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ABSTRACT: Retinal rod outer segment membranes (ROS) have
been isolated by a simplified procedure from fresh and frozen
retinas. When cattle and frog ROS membrane proteins are
compared by sodium dodecyl sulfate polyacrylamide gel
electrophoresis an extraordinary molecular simplicity and
similarity of these membranes is evident. One component,

Vrtebrate photoreceptor cells contain a specialized mem-
branous region known as the outer segment where efficient
photon capture and amplification of the light energy occur.
It is within this region of the cell that light energy is converted
into neural excitation. The neural membrane and chemical
synapses transmit this excitation to the remainder of the
retina and subsequently to central areas of the brain. Absorp-
tion of light by 11-cis-retinal in the active site of rhodopsin is
the initial event in rods (Wald, 1968). Subsequent molecular
and electrophysiological steps in the conversion of light energy
to neural excitation may involve alterations in enzymatic
activity (Miki er af/., 1973; Kuhn and Dreyer, 1972) and
changes in permeability to cations (Hagins er al., 1970) or
other substances. Rhodopsin in the rod outer segment
(ROS)! is organized into a lamellar array of membranous
discs stacked within an outer enveloping plasma membrane
and connected to the rest of the cell via a narrow connecting
cilium (Dowling, 1967; Cohen, 1969). Analysis of ROS
protein composition and molecular weight distribution can
determine the stoichiometric relationships of rhodopsin to
other membrane components in the outer segment. Con-
sequently, we initiated quantitative studies of rhodopsin
content in outer segments as a first step in the analysis of the
molecular basis of photoamplification in the retina.

Materials and Methods

Fresh cattle eyes were obtained from a local slaughter-
house (Quality Meat Packing, Vernon, Calif.) and stored in
darkness on ice within 0.5 hr of decapitation. Occasionally,
400 eyes were obtained and under these conditions some of the
eyes had been stored for as long as 6 hr. Frozen retinas
(Hormel, Austin, Minn.) were stored at —20°. North Ameri-
can Rana pipiens, weighing 50-150 g (Connecticut Valley
Corp.), were treated with tetracycline for 5 days by esophageal
intubation in order to prevent sepsis (Gibbs er al., 1966).
Frogs were dark adapted overnight prior to use. All sub-
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rhodopsin, comprises over 809 of the protein in ROS and
exceeds each other protein by a molar ratio of 100:1 or more.
The molecular simplicity of ROS membranes has significant
consequences for molecular theories of visual amplification;
one-to-one molecular interactions of each rhodopsin molecule
and any other protein in the ROS are not likely.

sequent operations were done under dim red light, occasion-
ally using an infrared image converter,

Retinal Homogenization and Isolation of Purified Rod Outer
Segments. Retinas were homogenized and ROS isolated by
modifications of the procedures of Saito (1938) and McConnell
(1965). The procedure is summarized in Figure 1. After re-
moval of the anterior third of the eye, the retina was removed,
carefully separated from the pigment epithelium, and sus-
pended in a sucrose homogenizing medium containing 34 %
sucrose (w/w), 65 mm NaCl, 2 mM MgCl,, and 5 mm Tris-
acetate buffer (pH 7.4). The density of this solution was
slightly greater than 1.15 g/ml. Cattle retinas were suspended
in approximately 1 ml of the homogenizing medium per retina.
In our largest preparations 400 retinas were homogenized in
a tightly capped 500 ml screw-cap erlenmeyer flask by shaking
vigorously for 1 min. This procedure sheared off most of the
ROS at the junction of the inner and outer segments. The
ROS were then partially separated from the remainder of the
retina which sedimented at 4000 rpm for 4 min (SS-34 Rotor,
Sorvall, Inc.). Suspended ROS contained in the supernatant
were decanted into two volumes of 10 mm Tris-acetate (pH
7.4), and the pellet was resuspended in 15 ml of fresh homog-
enizing medium per 350-mi polyethylene centrifuge tube. The
pellet was rehomogenized by hand with 4-5 passes of a loose
Teflon homogenizer in the polyethylene centrifuge tube. This
gentle shearing force released additional ROS (approximately
159) into the supernatant after a repeated centrifugation at
4000 rpm. After diluting this supernatant with two volumes of
10 mm Tris-acetate (pH 7.4) and centrifuging combined super-
natants at 4000 rpm for 4 min (GSA Rotor, Sorvall, Inc.},
the resulting pellets (crude ROS) were resuspended in 60 ml
of sucrose, density of 1.10 g/ml, containing 1 mmM MgCl, and
10 mM Tris-acetate (pH 7.4). The resuspended crude ROS
were rehomogenized by a tight glass—glass Duall tissue grinder
(Kontes Glass, Vineland, N. J.), drawn up in a syringe, and
rapidly ejected through a 26 needle against the wall of the
homogenizer. These steps sheared the crude ROS into small
fragments. The rehomogenized membranes were layered on
top of a discontinuous gradient buffered with 10 mm Tris-
acetate (pH 7.4) and containing 1 my MgCl: and sucrose in
incremental 8-ml density steps of 1.13, 1.13, and 1.11 g/ml.
Overloading the gradients shifted purified rods to a denser
position on the gradient; therefore, the homogenate was
divided into ten samples, approximately 8 ml each. The
gradients were centrifuged at 27,000 rpm for 30 min (SW-27
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FIGURE 1: The isolation of ROS from fresh bovine retina is ac-
complished by gentle homogenization, differential centrifugation
at low speed for short periods, and subsequent density gradient
centrifugation. The composition of the solutions and minor modi-
fications for isolation of frog ROS are detailed in the text,

