DEAE-cellulose pellet was 
extracted once more with 2 ml of membrane- 
solubilizing buffer to remove rhodopsin remaining 
in the pellet volume. The rhodopsin concentration 
of octyl glucoside-solubilized samples was deter- 
mined spectroscopically at 8°C with a Perkin- 
Elmer 550 ultraviolet/visible absorption spectro- 
photometer using an extinction coefficient at 490 
nm of 41700 M - l - c m  -1 [18]. The yield of 
rhodopsin after purification using DEAE-cellulose 
was 73-89% of the amount solubilized in octyl 
glucoside. 

Reconstitution procedure 
The rhodopsin-containing supernatants from 

the DEAE-cellulose were pooled, combined with 1 
ml membrane-solubilizing buffer containing 18 mg 
diphytanoylphosphatidylcholine, and dialyzed a- 
gainst 2 liters of 100 mM NaC1/10 mM im- 
idazole/1 mM EDTA, pH 7.0. After 1 day the 
dialysate was replaced with fresh solution, and 
dialysis continued overnight. The rhodopsin-con- 
taining vesicles were frozen in liquid nitrogen and 
stored at - 80°C. 

Spectroscopic measurements 
Absorption spectra of the rhodopsin-containing 
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vesicles were recorded in the absence of detergent 
with a modified Cary 14 spectrophotometer on 
line with a PDP-8 minicomputer (Digital Equip- 
ment Corp, Marlboro, MA) [19]. All spectra were 
recorded from 650 nm to 390 nm and stored as 
650 digital values in the minicomputer. The ab- 
sorbance was quantitated using calibrated neutral 
density filters. Absorbance is expressed relative to 
the absorbance at 650 nm. To minimize the effect 
of light scattering on the spectrum, the photomul- 
tiplier tube was located next to the sample. In 
addition, a scattering background was imposed on 
the vesicle suspension and then subtracted to ob- 
tain the absolute spectrum. The measuring beam 
of the spectrophotometer passed vertically through 
a cylindrical cuvette containing the vesicles and a 
disk of Whatman 1 filter paper at the bottom of 
the cuvette. The absolute spectrum was generated 
by subtracting the baseline recorded with the filter 
paper and buffer solution in the absence of vesicles. 
When buffer additions were made between spec- 
tra, the increase in sample volume was com- 
pensated for by an increase in the pathlength 
through the sample due to the vertical path of the 
measuring beam, so the spectra did not need to be 
corrected for the effects of dilution. Measurements 
of the pH of the sample were made in the cuvette 
with a Corning semi-micro combination electrode 
(No. 476050) immediately before measurement of 
the corresponding spectrum. 

Results and Discussion 

Purification of squid rhodopsin 
Squid photoreceptors were purified by sucrose 

density centrifugation using conditions that 
eliminated rhodopsin proteolysis and minimized 
lipid peroxidation. Previous studies of squid pho- 
toreceptors have reported a variety of molecular 
weights for rhodopsin, due to the action of pro- 
teases which rapidly degrade rhodopsin [20]. 
Exclusion of calcium from the solution and the 
addition of EDTA or EGTA to chelate endoge- 
nous calcium eliminated proteolysis of the photo- 
receptor proteins. In some species of squid, such as 
L. pealei, this precaution was not necessary be- 
cause proteolysis did not occur. The presence of 
EDTA and deoxygenation of solutions by bub- 
bling with argon reduced oxidation of the mem- 

brane. Squid photoreceptor lipids were reported to 
have the highest polyunsaturated fatty acid con- 
tent ever observed in either vertebrate or in- 
vertebrate photoreceptors, amounting to 60 90% 
in the various lipid classes [21]. When precautions 
were not exercised to reduce oxidation, rhodopsin 
became covalently crosslinked, and rhodopsin 
dimers and trimers were observed on SDS-poly- 
acrylamide gels even in the presence of reducing 
agents. 

