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A simple modified procedure is described for isolat-
ing and purifying peripherally bound membrane pro-
teins from bovine rod outer segment disks. The meth-
ods yield milligram quantities of G-protein and cGMP
phosphodiesterase which are suitable for reconstitu-
tion with membranes containing visual pigments. The
properties of cGMP phosphodiesterase have been pre-
viously characterized (Baehr, W., Devlin, M. J. & Ap-
plebury, M. L. (1979) J. Biol. Chem. 254, 11069-11677).
Here we report the characterization and properties of
the rod outer segment G-protein, a complex of three
subunits a, fi, and y.

Protein labeling studies of bovine retina show that
G-protein is synthesized and transported to the outer
segment at rates comparable to those of the integral
membrane protein, rhodopsin. G-protein co-sediments
with rhodopsin-containing membranes throughout
fractionation procedures for isolating rod outer seg-
ment disks. Washing bleached disk membranes with
low ionic strength buffer removes all peripheral protein
except G-protein; washing with buffer containing >3
fiM GTP elutes G-protein in high purity. GTP or its
nonhydrolyzable analog jS~-imidogutuaosine 5'-tripbos-
phate elutes G-protein equivalently indicating that
GTP hydrolysis is not required for release from the
membrane surface. The association constant for /3y-
imidoguanosine &'-triphosphate binding to G-protein is
0.5 x IQLlm"1with 1 mol ofnucleotide bound/mol of G-
protein (assuming 80,000 MTfor G-protein).

G-protein is nonhomogeneous in solution and can be
separated into two species by native gel electrophore-
sis. Gel electrophoresis and analytical ultracentrifuga-
tion identify one species to be (G-a)z and the other to be
(G-9y)s; the latter has a tendency to form tetramers or
higher aggregates at moderate ionic strength. Peptide
maps and isoelectric points indicate G-a and G-fi are
distinctly different proteins. Purified G-protein can be
reconstituted with bleached depleted membranes in the
absence of GTP, In this system, the membranes exhibit
a GTP hydrolytic activity inherent to G-protein. The
turnover number is ~1 mol of GTP/mol of G-protein/
min. Binding saturation of disk membranes is reached
at 1 mol of G-protein to 4-5 mol of rhodopsin.

A complex system of enzymes and regulatory components
has recently been shown to be associated with rod outer
segment disk membranes (1). Two of these components, G-
protein (a GTP binding, regulatory protein) and cGMP phos-
phodiesterase, mediate the hydrolysis of cGMP which is ac-
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tivated upon absorption of light by the photoreceptor visual
pigment (2-6). The light-activated sequence of events starts
with photon absorption by rhodopsin producing an activated
rhodopsin; this activated membrane receptor enables the G-
protein to exchange GTP for GDP and the GTP protein
complex in turn activates the cGMP phosphodiesterase (6-8).
Such a cascade organization provides a two-step amplification
mechanism whereby the absorption of one photon may lead
to the hydrolysis of 10510f cGMP molecules/s (2, 3, 6, 9).

Though some elements of this amplification system are
defined, the mechanisms by which molecular interfaces are
established to achieve activation, and disrupted to restore the
unactivated state are little understood. Such mechanistic de-
tails first require a basic biochemical characterization of each
component. We have isolated the cGMP phosphodiesterase
from bovine rod outer segments and reported its biochemical
properties previously (10). In the isolation procedure devel-
oped at the time, we also purified the G-protein which we
termed 8GK protein according to the approximate sum of
molecular weights of its subunits. We report here our studies
of the molecular properties of G-protein and characterize this
component as a peripheral membrane bound protein of rod
outer segment disks.

To facilitate discussion throughout this work, we have
adopted the term G-proteinlfor the heterogeneous complex
of three polypeptides («/?y) which control the activation ofthe
photoreceptor cGMP phosphodiesterase, “G-protein” (11) is
the name which has been given to the regulatory GTP-binding
protein that serves a similar role in the hormone receptor-
adenylate cyclase system (12, 13). The nomenclature seems
appropriate because both proteins lack GTPase activity in the
absence of membranes (14, 15), exchange cytoplasmic GTP
for bound GDP in the presence of stimulated membrane
receptors (16-18), and return to the basal inactive state by
GTP hydrolysis (17,19). Moreover, at least two of the subunits
have similar molecular weights (14).

EXPERIMENTAL PROCEDURESH

RESULTS
Association ofAccessory Proteins with HOSMembranes—

1G-protein has been variously termed GTPase (8, 15), 80K protein
(10), transducin (6), guanine nucleotide-binding protein (17). and T
(48). G-a subunit has been termed "G” component, and G-/?y "H”
(helper) component (4).

2Portions of thie paper (including “Experimental Procedures™” and
Figs. 1-5) are presented in miniprint at the end of this paper. Mini-
print is easily read with the aid of a standard magnifying glass. Full
size photocopies are available from the Journal of Biological Chem-
istry, 9650 Rockville Pike, Bethesda, MD 20814. Request Document
No. 81M-2496, cite th« authors, and include a check or money order
for $4,00 per set of photocopies. Full size photocopies are also included
in the microfilm edition of the Journal that is available from Waverly
Press.
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Dark-adapted ROS'l membrane fragments may be fraction-
ated by sedimentation in a sucrose step gradient and isolated
in high purity relatively free of mitochondrial or synaptosomal
contamination (29, 32). SDS-PAGE analysis of the proteins in
fractions throughout the gradient indicate that a number of
polypeptides sediment in association with ROS membranes
which are identified by their marker protein rhodopsin (Fig.
6, track 3). Those which have been identified are indicated in
Fig. 6 and consist of the subunits of cGMP phosphodiesterase
(phosphodiesterase-a, phosphodiesterase-/?, and phosphodi-
esterase-y) (10), G-protein (G-a, G-/3, and G-y) (7, 16, 24), and
an integral membrane protein of high molecular weight (1)
(33). The subunits of phosphodiesterase are tightly associated
with ROS fragments (Fig. 6, track 3), whereas the G-protein
subunits appear more loosely bound and are found throughout
the gradient. This loss of G-protein can be minimized by
preparing membranes under normal room light from light
adapted eyes (results not shown).