Rotor, Beckman Instruments). At the end of this period a
white band appeared at the 1.10/1.11 g/ml interface. A dense
red band appeared at the 1.11/1.13 g/ml interface which usually
contained over 909 of the rhodopsin present in the retina if
proper conditions of homogenization, loading, and darkness
were maintained. The usual yield was 35 mg of ROS protein/
100 fresh cattle retinas. A pink or white band appeared at the
1.13/1.15 g/ml interface and contained ROS, broken mito-
chondria, and synaptosomes upon ultrastructural survey of
the pelleted membranes. The pellet, a combination of tan and
black particles, sedimented to the bottom of the tube through
the 1.15 g/ml cushion. Some of the contamination present in
the crude ROS could be avoided by overlaying the initial
homogenate with 1.10 g/ml of sucrose and increasing the
force of the initial centrifugation from 4000 rpm at 4 min to
20,000 rpm for 20 min, which floated the crude ROS to the
interace. However, for large scale preparations this prolonged
centrifugation increased the time of isolation and did not result
in a considerable alteration in the purification of ROS by the
discontinuous gradient. A comparison of the crude ROS
obtained by flotation after 20 min of centrifugation and the
purified ROS after rehomogenization and gradient isolation
is illustrated in Figure 2. Fractions were pelleted, fixed in
buffered 4% glutaraldehyde, post fixed in OsO,, dehydrated
in alcohols, and embedded in EPON 812, and thin sections
examined in a Phillips 200 electron microscope.

Frog retinas were homogenized by a similar procedure by
suspending in 0.5 ml of homogenizing medium per retina.
ROS were sheared free by five passes through a 18 trochar on
a 10-ml syringe. The homogenate was overlaid with a sucrose
solution (density 1.10 g/ml) containing 1 mm MgCl. and 10
mm Tris-acetate of pH 7.4. The ROS floated to the interface
after centrifugation for 20 min at 20,000 rpm and were
collected in the upper sucrose solution. This crude ROS sus-
pension was diluted with two volumes of 10 mm Tris-acetate
(pH 7.4) and pelleted at 4000 rpm for 4 min (SS-34 Rotor).
After rehomogenizing the pellet as described above for cattle
retina, the homogenate was overlaid on a sucrose gradient

FIGURE 2: Crude bovine ROS obtained after differential centrifuga-
tion (A) contain multiple particles of mitochondria (M) and miscel-
laneous cellular membranes including rough endoplasmic reticulum
(RER) mixed with the long cylindrical ROS fragments. Some frag-
ments may arise from the inner segment and contain a connecting
cilium (CC). After rehomogenization and gradient centrifugation (B)
ROS particles have formed vesicles containing characteristic disc
arrays of the ROS.

containing 1.5 ml of each of the discontinuous steps described
above and in Figure 1. The tubes were centrifuged at 50,000
rpm (SW-50 Rotor, Beckman Instruments) for 40 min and the
ROS collected at the 1.11/1.13 g/ml interface. If the retinal
homogenates were exposed to white light briefly during isola-
tion in the homogenizing medium in the presence of 65 mMm
NaCl, then the purified ROS often collected at the 1.13/1.15
g/ml interface. This was to be avoided since synaptosomes and
broken mitochondira were also present at this interface and
contaminated the purification.

In all subsequent discussion, “‘purified ROS™ will mean
those membranes isolated at the 1.11/1.13 g/ml interface.
Electron micrographs of isolated frog ROS revealed partially
intact lamellar arrays of membranous discs and occasional
vesicles. During the isolation of both cattle ROS and frog
ROS, the disc membranes were often bounded by a limiting,
enveloping membrane which may represent residual plasma
membrane of the ROS. After isolation from the gradients,
membranes were stored in sealed vials at —196° after freezing
in the dark at —60°. Membranes were occasionally diluted
with two volumes of 10 mm Tris, sedimented into pellets
(50,000 rpm, 40 min) and resuspended in 5% glycerol (v/v)
before freezing. Dark adapted ROS were frozen in foil-
wrapped vials.