Rhodopsin was purified by chromatography 
with DEAE-cellulose after extraction into octyl 
glucoside. Previously reported methods [22,23] re- 
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Fig. 1. (Left-hand). Polyacrylamide gels of the rhodopsin pre- 
paration during purification. Rhodopsin was purified as 
described in Experimental Procedure. Aliquots of the prepara- 
tion at various stages of the purification were prepared for 
electrophoresis by the addition of 2.5% sodium dodecyl sulfate, 
240 mM dithiothreitol, 3% (v /v)  fl mercaptoethanol, 10% (v/v)  
glycerol. Samples were subjected to electrophoresis on 7% 
SDS-polyacrylamide gels [27], and were then stained with 
Coomassie brilliant blue [28]. a, Photoreceptor membranes 
after sucrose density gradient centrifugation; b, material not 
solubilized by 50 mM octyl glucoside; c, proteins solubilized by 
50 mM octyl glucoside; d, proteins adhering to the DEAE-cel- 
lulose; e, rhodopsin, and oligomers of rhodopsin, not bound to 
DEAE-cellulose in the presence of 50 mM octyl glucoside, 10 
mM imidazole, 1 mM EDTA, pH 7.0. 

Fig. 2. (Right-hand). Polyacrylamide gel of sucrose-density 
purified photoreceptors and DEAE-cellulose purified rhodop- 
sin. Aliquots of the preparation were prepared for electrophore- 
sis as described in Fig. 1. a, Sucrose-density purified photore- 
ceptors; b, DEAE-cellulose purified rhodopsin. 



lied on a similar purification procedure, but 
rhodopsin was solubilized in digitonin or sucrose 
lauryl ester L-1690, detergents that could not be 
removed subsequently from rhodopsin by dialysis. 
Octyl glucoside, while not a suitable detergent for 
spectroscopic studies because of metarhodopsin 
instability, was a useful detergent for purification. 
Octyl glucoside was found to solubilize rhodopsin 
effectively, and if maintained at temperatures be- 
low 10°C in the dark, the rhodopsin spectrum was 
unaltered. The addition of phospholipid further 
stabilized the rhodopsin spectrum to prevent de- 
naturation. Preservation of function by the addi- 
tion of lipids during protein solubilization in de- 
tergents also has been reported for the acetylcho- 
line receptor [24,25] and sodium channel [26]. Other 
detergents commonly used to solubilize vertebrate 
rhodopsin, such as sodium cholate, cetyltrimethy- 
lammonium bromide, and dodecyldimethylamine 
N-oxide, were not suitable for squid rhodopsin 
because rhodopsin was substantially denatured fol- 
lowing solubilization. The scheme described here 
for rhodopsin purification and reassembly into 
membranes also takes advantage of the selective 
extraction of rhodopsin into octyl glucoside, with 
many retinal proteins remaining insoluble. 

Figs. 1 and 2 show SDS-polyacrylamide gel 
electrophoresis patterns of the preparation at vari- 
ous stages of rhodopsin purification. The photore- 
ceptor membranes after the sucrose density gradi- 
ent contained many proteins other than rhodopsin 
(Fig. 1 lane a, and Fig. 2. lane a). Retinochrome 
( M  r 24000) was absent from the membranes, and 
less than a 5% decrease in the absorption spectrum 
was recorded after the addition of 10 mM NH2OH. 
Rhodopsin was solubilized by the addition of octyl 
glucoside (Fig. 1 lane c) and was purified substan- 
tially from other proteins which remained insolu- 
ble (lane b). Removal of the remaining proteins 
was effected with DEAE-cellulose. At low ionic 
strength other photoreceptor proteins adhered to 
the DEAE-cellulose (lane d) and rhodopsin was 
separated readily. Rhodopsin formed a single band 
on SDS-polyacrylamide gels of apparent M r 46 000 
(Fig. 1 lane e, and Fig. 2 lane b) which occasion- 
ally formed oligomers (Fig. 1 lane e). The rhodop- 
sin band, and oligomers of rhodopsin when pre- 
sent, exhibited fluorescence under long wave ultra- 
violet light when rhodopsin was reduced to N-reti- 
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nyl-opsin by treatment with sodium borohydride 
[18]. This preparation had an absorbance ratio 280 
nm/490  nm of 3.0-3.4. The best preparations had 
an absorbance ratio of 3.0 which is comparable to 
the value of 2.5 reported by Nashima et al. [20] for 
delipidated rhodopsin which was partially proteo- 
lyzed. 