The sensitivity of analysis can be enhanced by labeling
photoreceptor proteins in vitro with ['"SImethionine (Fig. 6,
tracks 5-8). Detection of polypeptides by autoradiography
shows that rhodopsin, cGMP phosphodiesterase, and G-pro-
tein subunits readily incorporate methionine (particularly
PDE-y), whereas the integral membrane protein | is poorly
labeled either due to a low methionine content or due to
differences in rate of synthesis. The degree of labeling indi-
cates the peripherally membrane bound proteins must be
synthesized at a rate similar to the rate of biosynthesis of
rhodopsin. Association of the proteins with isolated rod outer
segment fragments indicates that the newly synthesized, pe-
ripherally membrane bound proteins are transported from the
inner segment site of synthesis to the outer segment along
with the integral membrane protein rhodopsin.

Protein labeling with [“ SIJmethionine in the presence of
tunicamycin, an antibiotic which inhibits protein glycosylation
(34,35), leads to dramatic changes in the mobility of rhodopsin
due to lack of carbohydrate chains (see arrow in Fig. 6, track
9). No effect on the mobility of phosphodiesterase and G-
protein subunits is observed which suggests that neither pro-
tein isa glycoprotein. Thus agrees with the report that periph-
erally membrane bound protein subunits do not stain for
carbohydrate with the periodic acid Schiff base reagent (30).

Release of G-protein from ROS Membranes by Titration
with GTP and GMP-PNP—G-protein becomes tightly bound
to bleached membranes (membranes in which rhodopsin is
light activated) but can be eluted by washing with GTP (24).
Fig. 7 illustrates that the GTP or GMP-PNP concentration
that elutes 50% of the G-protein is the same (—0.75 4m for
these experimental conditions) and shows that hydrolysis of
GTP is not necessary for release. For this experiment, mem-
branes containing only the integral protein opsin (bleached
rhodopsin) and peripherally bound G-protein were prepared
as described under “Experimental Procedures,” i.e. ROS
membrane fragments were bleached, and stripped of phos-
phodiesterase and other proteins by washing with hypotonic
buffer. Titration of the membranes over a range of 10~8 m to
4 X 10"s M GTP or GMP-PNP shows that 3 ftM of either
guanine nucleotide elutes more than 90% of the bound G-
protein under conditions of low ionic strength (Fig. 7). All
three subunits of the G-protein complex are equivalently
eluted (Fig. 1), although only the G-a subunit has been impli-

‘The abbreviations used are: ROS, rod outer segments; GMP-
PNP, /?,y-imidoguanosine 5'-triphosphate; PMSF, phenylmethylsul-
fonyl fluoride; Hepes, 4-(2-hydroxyethyl)-l-piperazine-ethanesulfonic
acid; SDS, sodium dodecyl sulfate; SDS-PAGE, polyacrylamide gel
electrophoresis in the presence of 0.1% sodium dodecyl sulfate; Rho.
rhodopsin.
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Fig. 6. SDS-PAGE of 14S-labeled retinal proteins fraction-
ated by a sucrose step gradient. Tracks 1-4, Coomassie stained.
~'S-labeled polypeptides harvested at the interfaces 1.0/1.10; 1.10/
1.11; 1.11/1.13; 1.13/1.15 g/m| of a sucrose step gradient. 10 pi of the
membrane suspension were loaded into a slot of a low cross-linked
gel. Tracks 5-8, autoradiography of the gel tracks 1-4. Track 9, 1.11/
1.13 g/m1 interface of a gradient loaded with membranes which had
been labeled in the presence of tunicamycin. The subunits of phos-
phodiesterase are labeled PDE-a, PDE-/}. and PDE-y, the subunits
of G-protein G-a, G-[i, and G-y. Other identified proteins are I, an
integral membrane protein of M, 240,000. Rho, rhodopsin, and Rho ,
dimer of rhodopsin.

guonme nucleotide [m]

Fic. 7. Elution of G-protein with guanine nucleotide (GTP
or GMP-PNP). Bleached ROS membranes containing 1 mg of opsin
in 450 /zI of hypotonic buffer (depleted of all proteins except G-
proteini were incubated at 0 °C for 10 min with the indicated
concentrations of guanine nucleotide by adding 50 /d of a 10 x
concentrated stock solution of GTP (O--—-- O) or GMP-PNP
(# - ). The membranes were collected by centrifugation in an
Eppendorf centrifuge, and the released G-protein in the supernatant
determined by a Coomassie G-250 assay. Supernatants from mem-
branes with no nucleotide added were subtracted as blanks.

cated to bind GTP or GMP-PNP (6).

Stoichiometry and Binding Constant for the GMP-PNP/
G-protein Complex— Following elution of G-protein from
ROS membranes with 40 fiM['H]GMP-PNP excess nucleotide
may be removed by chromatography of the protein containing
supernatants on DE52 cellulose. As shown in Fig. 8a, [*H]
GMP-PNP remains tightly bound to the protein indicating a
low dissociation constant for the G-protein-nucleotide com-
plex. Analysis indicates 1.0 = 0.2 mol of [HIGMP-PNP is
bound/mol of G-protein where the latter is defined to be a
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Fig. 8. Elution of G-protein with [aH]JGMP*PNP (a) and bind-
ing constant for the nucleotide/protein complex (b). a, depleted
bleached membranes containing 10 mg of ojisin were extracted 3 x
with 40 W {a&H]GMP-PNP and the combined supernatants chromat-
ographed on DE52 cellulose (Fig. 3). After elution of excess nucleotide
with G.1 » NaCl, G-protein was eluted with 0.5 » NaCl. The peat

complex of G-afiy of 80,000 M.

The affinity of GMP-PNP for G-protein may be measured
by taking advantage of the observation by Godcheux and
Zimmerman (17) that G-protein, together with its bound
nucleotide, does not pass through nitrocellulose filters,
whereas unbound nucleotide can be washed out. Figure 8i>
shows binding data of [ [HIGMP-PNP to G-protein with a
Scatchard analysis (.36) of the same data (Fig. 8b, inset). The
binding constant is determined to be 0.5 X 107 m"land the
stoichiometry approaches 1.0 mol/mol. The affinity and stoi-
chiometry values determined are independent of ionic
strength (data not shown).