Polyvacrylamide Gel Electrophoresis. Gels were prepared
using purified reagents (Bio-Rad Laboratories) in order to
scan the gels at 280 nm. The procedures of Fairbanks er al.
(1971), Swank and Munkres (1971), and Shapiro er al. (1967)
and the discontinuous polyacrylamide gel techniques of
Laemmli (1970) and Neville (1971) which permitted concen-
tration of dilute samples in the stacking gel were compared
(Figure 3). The conditions of electrophoresis are summarized
in the figure legends. For molecular weight calibration of the
gels, a mixed solution of standards was applied including the
heavy and light chains of human immunoglobulin (50,000 and
22,500, respectively), ovalbumin (43,000, Worthington),
glyceraldehyde-3-phosphate dehydrogenase (36,000, Worth-
ington), myoglobin (17,500, Sigma), cytochrome ¢ (12,000,
Sigma), and glucagon (3,500, K & K Corp). Regardless of the
analytical gel technique employed, the membranes dissolved
in a modification of the Fairbanks er al. (1971) denaturing
medium containing 2.5% sodium dodecyl sulfate, 2.59 8-
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FIGURE 3: Sodium dodecyl sulfate polyacrylamide gels of bovine
and frog ROS and mitochondria (MIT). Samples contained 50-100
ug of protein. Procedures illustrated are: (1) Fairbanks er al. (1971);
(2) Neville (1971); (3) Swank and Munkres (1971); and (4) Laemmli
(1970). Molecular weight standards are described in the text. R
indicates the position of rhodopsin in each gel which migrates near
the mobility of glyceraldehyde-3-phosphate dehydrogenase (35,000).
ROS denatured at concentrations greater than 2 ug/ml ofteri form
higher molecular weight aggregates such as the dimers seen in the
gel 4, No major proteins other than rhodopsin are usually seen in
properly isolated and denatured membranes. Bovine ROS (1,3)
and frog ROS (2,4) are not significantly different in complexity
by this technique.

mercaptoethanol, 0.5 mmM ethylenediaminetetraacetic acid, 10
mm Tris-Cl (pH 8.0), and 5% sucrose, and Pyronin Y, 0.5
ug/ml. Samples were denatured at 37° for 3 hr or at 50° for 1
hr and showed no alteration in electrophoretic pattern after
storage for a month in tightly capped vials. If the membrane
protein concentrations exceeded 1 mg/ml, higher molecular
weight aggregates, dimers and trimers particularly, were
formed which proved resistant to further denaturation. These
artifacts were avoided when lower concentrations of protein
and at least 2% sodium dodecyl sulfate were employed in the
initial denaturation.
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FIGURE 4: The migration of bovine ROS proteins and N-retinyl-
opsin on sodium dodecyl sulfate polyacrylamide gels according to
the procedure of Fairbanks er al. (1971). The major peak in un-
stained gels absorbing at 278 nm (A) is located in the same position
as N-retinylopsin prepared by NaBH, reduction of whole ROS
(B). The gels contained 80 ug of protein. The stained pattern (C) of
a gel containing 40 ug of protein is compared to illustrate the minor
components in ROS larger than opsin. No single peak exceeds 1
mol %, the mole fraction of opsin. The peak at 9 cm is the Pyronin
Y tracking dye (P.Y.). The sharp peaks at 2, 4, and 8 cm are needle
tracks which provide distance calibration.
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FIGURE 5: Chromatography of whole purified ROS isolated from
frozen retina and dissolved in 1% Emulphogene plus 0.067 M
phosphate buffer (pH 7.4). The major peak contains all A ab-
sorbing material, 75%, of the Ay absorbing material, and 859 of
the protein of the applied sample. The second peak did not con-
tain any protein but did contain 159 of the A absorbing material.
Lipid, by determination of ethanolamine, is concentrated in the
trailing edge of the rhodopsin peak and may account for the in-
creasing A/ A s ratio.

Preparation of N-Retinylopsin (Bownds, 1967; Akhtar et al.,
1968). Purified ROS, 16 mg of protein in 4 ml, were thawed in
aluminum foil wrapped vials and 4 mg of NaBH, was added to
the sample during exposure to bright fluorescent light. The
sample rapidly turned yellow, then white, after which the mem-
branes were sedimented at 17,000 rpm. Reduced cattle ROS
were compared electrophoretically with proteins of untreated
ROS (Figure 4).