Squid rhodopsin in phospholipid vesicles 
Diphytanoylphosphatidylcholine, a synthetic 

lipid, was used to form vesicles containing 
rhodopsin because it is not oxidizable and yet 
exhibits a high degree of fluidity [29], usually 
associated with unsaturated lipids. The recombi- 
nant vesicles were formed by detergent dialysis. 
The octyl glucoside concentration was measured 
following dialysis using 14C-labeled octyl glucoside 
and was found to be 26 #M, a 2000-fold reduction 
in concentration. The composition of the vesicle 
population was 160-220 mol diphytanoylphos- 
phatidylcholine/mol rhodopsin, and 1.3-1.7 mol 
octyl glucoside/mol rhodopsin. 
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Fig. 3. pH dependence of the formation of metarhodopsin acid 
from metarhodopsin basic in rhodopsin-lipid vesicles. Vesicles 
containing purified rhodopsin and diphytanoylphosphati- 
dylcholine in 2.5 ml 20 mM NaCl/6 mM Na2CO3/2 mM 
imidazole/0.2 mM EDTA, pH 9.6, were illuminated to produce 
metahodopsin basic using light filtered through a narrow band 
interference filter with a X,n= at 499 nm until there was no 
further change in the absorption spectham. The pH was titrated 
to lower values in increments by the addition of 1 M Tris-HC1, 
pH 8.3, then with 1 M imidazole pH 7.0, and finally with 2 M 
HCI. After each addition the pH of the vesicle suspension was 
measured, and the absorption spectrum was recorded. Spectra 
exhibited an isosbestic point at 415 nm. Temperature 0°C. 
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Spectroscopic properties of purified rhodopsin-con- 
taining vesicles 

The spectral properties of  purified rhodopsin in 
diphytanoylphosphat idylchol ine  vesicles were sim- 
ilar to those of rhodopsin  solubilized in digitonin 
[12-14,30] or  sucrose lauryl ester L-1690 [31], both 
mild detergents in which rhodopsin can be main- 
tained for long periods of  time. U p o n  absorption 
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Fig. 4. Photoregeneration of rhodopsin at neutral pH in 
rhodopsin-lipid vesicles. A suspension of rhodopsin-containing 
vesicles was subjected sequentially to illumination and changes 
of pH demonstrating rhodopsin regeneration from metarho- 
dopsin acid at neutral pH. Temperature 0°C. Upper panel: 
absorption spectra (expressed relative to the absorbance at 650 
nm). Lower panel: difference spectra of the indicated curves. 
(1) Rhodopsin spectrum. Vesicles containing purified rhodop- 
sin and diphytanoylphosphatidylcholine in 2.5 ml 20 mM 
NaCI/6 mM Na2CO3/2 mM imidazole/0.2 mM EDTA, pH 
9.5. (2) Metarhodopsin basic. Vesicles were illuminated with 
light filtered through a narrow-band interference filter with 
Xma X at 499 nm. (3) Metarhodopsin acid. The pH was changed 
to 7.45 by the addition of imidazole to a final concentration of 
32 mM. (4) Mixture of metarhodopsin acid and rhodopsin. The 
sample was illuminated with light filtered at 499 nm to regener- 
ate rhodopsin from acid metarhodopsin. (5) Mixture of 
metarhodopsin basic and rhodopsin. The pH was changed to 
9.4 by the addition of Na2CO 3 to a final concentration of 115 
mM. (6) Metarhodopsin basic. Vesicles were illuminated with 
light of X,,ax 499 nm. 

of  light, rhodopsin (X .... = 490 nm) is converted 
to meta rhodops in .  Depend ing  on the pH,  
metarhodopsin  is in an acid (Xm~ x = 500 rim) or 
basic (~kmax=380 nm) form. The pK of the 
metarhodopsin  acid to basic transition is depen- 
dent  on the environment  of the protein, both the 
nature and concentrat ion of detergents and phos- 
pholipid produce variations in the pK [31]. Fig. 3 
shows the titration curve of  metarhodopsin  basic 
to metarhodopsin  acid with a pK  of about 8.1 in 
the vesicles. The native membrane  of L. opalescens 
shows a similar p K  of 8.3 (not shown). 