Reconstitution of G-protein with Depleted Membranes:
Saturation ofMembranes with G-protein—The elution of G-
protein from ROS membranes is reversible and depleted mem-
branes may be reconstituted with subunits of the G-protein
complex (5, 8, 17). Reconstitution affords a way to examine
the stoichiometry of G-protein binding to ROS membranes
and a way to examine the mechanism of interaction between
activated rhodopsin and G-protein. As indicated in Fig. 9a
and earlier reports (5, 8, 17), G-protein exhibits no GTP
hydrolytic activity in the absence of membranes, but catalytic
activity is restored by addition to membranes containing
bleached rhodopsin. The steady state GTPase activity in-
creases in proportion to G-protein concentration; the activity
is linearly proportional over much of the range and does not
show an apparent saturation. Even at 7-fold molar excess of
G-protein (80,000 Mr) compared to rhodopsin the activity is
still nearly proportional to enzyme concentration. Moreover,
the rate of GTP hydrolysis does not change significantly at
10-fold lower or 10-fold higher rhodopsin concentration. The
activity is independent of ionic strength; the level is the same
whether assayed at moderate ionic strength (0.1 M NaCl)
where G-protein would reassemble with membranes or low
ionic strength where G-protein would elute. These observa-
tions emphasize the catalytic role of rhodopsin. The rate-
limiting step inthe GTP hydrolysis mechanism cannotinvolve
a one to one complex of G-protein and rhodopsin since there
is no saturation of activity for a given concentration of rho-
dopsin with increasing addition of G-protein. The data may
be used, however, to calculate the specific GTPase activity.

SH-GMPPNP  |uM

fractions are analysed for G-protein by a Coomassie G-250 assay and
converted to nmoles protein based on a minimal M. of 80,000. 6, direct
plot of Vv (moles of bound [3H]GMP-PNP/moles of G-protein) versus
naicromolar fAH]GMP-PNP added as determined by a Millipore filter
assay. The insel shows the same data in a Scatchard plot (36),

From the region of the initial linear slope in Fig. 9a the
activity is 1.0 mol of GTP/mol of G-protem/min.
Quantitation of G-protein in fractionated photoreceptor
membranes has indicated that the molar ratio of G-protein to
integral rhodopsin in the membrane is low (10, 17). In view of
the fact that G-protein may be lost during ROS fractionation
and washing membranes (Figs. | and 6) it is of interest to
determine how much G-protein can be bound under known
conditions. For this purpose, G-protein at increasing concen-
trations was equilibrated with bleached ROS membranescon-
taining opsin (at 0.6 nmol/ml) in isotonic buffer minus GTP.
Nonbound G-protein was removed from the membranes by
centrifugation and washing. Residual bound G-protein was
then determined by two independent methods; assay of
GTPase activity of bound G-proteLn and densitometrie anal-
ysis of Coomassie stained G-protein subunits on SI)S gels.
Figure 9b illustrates that above 0.15 nmol of G-proteLn/ml
there is no increase in bound GTPase activity of bound G-
protein; thus, binding saturation of ROS membranes is
reached at a ratio of G-protein to rhodopsin of —1:4 where G-
protein is defined as a minimal molecular weight complex of
80,000 and rhodopsin of 35,000. The specific GTPase activity
determined for G-protein which is membrane bound is equai
to that determined above (Fig. 9a) within experimental error.
Separation of G-protein Subunits into C-a and G-fiy—
Analysis of purified G-protein by native gel electrophoresis
(Fig. 10) and by analytical ultracentrifugation (Fig. 11) reveal
a striking nonhomogeneous behavior. Gel electrophoresis at
pH 9.5 separatesl1 G-protein into a faster moving species with
the mobility of a protein of approximately 80,000 M, and a
larger slower moving species of 95,000 Mt. Both bands appear
somewhat diffuse as compared to the sharp bands of phos-
phodiesterase (170,000 and bovine serum albumin (68,000
M) as standards. Second dimension SDS-PAGE reveals that
the faster moving species consists exclusively of G-«, and the
slower one of both G-jS and G-y. We took advantage of this
property of G-protein to separate G-« from G /Sy by prepara-

“This separation occurs both for G-protein eluted from dark-
adapted membranes in the absence of GTP or for G-protein eluted
from bleached membranes in the presence of GTP.
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Fig. 9. GTPase activity of G-protein in the presence of cat-
alytic amounts of ROS membranes (a) and reconstitution and
saturation of G-protein with depleted ROS membranes (6). a,
GTPase activity (nmolesof GTP hydrolyzed/min/ml) of the indicated
amounts of G-protein (0.04 to 4.2 nmol/ml) under the following
conditions: (9), hypotonic, and (A) isotonic in the presence of 0.6

-PDE 40K -- 10jjg
G-(Jv - I-bsa?2
G-0 - J ?
I-BSA
40 K — 30>jg
Y,

12 3

Fig. 10. Native gel electrophoresis (a) and two-dimensional
SDS-PAGE characterization of purified G-protein (6). a, 10 ng
of purified G-protein electrophoresed at pH 9.5 in 50 mM Tris-glycine
(track 1) are compared with phosphodiesterase holoenzyme (170,000
Af, track 2) and bovine serum albumin (68,000 A?, track 3). b, two-
dimensional SDS-PAGE analysis of G-protein first separated by
native gel electrophoresis as in part a, track I. A gel containing 10
fig of G-protein was incubated in a buffer containing 0.1 m Tris-HCI,
pH 6.8, 2% SDS, 1 mM EDTA, 1 mM dithiothreitol, and 10% glycerol,
polymerized horizontally into a stacking gel and the proteins sepa-
rated (10% Laemmli gel). A second gel loaded with 30 fig of protein
was prepared to demonstrate co-migration of G-y with G-fi. S, marker
proteins as described previously (10). PDE, phosphodiesterase.

tive native polyacrylamide gel electrophoresis (Fig. 4).
Molecular Weight and Aggregation of Purified G-protein
Subunits G-a and G-fiy—Upon electrophoresis under dena-
turing conditions (0.1% SDS), purified G-a migrates as asingle
polypeptide of 37,000-dalton mobility on low cross-linked gels,
(or 41,000 on conventional cross-linked gels, see Fig. 5). Sedi-
mentation equilibrium in isotonic buffer (0.1 MNaCl) (Fig. 11)
indicates G-a behaves homogeneously as the dimeric structure
(G-a)* which is consistent with the observed mobility of G-a
in native gels. The apparent molecular weight was calculated
to be 85,000 £ 10,000. Purified G-(iy exhibits 2 bands in low
cross-linked denaturing gels of 39,000 (or 35,000 on conven-
tional gels) and <10,000. Analysis by analytical ultracentrifu-
gation shows that in isotonic buffer (0.1 M NaCl), G-/3y exists
as dimers and tetramers (Fig. 11). The apparent molecular
weights were calculated to be 85,000 + 10,000 and 190,000 *
20,000, respectively. In comparison, G-protein itself exhibits a
molecular weight distribution ranging from 80,000 to 160,000.
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nmol of rhodopsin/ml. (m), Hypotonic in the presence of0.06 nmol of
rhodopsin/ml. (0), no rhodopsin added, b, GTPase activity (O) of
ROS membranes reconstituted in the presence of the indicated
amounts of G-protein. Membrane-bound G-protein (A) was inde-
pendently measured by densitometric scanning of stained G-protein
bands after separation from rhodopsin on SDS polyacrylamide gels.