Chromatography of Rhodopsin in Emulphogene on Calcium
Phosphate—Celite (Shichi et al., 1969). Frozen retinas (Hor-
mel) were thawed and homogenized by the procedures de-
scribed above, except the initial homogenization of the retinas
was achieved by suspension of the tissue in sucrose-salt
homogenizing medium (309 w/v) in the polyethylene 50-ml
tube using a Teflon pestle (Thomas, size C). The purified ROS
from 100 retinas were isolated at the 1.11/1.13 g/ml interface
and suspended in 4 ml of 19 Emulphogene BC 720 in 65 mm
phosphate buffer (pH 6.5). The clear solution was passed
through a column of 5 g of calcium phosphate and 7 g of
Celite, 2.5 X 5 cm, in the buffered 1%, Emulphogene. Frac-
tions were analyzed on a Cary 15 spectrophotometer and
aliquots hydrolyzed for amino acid analysis. Results of chro-
matography are illustrated in Figure 5. The spectrum of rho-
dopsin in the leading portion of the main peak was virtually
identical with the spectrum reported by Shichi er al. (1969).

Results

Isolation of Purified ROS. The simple procedure outlined in
Figure 1 permitted the isolation of purified ROS from consid-
erable amounts of starting material within 5 hr of the initial
receipt of fresh eyes from the slaughterhouse. Our procedure
was designed to minimize autolysis of neural tissue and spu-
rious generation of small peptides. Saito (1938) had shown pre-
viously that ROS can be released by simple shaking of retinas
in dense sucrose. This suggested to us that ROS could be ob-
tained relatively free of retinal contamination by using very
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gentle homogenization procedures initially. When this ap-
proach is compared to other alternatives, such as homogeniza-
tion of fresh retinas with a Potter-Elvehjem homogenizer
(DeGrip et al., 1972) or homogenization of frozen retinas in a
Waring blender as proposed by Heller (1968), the results of
early gentle treatment become obvious in subsequent steps.
Clearly, the more vigorously the retinas are homogenized in
this early step the more subsequent procedures must be di-
rected to the elimination of the contamination generated by
the extensive fragmentation of the retinal tissue. Therefore, by
keeping initial homogenization shear forces at a low level, the
most labile cell constituents of the retina are released most
readily and may be floated on a sucrose solution denser than
the buoyant density of ROS. The second step in the isolation
procedure was modified from a procedure described by Mc-
Connell (1965) who demonstrated the need for extensive re-
homogenization of isolated crude ROS and gradient centrif-
ugation to remove residual entrapped mitochondria and
other retinal membranes freed during the initial homogeni-
zation. All solutions were buffered to pH 7.4 to avoid the hy-
drolysis of membrane proteins by acid-catalyzed proteolytic
enzymes possibly present in the tissues. In addition, divalent
cations were added to shift contaminating membranes from
plasma membranes and endoplasmic reticulum (Figure 2) of
the retinal cells from a mean buoyant density of 1.12-1.13
g/ml to a density greater than 1.15 g/ml as described by
Wallach (1967) and Steck er al. (1970) in studies on mem-
branes from erythrocytes and Ehrlich ascitis tumor cells.
Failure to include these components in the gradients or using
simpler discontinuous gradients such as a single step with a
density of 1.15 g/ml resulted in contamination of the purified
ROS by membranes of synaptosomes and partially frag-
mented mitochondria. These contaminants could only be in-
completely removed by repeated centrifugation, pelleting, re-
suspending, and recentrifugation on simple one-step discon-
tinuous gradients (DeGrip et al., 1972 ; Heller, 1968).

Thus, by close attention to the details of conditions of
homogenization and gradient sedimentation we were able to
avoid the considerable effort of prolonged centrifugation and
repeated resuspension of pelleted membranes, and possible
losses induced by osmotic lysis, autolysis, and handling. One
measure of the purity of these ROS was obtained by dis-
solving the membranes at the 1.11/1.13 g/ml interface in 1%}
cetyltrimethylammonium bromide from dark adapted retinas
of frog or from frozen cattle retinas obtained from the Hormel
Corporation. Ratios of absorbance, Aso/As00 of ROS, were
typically 2.2 to 2.4 after discontinuous gradient centrifugation.
These values contrast with typical ratios nearer 3.0 after iso-
lation by a variety of other techniques (Shichi er al., 1969;
DeGrip er al., 1972; Heller, 1968). In addition, polyacryl-
amide gels demonstrated the simplicity of purified ROS and
could detect contamination by other more complex mem-
branes (Figure 3). It is important to note that one step in tle
isolation might involve osmotic lysis. After initial homoge-
nization, supernatants of the initial centrifugation were diluted
with two volumes of 10 mmM Tris-acetate and crude ROS were
pelleted from the suspension. In order to test whether there was
considerable loss of membrane protein by this procedure, the
technique was modified on a small scale to float the ROS by
centrifugation at 20,000 rpm for 20 min to the 1.10 g/ml
homogenizing medium interface. Crude ROS isolated at this
interface were then rehomogenized in 1.10 g/ml sucrose, with
which they were partially equilibrated at the interface. The
rehomogenized crude ROS were again subfractionated on the
discontinuous gradients and showed no significant difference