The ability to regenerate rhodopsin from 
metarhodopsin  is a critical test of  the native con- 
formation of  purified rhodopsin.  In the recom- 
bined vesicles, rhodopsin may be regenerated pho- 
tochemically f rom metarhodopsin  acid at both 
neutral and basic pH  values. Fig. 4 demonstrates  
rhodopsin  regeneration at a p H  near neutrality. 
Rhodopsin ,  with a ~ ..... of 490 nm (curve 1), was 
first illuminated at pH  9.5 to convert  it to 
metarhodopsin  (curve 2). At  this pH  the predomi-  
nant  form of metarhodopsin  is metarhodopsin 
basic, with a ~kma x of 380 rim. A change in the pH 
to 7.45 resulted in an increase in the visible ab- 
sorption (curve 3) corresponding to the formation 
of  metarhodopsin  acid, with a X .... of  500 nm. 
This procedure is the only means for preparing 
pure acid metarhodopsin,  because illumination of 
rhodopsin  in an acid solution produces an equi- 
l ibrium mixture containing both rhodopsin and 
acid metarhodopsin.  When the vesicles containing 
acid metarhodopsin  were illuminated further with 
green light, rhodopsin was photoregenerated par- 
tially, as evidenced by a slight decrease in ab- 
sorbance and shift of the X m~ x to shorter wave- 
length (curve 4). Because there is extensive overlap 
of  the rhodopsin and acid metarhodopsin  spectra, 
they are readily interconverted by absorpt ion of  
light, and a photochemical  equilibrium results with 
approximately equal concentrat ions of rhodopsin 
and acid metarhodopsin.  The extent of  rhodopsin 
regeneration was examined by changing the p H  to 
9.4 (curve 5) so that the basic form of metarho- 
dopsin predominated and did not contribute sub- 
stantially to the visible absorbance. The photore- 
generated rhodopsin could be bleached to basic 
metarhodopsin  by illumination with green light 
(curve 6). 



The difference spectra in Fig. 4 (lower panel) 
illustrate the differences between rhodopsin and 
basic metarhodopsin (curve 1-2), the subsequent 
increase in visible absorbance due to the difference 
between acid metarhodopsin and basic metarho- 
dopsin (curve 2-3), and the shift in the visible 
absorption maximum caused by the difference be- 
tween regenerated rhodopsin plus acid metarho- 
dopsin compared to basic metarhodopsin (curve 
2-4). The subsequent losses in visible absorbance 
are shown by the difference between acid 
metarhodopsin and basic metarhodopsin obtained 
after increasing the pH (curve 4-5), followed by 
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Fig. 5. Regeneration of rhodopsin at alkaline pH in rhodopsin- 
lipid vesicles. Spectra of rhodopsin-lipid vesicles at pH 10.0 
demonstrate the dark regeneration of rhodopsin after illumina- 
tion. All spectra at 15°C. Upper panel: absorption spectra. 
Lower panel: difference spectra. (1) Rhodopsin spectrum. 
Vesicles containing purified rhodopsin and diphyta- 
noylphosphatidylcholine in 1.2 ml 83 mM Na2B4OT/17 mM 
NaCI/1.7 mM imidazole/0.17 mM EDTA, pH 10.0. (2) 
Metarhodopsin basic. Vesicles were illuminated with light 
filtered by a sharp cut-off yellow Coming CS 3-69 filter that 
passes light of X >/520 rim. (3-8) regeneration of rhodopsin in 
the dark after illumination by a 150 watt high pressure xenon 
lamp for 1 h at O°C through a Coming CS 3-69 filter. (3) 
Immediately after returning to 15°C; (4) 2 min after the end of 
illumination, (5) 7 min after the end of illumination; (6) 17 min 
after the end of illumination, (7) 32 min after the end of 
illumination; (8) 182 min after the end of illumination. 
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the bleaching of regenerated rhodopsin to basic 
metarhodopsin (curve 5-6). 

Unlike regeneration of rhodopsin from acid 
metarhodopsin, Hara and Hara [30] reported that 
illumination of basic metarhodopsin with near ul- 
traviolet light yields variable results depending on 
the species of squid, producing a mixture of 
rhodopsin, isorhodopsin, and/or  a photostable 
pigment with a h max similar to that of rhodopsin. 
With L. opalescens photoreceptors or using puri- 
fied rhodopsin in lipid vesicles, this method of 
rhodopsin regeneration did not prove satisfactory 
because most of the product was an unidentified 
photostable pigment with a )~max of 490 nm that 
subsequently could not be bleached with green 
light. 