Oo

Fig. 11. Sedimentation equilibrium analysis of purified G-
protein, G-a and G-fiy. Absorbance at 280 nm (measured in centi-
meters per deflection) is plotted in a logarithmic scale versus the
square of the distance to the center of rotation, R. M, meniscus of the
sample. B, bottom of cell.

With increasing salt concentrations (0.5 m NaCl) dimers and
tetramers of G-a, and G-/?y, disaggregate (data not shown).
The behavior of the subunits analyzed by ultracentrifugation
is the same in the presence of bound GMP-PNP, thus hy-
drolysis of GTP does not effect dissociation of G-a from G-

Peptide Mapping of G-protein Subunits in Comparison
with Rhodopsin—Limited proteolysis of excised bands of G-
a and G-/3 was carried out according to the technique of
Cleveland et al. (27) and reveals a strikingly different peptide
map for the two polypeptides (Fig. 11). (Note that G-/J would
co-migrate with rhodopsin in conventional SDS gel electro-
phoresis, but the peptide maps of G-f) and rhodopsin are
strikingly different as expected.) The protease used in the
experiments shown in Fig. 12 was Staphylococcus aureus Vs
protease which is specific for cleavage at glutamic or aspartic
residues; other proteases (thermolysin, papain) give similar
results (data not shown). The peptide maps of G-a and G-ft
are sufficiently different to indicate that the two polypeptide
chains do not differ due to post-translational modifications
and are unlikely to stem from a common polypeptide ancestor.
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Fig. 12. Limited proteolytic digestion of G-protein subunits
and rhodopsin with S. aureus Vs protease. Proteolytic digestion
was performed as described under "Experimental Procedures” with
the indicated amounts of S. aureus Vs protease. Separation of pro-
teins was performed on 15% Laemmli gels.

Isoelectric Points of Purified G-protein Subunits—G-pro-
tein dissociates into its three respective subunits when sub-
jected to electrophoresis in a pH 3-9 gradient in presence of
8 m urea according to the conditions of O'Farrell (37). This
allows us to determine the characteristic isoelectric point of
each subunit (data not shown). These values may be inde-
pendently confirmed by analyzing the individual G-a and G-
(iy proteins purified as described under “Experimental Pro-
cedures” (Fig. 4). The isoelectric points are 5.3 (G-a), 5.9 (G-
/?), and 5.2 (G-y).

DISCUSSION

Three of the macromolecules that function in the vertebrate
photoreceptor cell to achieve light-activated cGMP hydrolysis
are now well characterized, and include the membrane-
embedded photoreceptor rhodopsin and the two peripheral
membrane proteins G-protein and cGMP phosphodiesterase.
These proteins are present in sufficient quantities in photo-
receptor cells such that they can be isolated, characterized,
and reconstituted to study their membrane organization. The
isolation of G-protein and phosphodiesterase is made possible
because these proteins interact with ROS disks at moderate
ionic strength (0.1 m NacCl) strongly enough that they can be
fractionated along with the membrane disks following disrup-
tion of the intact cell. Subsequently, they can be eluted from
the membranes in a relatively pure form. This advantageous
property was used for the isolation of phosphodiesterase (10),
and we here extend and modify our procedure to include
isolation of G-protein (see "Experimental Procedures,” Figs.
1-5).

The association of G-protein and cGMP phosphodiesterase
with fragmented ROS disks is demonstrated by analysis of
protein subunits in various fractions throughout the isolation
procedure for ROS membranes (Fig. ). The results are con-
sistent with earlier studies which demonstrated that cGMP
phosphodiesterase activity (38) and GTP binding activity (17)
cofractionate with ROS membranes. Protein synthesis occurs
in the inner segment of the photoreceptor cell and proteins
such as rhodopsin are transported to the outer segment (39—
41). Labeling studies with [“ SJmethionine indicate the sub-
units of G-protein and phosphodiesterase readily incorporate
the radioactive marker in a period of 5 h. Since the newly

Bovine ROS G-protein

synthesized subunits are associated with the rhodopsin-con-
taining outer segment membranes, even after vigorous ho-
mogenization and cell fractionation, they must be synthesized
at rates comparable to those for rhodopsin and cotransported
(or transported in parallel) to outer segments. Comparative
labeling studies carried out in the presence or absence of
tunicamycin, an antibiotic which inhibits oligosaccharide ad-
dition to newly synthesized proteins (35, 42), suggest that
none of the subunits of G-protein or phosphodiesterase are
glycoproteins (Fig. s, track 9). Rhodopsin is a glycoprotein
with two oligosaccharide chains attached near the NHj-ter-
minal end (43, 44) and the action of tunicamycin is demon-
strated by the dramatic change in opsin mobility on SDS gels
compared to the native glycoprotein. The lack of oligosaccha-
ride does not appear to affect the transport of rhodopsin to
the outer segment. Since G-protein and phosphodiesterase are
not glycoproteins, attachment of carbohydrate does not ap-
pear to be a signal which might help the cell sort and direct
the transport of molecules to the outer segment.

The specificity of the G-protein and phosphodiesterase
binding to ROS membranes is not well understood. Associa-
tions of both proteins with dark-adapted membranes are
stabilized by moderate ionic strength (0.1 m NaCl and 5 mm
MgCU and disrupted by low ionic strength (10 mm Tris-HCI)
(10, 24). Such behavior may be indicative of predominantly
hydrophobic interactions which are stabilized at moderate
ionic strength but a thermodynamic study of the binding is
necessary to confirm this. The salt-stabilized association for
phosphodiesterase is strong since there seems to be little
release of either activity or subunits into the supernatants
during washing of the membranes with isotonic buffer (Fig.
1). The interactions are disrupted in low salt and phosphodi-
esterase is eluted by hypotonic buffer; elution is similar for
dark-adapted or bleached membranes (10, Fig. 1).