in the ratios of absorbance or sodium dodecyl sulfate poly-
acrylamide gel pattern compared to the membranes isolated
after brief osomotic shock as initially described. Such modi-
fications might be useful, however, in the analysis of less
prominent ROS components.

Many of the studies of ROS and rhodopsin start with mem-
brane fractions as heterogeneous as the initial crude ROS ob-
tained after one flotation and sedimentation (Figure 2A).
Several groups have described insoluble membrane proteins
after solubilization in detergents such as digitonin (DeGrip
et al., 1972) and cetyltrimethylammonium bromide (Heller,
1968). The insoluble material must then be removed by centrif-
ugation of the detergent solution. In contrast to these ob-
servations, the purified ROS isolated after the second step of
discontinuous gradient centrifugation in our procedure were
completely soluble in cetyltrimethylammonium bromide and
Emulphogene. This also supports our conclusion that the
majority of contaminants in ROS preparations arise from ex-
cessively vigorous homogenization procedures employed too
early in the isolation. Subsequent steps in the isolation are
often not able to separate ROS completely from contam-
inants because of entrapped particles, the densities chosen, or
the composition of the gradient solutions.

With a simple and rapid procedure of isolation at hand, we
were prepared to examine the stoichiometric relationships of
rhodopsin to other membrane proteins.

Analysis of Membrane Proteins of ROS by Sodium Dodecyl
Sulfate Polyacrylamide Gel Electrophoresis. Several proce-
dures of sodium dodecyl sulfate polyacrylamide electro-
phoresis were compared in order to determine the migration of
opsin and other ROS proteins in gels under varying conditions
of buffer and acrylamide concentration. These gels also served
as sensitive indicators of contamination during the isolation of
ROS and could easily detect 5% contamination of retinal
mitichondria added to purified ROS after discontinuous gra-
dient centrifugation (Figure 3). The most striking observation
is the extraordinary simplicity of the banding patterns of
membranes isolated from purified ROS. Only one protein is
detected in significant amounts migrating with an apparent
molecular weight of 30,000-38,000 depending on the tech-
nique employed. When gels using the procedure of Fairbanks
et al. (1971) were scanned at 280 nm, over 907 of the ab-
sorbance was present in the band migrating at approximately
5 cm (Figure 4). Even gels seriously overloaded (100-200 ug of
protein) revealed only minor components other than rho-
dopsin, all with molecular weight larger than rhodopsin
(Figure 4C). One consistent and prominent minor component
migrated at an apparent molecular weight of 300,000 and was
seen on all of the gel techniques employed.

The identification of the major component as rhodopsin was
confirmed by coelectrophoresis of N-retinylopsin formed after
borohydride reduction. The migration distance of this la-
beled protein detected by scanning at 333 nm, the character-
istic peak of N-retinylopsin, was identical with the position of
reduced opsin (Figure 4B). Examination of the stained gel
pattern of an overloaded gel showed no single component ex-
ceeded 1 mol 9 fraction of rhodopsin. This calculation is
based on the staining intensity and apparent molecular weight
of these components, which were all larger than opsin. Cattle
ROS and frog ROS were remarkably similar in their banding
patterns; if any differences existed, the frog ROS contained
fewer minor components larger than opsin. Comparing the
absorbance of the Coomassie Blue stained membrane pro-
teins, over 80% of the area of the stained protein profile lay
under the opsin band. The opsin may have an unusual affinity
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FIGURE 6: Molecular weight determination of rhodopsin by sodium
dodecyl sulfate polyacrylamide gel electrophoresis. Frog and
bovine rhodopsin were not detectably different. The range of rho-
dopsin’s relative migration [ ] is compared to standard protein
mixtures containing immunoglobulin G heavy (H) and light chains
(L), ovalbumin (O), glyceraldehyde-3-phosphate dehydrogenase
(G), myoglobin (M), hemoglobin (Hgb), and cytochrone ¢ (C)
by the procedures of Swank and Munkres (1971), 12.59 (O),
Neville (1971), 119 (0), and Fairbanks er al. (1971), 5.6%; (®).
The apparent molecular weight varied from 30,000 to 38,000.