An alternate method for the photochemical re- 
generation of rhodopsin is to illuminate metarho- 
dopsin with green light at an alkaline pH in the 
presence of borate ion [12-14]. Rhodopsin is 
formed subsequently from an intermediate, P380, 
in the dark. Since acid metarhodopsin is the form 
of metarhodopsin that absorbs at these wave- 
lengths, presumably the regeneration proceeds 
through acid metarhodopsin [12]. The high pH 
and the presence of borate is reported to slow the 
reaction so that an appreciable quantity of the 
dark intermediate P380 can accumulate before 
rhodopsin is formed [12]. If rhodopsin were created 
rapidly, then it too would absorb light to generate 
metarhodopsin, and no net rhodopsin accumula- 
tion would result. The reaction rate was reported 
to be influenced by the concentration of the deter- 
gent (digitonin) that was in the solution [12]. Low 
detergent concentrations increased the rate of 
rhodopsin regeneration so that little rhodopsin 
accumulated. Fig. 5 shows that also in the absence 
of detergent rhodopsin could be photoregenerated 
at alkaline pH. First, rhodopsin (curve 1) was 
bleached to metarhodopsin (curve 2) at pH 10.0. 
At this pH less than 2% of the metarhodopsin is 
expected to be in the acid form. Then the sample 
was illuminated at 0°C with a very high intensity 
light filtered to pass wavelengths of at least 520 
nm so that acid metarhodopsin would absorb light 
but basic metarhodopsin would not be photo- 
activated. The vesicle suspension was returned to 
15°C and spectra measured as a function of time. 
Initially the absorbance at 390 nm decreased 
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markedly (curve 3), corresponding to the forma- 
tion of P380 which has a lower extinction coeffi- 
cient than basic metarhodopsin. With time the 
absorbance in the visible region increased (curves 
3-8).  The difference spectra (lower panel of Fig. 4) 
show an increase in the visible absorbance with a 
X max a t  490 nm due to the formation of rhodopsin, 
and an isosbestic point at about 425 nm. Using 
this procedure, 35% of the rhodopsin was regener- 
ated. The rhodopsin which was photoregenerated 
could be rebleached to metarhodopsin with visible 
light (not shown). 

Conclusion 

We describe a method for the rapid purification 
of squid rhodopsin using octyl glucoside. Vesicles 
containing purified squid rhodopsin were formed 
by dialysis of octyl glucoside and exhibited spec- 
troscopic properties indicating that the native con- 
formation of rhodopsin was preserved. Upon il- 
lumination, rhodopsin was converted to metarho- 
dopsin which was in an acid or basic form depend- 
ing on the pH of the solution. The pK of the 
interconversion of acid and basic metarhodopsin 
was similar in the recombined vesicles and in the 
native photoreceptor membrane.  This suggests that 
the method for purification and recombination 
with lipid preserved the rhodopsin conformation. 
Our studies also showed that rhodopsin could be 
photoregenerated from metarhodopsin in either 
neutral or alkaline pH. 

It is anticipated that these squid rhodopsin 
vesicles will provide a basis for further studies of 
the function of light-regulated processes in the 
photoreceptor, particularly with respect to the in- 
teraction of invertebrate rhodopsin with light-de- 
pendent enzyme systems [15,16]. This approach 
has proved valuable in the vertebrate photorecep- 
tor [1,3,32] as well as in the hormone-activated 
adenylate cyclase [32,33]. 

Of general interest to the study of enzyme 
cascades in signal transduction is the question of 
the rate of information transfer through a cascade 
mechanism. The use of invertebrate photoreceptor 
enzymes may permit measurement of the kinetics 
of r hodops in /G  protein interaction. Photorecep- 
tors offer a unique advantage in the study of 
r e c e p t o r / G  protein interactions in that rhodopsin 

molecules can be synchronously activated by light. 
Invertebrate rhodopsin provides the additional ad- 
vantage that rhodopsin can be photoregenerated 
from metarhodopsin, allowing for kinetic study of 
the turn-off of the G protein in response to 
metarhodopsin depletion. This endeavor could 
serve to answer the questions of whether the 
activation of an enzyme cascade is of the ap- 
propriate time scale to be considered in the main 
pathway of visual transduction in invertebrate as 
well as vertebrate photoreceptors. It is anticipated 
that the convergence of biochemical and physio- 
logical approaches will lead to a detailed and 
quantitative description of the primary events in 
vision. 
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