The behavior of G-protein remains more puzzling. There is
minimal but continual “leakage” of the G-protein subunits
into moderate ionic strength buffers used for washing mem-
branes; the observation is difficult to quantitate by GTPase
assay (by readdition to depleted membranes) because the
specific activity is so low. Our preliminary observations and
those of Godchaux and Zimmerman (17) indicate that physi-
ological concentrations of approximately millimolar GTP in
moderate ionic strength buffers enhances elution from dark-
adapted membranes. It remains to be determined whether
this is due to very low levels of bleached rhodopsin (1 part in
100) or an allosteric or secondary role of GTP. Once the
rhodopsin is bleached, G-protein is more tightly bound, which
supports the postulate that a complex is formed between
activated rhodopsin and G-protein. Addition of GTP to wash-
ing buffers of moderate ionic strength is partially effective in
release, but the most effective condition, which fully elutes G-
protein from the bleached membranes, is washing with GTP
in low ionic strength buffers (24, Fig. 1). Further controlled
and quantitative studies are necessary to truly elucidate the
nature of G-protein associations with ROS membranes.

GTP and GMP-PNP are equally effective in releasing G-
protein from ROS, thus GTP hydrolysis is not necessary to
achieve release (Fig. 7). Moreover, both nucleotides release all
three subunits (G-a, G-/?, G-y) simultaneously. One mole of
GMP-PNP per mol of G-protein (assuming an 80,000 minimal
molecular weight for G-a/?y) is sufficient to achieve elution
and a 1:1 molar complex may be isolated following elution
with ['HIJIGMP-PNP. A Scatchard analysis of binding data for
GMP-PNP and G-protein indicates the association constant
is05 x 107 m'1 (K/, 2 X 107 m) and the stoichiometry is 1
mol of GMP-PNP bound/mol of G-protein (Fig. s). The
dissociation constant of 2 x 10 ' m for GMP-PNP is roughly
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equivalent to the concentration of GTP that is necessary to
maximally activate phosphodiesterase (0.3 fiM) as measured
by Yee and Liebman (3) and slightly higher than the concen-
tration of GTP required for half-maximal activation of phos-
phodiesterase (0.07 /im) according to Wheeler and Bitensky
(8). Godchaux and Zimmerman (17) have indicated there are
two binding sites, one specific for GTP and one which accepts
both GTP and GDP. If there is a second site, it is not
exchangeable for GMP-PNP (or GTP) or the binding constant
is > 104 as observed under our experimental conditions.

To examine the stoichiometry and properties of G-protein
binding to membranes, we have reconstituted purified G-
protein with depleted ROS membranes. Addition of G-protein
to membranes containing light-activated rhodopsin restores
GTPase activity. Ifa membrane-bound state, e.g. a G-protein-
rhodopsin complex, were necessary for this activity, the de-
pendence of steady state activity on G-protein concentration
should be hyperbolic, saturating when the membrane site
(rhodopsin) available for binding becomes limiting. Studies
shown in Fig. 9a illustrate that no saturation of GTPase
activity is observed even at concentrations of G-protein 7-fold
greater than the rhodopsin present. Rough calculations (as-
suming G-protein to be a sphere of ~60A diameter and 25,000
rhodopsins/fim* (45)) indicate that one G-protein per rhodop-
sin is the maximal number that could physically associate
with the membrane surface as a single layer. Thus, there must
be a constant exchange of free and bound G-protein molecules
(or one of its subunits) on the surface of the membrane. These
results emphasize that the interaction of G-protein with the
membranes is transient at low or moderate ionic strength;
moreover light-activated rhodopsin must play a catalytic role
as was suggested by Godchaux and Zimmerman (17) and the
rate-limiting step in GTP hydrolysis does not involve a com-
plex of G-protein and rhodopsin. These same studies yield a
turnover number for the GTPase activity of G-protein of 1
mol of GTP/mol of G-protein/min. This very low “activity”
is comparable to that found for the G-protein which plays a
similar role in the catecholamine stimulated-adenylate cyclase
system of turkey erythrocyte membranes (19).

The actual stoichiometry of G-protein which binds to mem-
branes containing light-activated rhodopsin at moderate ionic
strength may be determined in the absence of GTP. Fig. 9ft
indicates a maximal value of 1 G-protein per 4 or 5 rhodopsins
(013 £ 0.02 /im G-protein for 0.6 rhodopsin) can be
reconstituted with depleted bleached membranes. Prelimi-
nary data indicate this ratio is also appropriate for dark-
adapted membranes.s Membranes harvested from sucrose gra-
dients have a maximal ratio of 1:10 (data not shown) and a
value of 1:16 has been reported previously (17), The appro-
priate value for the intact cell is yet to be determined but a
lower limit must be 1:10,

Throughout this paper we have used a minimal molecular
weight of 80,000 for purified G-protein which corresponds to
the sum of the three distinct, unrelated polypeptide chains.
The purified G-protein may be further separated into G-a and
G-/?y subunits by preparative native gel electrophoresis (Fig.
4) or high pressure liquid chromatography (s). Sedimentation
equilibrium data indicates that both G-« and G-fly (assuming

to be a unit) behave as dimers, although G-fiy tends to
aggregate; moreover a mixture of G-a and G~0y does not
reveal formation of a mixed higher order complex. Thus, we
conclude that in solution G-protein exists as two proteins of
approximately 80,000 Mteach. It is possible that these species
were formed upon elution, but if so, the formation of homo-
dimers is very specific and does not allow mixed aggregates.
One can only speculate about the true molecular aggregation

sW. Baehr, unpublished data.
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of G-a and G-fiy on the membrane surface. G-protein may
form oligomeric complexes of Rhon, (G-«/Sy), where rhodopsin
serves as an anchor (46) and activator protein which disso-
ciates the complex following the absorption of a photon. The
existence of such oligomeric complexes between glucagon
receptor and G-protein which regulates cyclase activity in the
liver cell have been suggested to have molecular weights of up
to 1.3 x 10 (47). The problem of determining the true molec-
ular order of the species on the membrane surface is made
difficult by the transient nature of the G-protein-membrane
interaction and indicates a good deal of work lies before us
before we can define the molecular nature of the functional
complex.
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Wolfgang fcaehr, flalnr A. Nrrlli, Mehard J. Swan*on. Hrredlthr | Applehurv

tx tti imivtal pgoctotmcs
onrnl <<rlhai
“wvnalc Bovine trti were obtained uithin 10 alnutes post w iin Ira 4 local

I(tn>;orir4 o* It* |r a light-tight container. and tn Ihr dark ia oklalu rrtinaa
Cyclic nmIfo~ldf. and nucleotide triphosphate* w*fe purrhasrd Iron Sigma and Boehringer

Nannheta. {»= ‘PIL.Tf w i svathesited according la Clvm and Chapp*I1 (201 with (Sr M [lUallm i

of Walsh *t jj, (71) to « tpcrlllr artlvity of )=} Clawlr |»= HIfflr-Wf «ai nht.tned ttrm
Aaershaa  Materials for gel electrophoreala «rrr froa kinrad —Protease IS. aureus VI) «c.
purrfcaaed Ima fitlea and tunicaayrin frna Celklo<lwa-Irhrifi].