for the stain; however, the estimate of rhodopsin content is
probably too low since the absorbance of Coomassie Blue
stained opsin was proportionally reduced with increasing
concentrations of ROS proteins on the gels. Thus, the con-
centration of trace proteins was exaggerated. When gels were
loaded with only 30-50 ug of protein, only the main opsin
band and the trace band at 1 cm were detected by the staining
procedure of Fairbanks er al. (1971) in all gel techniques em-
ployed. The less sensitive scan at 280 nm (Figure 4A) demon-
strated only the opsin peak. The relative migration rate of
opsin compared to several standard proteins increased by 1077
when gels were overloaded. The apparent molecular weight of
opsin in three polyacrylamide gel electrophoretic systems is
illustrated in Figure 6. These results led us to suggest that
rhodopsin is the major protein component in purified ROS
and appears to exceed in concentration any other protein in
the membrane by a molar ratio of 100:1 or more.

The Amino Acid Analysis of Purified ROS. Whole ROS and
various subfractions isolated after washing in Mg2*-free
buffer or after sodium dodecy! sulfate gel permeation chroma-
tography (Dreyer et al., 1972) were hydrolyzed in 5.7 ~ HCl.
Amino acid analysis of purified ROS demonstrated a com-
position similar to the many published reports of the com-
position of rhodopsin isolated by various procedures of de-
tergent gel permeation chromatography (Shichi ez al., 1969;
Heller, 1968 ; Shields ez al., 1967).

Isolation of Rhodopsin from Purified ROS of Frozen Retinas.
Wald’s early and important studies on the rhodopsin of cattle
retina established the convenience and feasibility of using
frozen retinas as a starting material for the isolation of rho-
dopsin. Since our initial studies were designed to analyze the
stoichiometric relationships of the ROS membrane proteins,
we were reluctant to conduct them on membranes that might
become fragmented by the freezing procedure in the absence
of cryoprotective agents. It seemed to us much safer to isolate
the membranes in highly purified form prior to freezing. Be-
cause of the convenience of the commercially frozen retinas,
however, and their wide use as the source for the spectro-
photometric studies of rhodopsin structure by numerous
laboratories, we quantitatively examined the proteins in ROS
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membranes isolated from these frozen tissues. Our homoge-
nization procedures could not be directly employed on the
frozen tissues because of the significant alterations in tissue
structure generated by freezing and thawing. For frozen
retinas the initial homogenization medium was modified to
contain only 309 sucrose (w/w) and the salts described above.
Homogenization by a Teflon pestle in a polyethylene 50-ml
centrifuge tube resulted in low shear fragmentation of the
retina and released the vast majority of the rhodopsin-con-
taining membranes. These did not sediment readily at 4000
rpm in the homogenizing medium but could subsequently be
harvested by dilution, sedimentation at 20,000 rpm, and re-
homogenization before sedimentation on the sucrose gra-
dients described above for fresh membranes. Under these cir-
cumstances, purified ROS from frozen retinas were isolated
with A/ 4495 ratios of 2.4 to 2.6, Ratios nearer 3 are usually re-
ported (DeGrip et al., 1972; Heller, 1968). Membranes from
frozen tissues tended to sediment at greater density, however,
and up to 509, of the ROS were obtained in the 1.13/1.15
g/ml interface and had an Aas/ A4 ratio of 2.95. Based on an
extinction coefficient of 40,000 at 498 nm, as described by
Shichi et al. (1969), a yield of 0.7 umol was obtained in the
combined bands which was in the reported range of his iso-
lation using a considerably different procedure. Thus, in our
technique for homogenization, sedimentation, and gradient
purification of rods, the rhodopsin yield was undiminished
compared to techniques using far more vigorous homogeniza-
tion and the contamination was considerably less. An aliquot
of these ROS from the 1.11/1.13 g/ml interface was dissolved
in Emulphogene buffered with potassium phosphate at pH
6.5 and chromatographed over a calcium phosphate—Celite
column by the procedure of Shichi et al. (1969) in the dark.
Comparison of the Ass/A4g ratios of the various fractions
(Figure 5) demonstrated that the leading edge of the main
chromatographic peak (tubes 8~17) had a ratio of 1.65 and in-
creased to 1.8 toward the trailing edge of the peak probably
because of cochromatographing lipid. Each of the fractions
was hydrolyzed and analyzed for amino acid content. This
technique permitted us to determine the protein content and
composition and to readily follow the fractionation of the
lipid as represented by the ethanolamine peak on the analyzer.
From the published results of the amino acid analysis of rho-
dopsin (Shichi et al., 1969; Heller, 1968; Shields et af., 1967)
and the lipid composition of ROS by Nielsen et al. (1970),
corrections in the serine content could be made. The protein
content in each fraction was estimated by summing the con-
tent of all amino acids present in the analyzed fraction. As
shown in Figure 5, 75%, of the absorbance at 278 nm and
10097 of the absorbance at 498 nm was obtained in a single
chromatographic peak shortly after the void volume of the
column. A second small peak of absorbance at 278 nm (tubes
19-26) followed this main peak but did not contain any amino
acids after hydrolysis; 15%, of the absorbance at 278 nm was
present in this second peak and probably represents nonamino
acid aromatic groups (Shields et af., 1967) or possibly toco-
phorol as reported by Dilley and McConnell (1970). By this
quantitative analysis 85% of the Axs and 1009 of the Aug
material were recovered from the column without any evi-
dence of other major proteins being present in the Emulpho-
gene extract of whole ROS. The reduction in Aus/A4 ratio
achieved by calcium phosphate-Celite chromatography of
purified ROS in phosphate-buffered Emulphogene resulted
primarily from removal of nonprotein components absorbing
at 278 nm rather than selective adsorption or protein con-
taminants. This further supports the results of analytica]
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polyacrylamide gel electrophoresis and peptide analysis that
suggest rhodopsin is the major protein in ROS.