Buffers. Th* buffera uaej Ihroughooi 'hr** pro.Mwrri IP* defined aa follosra Isotonic buffer

(moderate ionic strength butfrr)  JO mh Tris-HCI pM 1.5, 0.1 H HaCl. \ «t »*Cl,. I a* dith|o
threltol, 0.1 Wt COTA, 0.01 a#l MJf; hvpntonlc buffer (low lonlr iirrn(tli buffer): 10 M<

Trts-MCl pH |.S, | af* dithiothreitol. 0.1 aft HTTA 0.0J a¢ P*SI; storage buffet = SOI glycerol.
A

* Ttla-WCIl pMm 1,J, | a* | a#t dithiothreitol, 0.] af* LOTA. and (ciian *qu| Ilbrat lon
buffer: JO aM Tris-NCl pM 7.S, o. 1 MbaCl. | a* dItMothrelt”l. 0.1 a« IOTA

rrotetn Assays: Protein conc*ntration* were d*i*raln*d with a Cocaaiole C7SO aaaav using
bovine wria albialn aa a (77).  The conrrntratloa of ihodopiln In arabunet was
determined froa the absorbance of an aliquot «o)ubtllred In IX fevonva-U) aa dearrlhed
earlier (10)

Phosphodiesterase Aaaay ~ The hydrolysis of rCMT la followed hv aaaav of V-CW product lon aa
quantitated bv the batch thin layer chrcaatography arthod of Zusaan (711. The final reaction
alature contains 40 aft Mepea pM >.S. SwH IgC1j, 0.1 a* dithiothreitol. I apt cOtP (radio*
labelled with JA- *C|gua»oalne »*.V-eyrl]c aonophoaphate of specific activity 0.1 Clm>I)

aid 1to 10 _g/al of protein The reaction la atarted bv addition of S ,I of solution contain-

ing enryar In 70 .1 of aaaav ala which bra been prelmubated I aln at I>*t | wl alltuAli are

withdrawn to follow the liar course and qu.nched bv laaersing the allquot In a »S*t hath for

I atn  Saall vnltaea are rollertrd bv aplnning S sec In aa Cppendorf centrifuge and S «| are

-potted M a 0.S a J.> ca* polyethylenelalne cellulose aheet. The ihertt are waahed In 12 apt

LICI three tlaea for 10 am. dried and counted for OfP production In a toluene-ba.ed stint!l-
alature. Heteat lon of OtP la aonltored In each riperlaent by spotting rontrola of ) b]

le- Ciguancaln* S'-aonophrsphate. One unit of activity Ja I .aol rxr prndwced/aln .

CTFaa* Aaaay Activity la aeaaured In a 100 ul reaction alature of 70 aM Trla-dCl pH T.V.

© e 'Cl , | M dithiothreitol. 0.1 aft D>TA, depleted aeabranea containing 7.4 ag rhodopala.
J.0-1.S Jt 1»- 'fICTT and t-10  C-proteln at JO*C. Alfqwota of 1\ > «*re lahtn at differ*
-nt tlaea ().»,+ aln for low conc*ntratlema of C>prnt*[n. 10.40.90 aer for high cencentratlonal
and 4weitched In 100 ,1 of an Ice-cold awapenalon af Narlte In 10X trichloracetic arid contain-
ing I aft HaNjUK. After Saln at 0*C the alurrv waa cen(rlfuged fIV aln) In an Cppendorf H 1)
centrifoc and an alMwot of the aupernatant <I1J .1) counted far Cerenkov radiation <|7,%4>
The apeclfIC activity nf |*- 'PICTF waa deteralned th* >aae way on th* day of the *ap«rlaent
Nanoanlea of CTT hvdrol.red /aln were graphlrally rairapolated froa the linear alop#a of m*
hvdrolyred  va. tin*. M ikground activity of depleted arabranea and background of Inor(anl<
phosphate (uaually J-JXI were subtracted for each point. One unit of activity repreacnta |
naole F| releaaed/aln.

1 moty-taff Unding Aaaayi Purified r.proteln (W panlei or 1 u]) and dark depleted aea-
branet containing rhodopaln (200 panlea or § og) were Incubated In J00 « I of buffer uoed for
CTPaae aaaav* at W*C for %aln to hydrotyae any endogenoua CTT. The aaaay all waa chilled
t* 0'Caad ».» to 19> panlea of I'MIOtP-rwP <11.4 Cl/mo|) added After 10 aln at 0*C the
aaaav ala waa diluted with aaaay buffer lo MO »!. filtered on nlirocelluloa* filter clrclea
(Schleicher and Schuell 1*IM. and waahed with ) | ) al aaaav buffer. The filter clrclea
were dried at TO*C for ) BlIn. agitated la I al A*uaao! overnight, and the radloac]Ivity

tlectrophoreala  Polyacrvlaalde gel electrophoreala In th* presence of 0.1* SOS (SDS-PAV.C)
and ullvr fttt were carried out aa described earlier (10). SOS-PACt waa run In either 101
Laataall gela (10X acrylaalde, 0.772 blsacrylaalde) (7M or In low rroaalinked gels (1ST
acrylaalde. O.0AS blaacrvlaaidei (]0)

Label1lat of A*tinal Protelaa. letinal proteins were labelled In Oulbecco'a aodifled Ugle
ardlua (alnua aethlonlite, with L-glulaalne adde{]l aa described bv O'ftrlen <Jb). »or each
retina Incubatad In S al of aedltaa. | aCl of | Slaethlonlne waa added and th* alature waa
eapoaed to a gentle atreaa of 0,/CO, (*S/») for > h il 17*C In coaplete darkneaa  Special
care waa taken to eiclse a retina la one piece. Onl« freah evea were used, these were put
on lea In a light-tight container about >-0 aln after slaughter of the anlaal and stored for
no note than h h. for tah*I|In| In the presence nf twalraayrin, 70 .g/reilna were add'd ti-
the Incwbat lon ardlua. and | S|aethlonlne was added after | h of prelncubat lon and opygena*
Cion at WC. After the %h Incubation period the retina was rotlected bv rentrifugatton la
a J-70 rotor (1 aln at 1t.000 rpa), hoaogenlred In MS suerose buffer (10) and ROS aeabranes
lao.ated a* dearrlbed earlier with a preparation araled down for | «o S retina (10) The
final aucrose step gradient waa carried out la a 4.5 al SWbS tube with | al at*ps. The
gradients war* run at 70.000 rpa for 11 aln at 4*C

r*ptld* Happing Halted proteolysis of protein aubunita waa carried out according to
Cleveland et al. (77) with the following aodifleallon: labelled polypeptides were reaotved
ona0.la WIslab gel. aralned ' aln. dried under low Heal and autoradiographed  ladlo-
active banda Were eaclaed and reemllen |n 0.1 *1Trla pH4 # ‘an dithiothreitol. O.It SOS.
I an COTA, >01 glycerol for 10 aln. Reswollon bands were loaded la a slot of ISX Laeall gel
(1.2 aa thick), overlaid with various aaounta of proteaae. and electrophoresed  Clectrophoi-
esla waa Interrupted for | h la the Blacking gel taaitow proteolytic dlgeatloa to proceed.
Colo were stained, doatalned and fluorographed (:])

Analytical UttaccwtrUugatton: Sedlaentation a~ulllbriua atudlea were carried out In a Kodel
C ultrarentrifug* (lechaan Inatnaaenta) equipped with a photoelectric scanner and aultlpleaer
One hundred alrroliter saaples of protein (0.7 to O.b A%o n | In Isotonic buffer were centri-
fuged at 1.H ) rpa for 11 hal 4*C  Molecular weights were calculated aa described earlier
(10) asaialng 0.74 allg as psrtlal specific volim*

Isolation and Purification of
cOtP Phosphodiesterase (POfl and C-Pr<

ttutton of Peripheral Proteins froa nos cteabr*nes  The following procedure Is described for
a preparation starting with 100 fresh. dark adapted retina. god outer segarni (AOS) fragaents

are isolated using th* sucroa* flotation aetl | of Paperaaster and Oreyer (70 aa deacrlbed
*arll*r (10). The aeabranes are washed will» SO a] Isotonic buffer and collected by cefltrifu-
gallon (K.OOO rpa/Waln. beekoan J-70 rotor) up i» five tlaes. This procedure reaoves a

nuaber of loosely bound polypeptides. As shmi |=rig. I. there ts soae loss of both 6-g and
C-s (fig, 1, supematants 1.1-1.SI.

tn a aodtfiration of the procedure of Kuhn (74,101, the arabranes are then blearhed In
Isotonic buffer at 0*C. The SOS-PALf analysis of supernatant 141 deannstratea that C—t fa

no longer releaaed whereas saiall aaounts of f.-» continue to elute, perhaps Indicating a weaker
binding of 0-1  Subsequent estrati lons with SOal allquola of hypotonic buffer are perfnraed
In noraal rooa light at 4*C Illuatnating the aeabranes for at least S aln after each tesuspen-
Slon and collecting thea bv centrifugation 00,000 rpa/Mialn, Irikaan TI40 rotor)  This
treataent released POf aa the predoamant protein (ftg. I, supernatant* 7.1-7 1) and only
traces ml r..|>yoieln subunits (with C-p |n eiress of r,w) The three r.-proteln subunits are
then emtrActed by adding rTT to a final concentratton nf 40 ,1 fflg. I. aupernatant I. 11

Th aa-ahrane* are colle,trd as luat drscribs-d and the vstracttoa Is repeated twle. [u*t
the presente  *0 ,n iTP and low protein roaMentrations. =iPase or <TP binding activity
.annot directly be Assayed

11111 1 R

— -POE€, .0

fig. | la) Oution u] gOS Accessory proteins with lo>*I<>nli buller <1.1-1.a). hypot>*ni
buffer (7.1-2.)>. and hypotwnlt buffer* 40  ATP D.I-1.U Nalhvd ..iltaans: total pioteln
eluted froa a*abran* fragaents of 100 retina. Protein asaaved bv Cn.ca*s|r C’VI with h.v In.
Mlua alkialn as reference (77). Light coluana. fOl activity  Ib) Analysis nf the super-
nacanta by SOS-PA(I

Isolation of Phaapbodlealerase by OCS7/rIOQ roluan Cbroaatograpby: A narrow laver *1 til'l
ealtuloso placed on top of a C-100 coiuacT a*rv*s «o bind and concentrate PDL. Prwt*Ins not
binding to 0117 are washed =(I, POt la then eluted with 0.S H kaCl tn e~ul Ilbratton buffer,
and subsequently purIfled by gel nitration (rig 7). Preswotlen Sephade* C-I00 la e<ulll«
brated In a I.b ca a 47 ia coluan (bed valuer I* al) using a hydrostat !~ pressure of So ca.
The coluan Is overlaid with | ca preewollen 0t%7 (bed *i'lia* ' cal and 1SOal hypotonic
supernalam a containing 1-4 ag protein are applied (/.1>7.) In rig |). The coluan |. washed
-at*nalv*ly with equilibration buffer 1) coluan vuli*ea) and POl eluted with a step gradient
of 0.) HNaCl in equlllbratinn buffer POl (Hf 170.000) elutea in tbr void voluae wtwrea*
low aolccwlar weight proteins are retarded. Tractlona (7 al) ar* assayed lor activity and
analyied by SDS-PACL Peak fractions are poolr/, concentrated to  al. dlatvrrd against
VW glycerol buffer, and stored at -*0*C. Tleld of purified PDf Is 0.«-1.0 ag/lOO retinas
TVe ap*clftc activity varlea froa I-U ualts/ag.