Discussion

In order to determine the quantitative relationships of the
membrane proteins in rod outer segment membranes, we de-
veloped a modification of previously established techniques
for isolation of these membranes. This procedure enabled us
to obtain ROS rapidly, simply, and in high yield from large
amounts of starting material with minimal contamination
from the other clements of the retina. Our procedure en-
tailed two brief steps of differential centrifugation and a single
sucrose gradient. Purified ROS had spectral properties con-
sistent with a major reduction in non-ROS material absorbing
at 278 nm.

The initial homogenization medium contained NaCl (65
mMm) and divalent cations (1-2 mm) in order to reduce Donnan
effects and maintain nuclear structure during the initial frac-
ture of the retinal membranes and sufficient sucrose (3457
w/v) to float ROS. These conditions were a modification of the
procedure developed by Wallach and his colleagues in studies
of Ehrlich ascites tumor cell and lymphocytes (Wallach,
1967; Ozer and Wallach, 1967). Subsequent steps of analysis
demonstrated the high degree of purity of the ROS after gra-
dient centrifugation. Addition of divalent cation to the density
gradient was necessary for purification of the ROS. In the ab-
sence of divalent cations additional bands appeared in the
acrylamide gels of purified ROS which were also present in
preparations of retinal mitochondria (Figure 3). While it is
possible that ROS purified on gradients free of divalent
cations might contain more protein originally present in the
ROS particle, experience with other membranes has shown
that salts such as Mg?* tend to retain the entrapped compo-
nents more successfully than gradients free of such salts.
McConnell ez al. (1969) observed that several enzymes were
released from ROS when isolated in the presence of mag-
nesium. They concluded that entrapped soluble molecules
were released by the divalent cation. Alternatively, however,
these enzyme losses could result from the redistribution of
contaminating membranes from the zone of ROS purifica-
tion to other positions in the gradients. Such shifts of buoyant
density in sucrose and Ficoll gradients of homogenized endo-
plasmic reticulum and plasma membrane have been shown in
other cells (Steck et al., 1970).

It is unlikely that soluble proteins as a class within the ROS
were lost by this isolation procedure since subsequent studies
by Kuhn et al. (Kuhn and Dreyer, 1972; Kuhn et al., 1973)
have demonstrated that a soluble protein kinase is retained in
ROS isolated by this procedure. This enzyme may be an ex-
ample of proteins represented by the minor bands on poly-
acrylamide electrophoresis and are probably too low in con-
centration to be detected by N-terminal analysis. These ROS
preparations might be more suitable for other studies of
enzymatic functions in the outer segment than membranes
that have been repeatedly washed in distilled water or solu-
tions not containing divalent cations.