E
S
6 J2 48 64 72 76 80
(roclions M |W
-90 K
PDE-r - -
ftg. 7. (a) Ctir<aut>*graphv of c.  =ed hvpotoalt supernatant* on .t 01%."« -100 ,
Protein Is assayed as In fig. I. I Peak fractlun analy/rd bv SON-PAxf

Isjlalloo nl C-proteln. DIS/ vsluaii <M-uaatographv .lucentrate* i,-pf>lelO *nd tr*>v». escn...
n#n-bmond guanins- nu< leot Id* *.  Cenliinrl r.TP eitrait* of blea. Iwd (Mp*rnalant> 1.1-1 1 In
fig. Il tontdlning I* Sag of pruteln are applied to a )*= al equilibrated m.Y .ellulose
colusn (fig. 1). After applllAtlon. the coluan I» wa*hed with mull Ibrat >0

buffer until no aore tiTP Is eluted- The I.-protein subunit* ate in*-! r.uted with 0.S tt haCl
tn equilibration buffer (I al fraction*) and assayed for r.TPa*e acllwitv  tractions with peak
activity are pouted. CSKvAtrated, dlaly/ed against storage buffer, and »rpt at -7tt*C  Tht»
pool 1* referred to a* purified t.-ptoteln. The ftnal vleld Is = ag I-*pf>>leln/100 reltnab
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1Jiri rn by a .1 Jtw arbl 11-

1U>» *I Ie ivbunlli of C-proleln and ftil In (omrnlloaal Ln—11 (rl> (JM 404 1V (riHil [
ked K»l» (10) I* ilhmi In Feg. % Low crosalinked *»1e vrre werd tw-JKM Ih»* I> the
- end 9 ukvnltl ol rot. 11) Ihr = subunit* of Ktl and C from the front. and I11) i.-r

ami
opal*. «Mih ««I| M tr on cmvmilmul [»U. lot* that In low crosslinked gels, ih» aobilltles

of C-» M4 C-# <le rrvrfird.

90K - — — -PDE- -t — -«¢* . 90K
t -
froctions 40 K - * - 40K

MI 1. DO? (olmhi ih(icii'>(rjp>» ol C*fro(fin eatracted with 40 >M It* MCTf. |. Coakliwd

supernatant* 1.1-1.1 (Fig. I» loaded. i. tqulllbrat lon buffer containing 0.1 M KaCl app1inS

for washing. ). L-protein eluted with tAullUratim buffer containing O.S H HaCl. Protaln PDE

assayed at In Fig. I, Analysis nf peak fraction shnw* that WI of tbe atolchioarlrle aaount 14 K« r- _

of CTF laltlatlv bound (I a=l» CTF/ sola C-protein) la hydrolvted. C-proleln la defined aa r~ - G — — ~r - 14 K

HavInt = aolecular weight of S0.000.

1 2 1 2

Wparai|w of c-protela into "=« w< I-1i by Preparative Hailvr fal Electrophoresis; C-pro- . . "
tein subunits n* be *eparated bv a prrparal Ivr native tr1 <))) wMth allow* continuous rlii* :L'IS-'-i k:ﬂ':'z‘;‘;\/’:ﬂ"t?;:;:e e:’; PEE 3"‘: C'Pfogsr'r‘"br;:::'l';”‘e"; ;ﬁ“d'.?i”m"?rkaiﬁ -
lion of protein* durint eln «rophoresl. An Il a 111 0.)ti>iUb (el I* polymerlied «*« a (i) gela (b). 1, NOS p

I (= layer of tel buffer rontalnint M1 flycerot. Hypodermic needle* (22 |«|») are Inserted i, hypotonic supernatants li>a dark adapted sesbranes (10)

Into Ihla | >= elulloa slot tNralki esch of Iha spacers. Una aide la connected to an alwl lon
buffer 1SO aft Trit-tlyc Irve pH V.), 0.1 M dithiothreitol) reservoir and Ihe other to a frac-
tion collector allowing one to fractionate the electrophoreaint protalna. The electrophoresis
la carried out at 4*C and the contenta of the upper reaervoir are continuously circulated
through an esternal 2 liter container of electrode buffer.

A trace of both mramophenol Blue and Xylene Cyanole ff are added ap tratkin* dyes to 500 kg

of C-protPIn In alorape buffer, the naaple la pipetted Into a 10 (m wide loading plot and kecomst HutInn  1-prolvin wills

eUctrophoresta la allowed lo proreed at Il < iO V/tm3. C-s can!(rate* with Xylene Cyanole FF, depleted tteahranes

a dve which can be removed hy dialysis. The tluiltn buffe a puaped through the elution slot

at a flow rate of I ellam and protein* are collected In } fractions for analysis by iOS- Preparation ol Dark Pepleted Membranes: Oark depleted DOS acahrjnet were prepared as deac-

PACE (Tit- *). As shown In fit. 4. there Is alnlmal overfap of C-s and C-g . Mon-over lapping ribed earlier (10) by washing KOS aeabrane* with hvpotonlc buffer and hvpotonli buffer con-

tract lona are pooled, concentrated and dlalvted atalnat atorate buffer. taining 1 M IOTA until no altniflcaat amount of protein eluted. C-protein and PD» elute
together In the dark without the addition of CTP. Oepleted aembranes were stored al . e« ag
rhodopaln/al In storage buffer at -*0*C. Meabranes negatively stained with utanvl
acetate appear != be disks of 0.( S .J -a as observed by electron mirrnacnpv. Storage In
glycerol does not <hange thelf appearance or sire distribution.

tecoast |lullun of Hrabfane Bound C-proleln: Depleted 10S aeabrane* (stored dark and unbleached

at -20 C until u*ed) and purified C-protein al the cotwentrat lons Indicated In rig. « were
Incubated In 200 .1 of 100 afl NaCL JO att Tris-NCI pM >.>, '>aft *tgClj. 1 aft dIthtothreltol.

0.1 Ml EDTA (or 1 am al V)*C and 10 aln at 0*C. The reconst Itutlon slxivrrs were then centri-

fuged at 6*C In an Eppendorf centrifuge (IS aln). The pellet waa resuspended In 400 .1 Iso-
tonic buffer, centrifuged, and the washed pellet resuspended In the original a»*av vulwae
(200 *1). For analysis of bound C-proteln, this aeabrane suspension was subdivided Into two
100 nl aliquot*. One part waa assayed for CTPase activity, the other one was analvted denel=
tometrUally afler aeparatlon bv SDS-PACE To assess quantitative binding of G-protein to
the aeabranes under the coadltlons used above, we eitended the Incubation tlaes at 0*C fro*
10ala to 1hand I h. Such preliminary experiments confirmed that better than W saturation
waa reached under the conditions used above.
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Fit. 4. SDSPACE analyst* of fractions containing c-» and C-i separated by natlve tel elec-
trophoreaia. The bars aarh the fractions pooled
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