The ROS could be examined by suitable analytical proce-
dures to determine the molecular relationships within the
membrane particles. We initially explored the molecular
weight distribution of ROS proteins. The determination of the
molecular weight of opsin by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis is not as reliable as the usual
limitations of the procedures because of the considerable
variation in migration distance of rhodopsin compared to a

wide variety of water soluble nonmembrane proteins as
standards. Water soluble proteins of known molecular weight
ran reliably in each of the techniques except that devised by
Laemmli (1970). Despite this relative constancy of behavior of
some of the water-soluble proteins, the rhodopsin ranged in
molecular weight from 30,000 by the procedure of Fairbanks
et al. (1971) to 38,000 by the procedure of Swank and Mun-
kres (1971), yet each procedure demonsirated the remarkable
molecular simplicity of both cattle and frog ROS. When more
complex discontinuous gel systems such as that devised by
Neville (1971) were employed, however, overloaded gels
occasionally contained doubled bands at 1 and 6 cm, the
characteristic positions of the two most prominent proteins in
ROS. Comparison of these ROS patterns with isolated rat and
frog liver mitochondria, which exactly duplicated the pub-
lished illustrations by Neville, demonstrated that the proce-
dure was repeated properly. Thus, the extraordinary com-
plexity of mitochondrial membranes demonstrated by this
procedure may represent an artificially generated multiplic-
ity. Until other independent means are available for identi-
fying the various proteins in these more complex membranes,
the highly complex banding patterns of mitochondrial and
erythrocyte membranes on discontinuous gel systems must be
viewed with caution compared to the simpler patterns usu-
ally seen in the procedure of Fairbanks er al. (1971). Re-
gardless of the electrophoretic procedure used, however, the
ROS membrane protein patterns were always simple: a
major rhodopsin band and minor higher molecular weight
components less than 197 the mole fraction of rhodopsin.

In contrast to the simplicity demonstrated in these studies,
purification of rhodopsin from other “ROS” proteins has
usually been the major first step in studies of its structure.
Considerable attention has been devoted to the chromato-
graphic purification of rhodopsin from other proteins in ROS
(Shichi et al., 1969; Heller, 1968). Heller (1968) examined the
separation of ROS membrane proteins by gel permeation in
the cationic detergent cetyltrimethylammonium bromide and
described a high molecular weight protein fraction appearing
in the void volume. Since the ROS in his procedure were ini-
tially isolated after vigorous homogenization in a Waring
blender, it is likely that these other components are insoluble
proteins in this detergent eluting as aggregates or high molec-
ular weight proteins and probably do not represent intrinsic
ROS components. His report and others (Shichi er al., 1969;
Shields er al., 1967) have emphasized the considerable reduc-
tion in the Aus/A4 ratios as evidence of purification of rho-
dopsin from other protein components in purified ROS. By
adsorption chromatography of 1%, Emulphogene solutions of
purified ROS on the calcium phosphate-Celite procedure de-
scribed by Shichi et al. (1969), we were able to determine that
most of the reduction in absorbance at 278 nm results from the
removal of non-amino acid containing components that ab-
sorb at this spectral region, Thus, when purified ROS with an
Ass/Asgs ratio of 2.4 were chromatographed on the calcium
phosphate-Celite column, all of the rhodopsin and 859 of
the Az absorbing material could be accounted for, and only
rhodopsin could be detected in the single chromatographic
peak. Many of the column chromatographic rhodopsin
“purifications’’ that have been employed may represent either
the removal of contaminating proteins resulting from too
vigorous a homogenization in the initial stages of isolation or
the separation of rhodospin from nonprotein components in
ROS that absorb at 278 nm. Other laboratories have also con-
cluded that rhodopsin is the predominant protein in ROS on
the basis of analytical acrylamide gels by a single technique
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(Bownds et al., 1971) and by gel electrophoresis and amino
acid analysis of progressively washed and gradient purified
ROS (Daemen et al., 1972).

The simplicity of rod outer segment membranes raises sev-
eral interesting theoretical consequences for theories of mem-
brane structure and models of photoexcitation. The nearest
neighbor to a rhodopsin molecule is another rhodopsin mole-
cule or a lipid molecule. It is therefore not feasible to estab-
lish any one-to-one molecular interaction between each rho-
dopsin molecule and some other protein component such as
an enzyme. Yet the sensitivity of the rod cell is so high that
each cell may respond to a single captured photon (Hecht
et al., 1942). Several functions in ROS have been claimed to
be coupled to light exposure and possibly involved in photo-
amplification including the activity of phosphodiesterase
(Miki et al., 1973), the availability of rhodopsin (opsin) as a
substrate for an ROS kinase (Kuhn and Dreyer, 1972; Kuhn
et al., 1973), and changes in the permeability of the enveloping
plasma membrane to sodium (Hagins et al., 1970; Hagins,
1972). It is possible that conformational changes in the struc-
ture of rhodopsin alter the permeability or interactions of
some region of the outer segment and release a transmitter
substance to amplify the effect of the captured photon (Hagins,
1972; Cone, 1973). These hypotheses may be tested by further
analysis of the contents of discs isolated from ROS by the
procedures described in this study.
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