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ABSTRACT GTP-binding regulatory proteins are gener-
ally purified from cholate-extracted membranes in the form of
heterotrimers (G proteins) consisting of a GTP-binding subunit
(a protein) complexed with a tightly interacted heterodimer
termed .6y. In this study we extracted the proteins from rat
brain "synaptoneurosomes" using the neutral detergent 1-
octyl 3B-D-glucopyranoside (octyl glucoside). Using specific an-
tibodies for detection by immunoblotting and sucrose gradients
for analyzing hydrodynamic properties, we found that each
species of a protein (a subunits of stimulatory, inhibitory, and
brain GTP-binding proteins) exhibited a broad range (4 S to
>12 S) of polydisperse structures with peak values (5 S to 7 S)
considerably greater than that of heterotrimeric G proteins.
The (3 subunit proteins, for example, appeared as a homoge-
neous peak at 4.4 S within which only a fraction of the total a
proteins can be associated. Incubation of octyl glucose extracts
at 300C rapidly sedimented the a proteins but not the (3
proteins. Incubation at 30'C with guanosine 5'[y-thioltriphos-
phate (10-100 ,LM) prevented rapid sedimentation. Hydrody-
namic analysis revealed that all a proteins were converted to
-4 S structures by the actions of guanosine 5'-[y-thio]triphos-
phate without change in the hydrodynamic properties of the (3
proteins. Extraction of the membranes with sodium cholate
instead of octyl glucoside resulted in complete loss of the large,
polydisperse structures of the a proteins; the S values were -4
S, in the range for (3 proteins. These findings suggest that the
transducing GTP-binding proteins in synaptoneurosomes exist
as polydisperse, possibly multimer, structures of various size
that are stable in octyl glucoside but destroyed by cholate. The
polydisperse structures are not associated with (3y complexes
and are sensitive to the disaggregating effects of guanosine
5'-[y-thio]triphosphate.

Guanine nucleotide-binding proteins comprise a large family
of proteins involved in numerous regulatory processes. One
class has received considerable attention because its constit-
uent proteins mediate or transduce the actions of many
extracellular signals (light, hormones, odorants, neurotrans-
mitters, etc.) acting through specific surface-membrane re-
ceptors.
A widely held theory of how the GTP-binding proteins

function as transduction elements is based on the properties
of purified GTP-binding proteins (termed a proteins) isolated
as complexes with two other types of proteins, termed ,3 and
-y (for reviews see refs. 1 and 2). With the exception of the
light-activated GTP-binding protein, the heterotrimers (G
proteins) are soluble only in detergents and usually are
extracted and purified in detergents such as sodium cholate

and Lubrol. Incubation of the purified G proteins with AlF4J
or with analogs of GTP-guanosine 5'-[y-thio]triphosphate
(GTP[yS]) and guanosine 5'-[A,y-imidoltriphosphate-that
are poor substrates of the intrinsic GTPase of GTP-binding
proteins leads to dissociation of the a subunit from the by
subunits. From these findings the heterotrimers are generally
assumed to be the naturally occurring transducing structures.
Receptor-induced dissociation of the heterotrimers into free
a subunits and f3y complexes is thought an essential step in
the signal-transduction process that leads to multiple actions
of hormones.
Another theory of the structure-function of transducing

GTP-binding proteins is not based on the properties of
purified proteins. Termed "disaggregation-coupling" (3),
this theory is based on target irradiation of hormone-sensitive
adenylate cyclase systems in intact membranes (4, 5). Target
analysis, a means of determining the functional sizes of
structures in native membranes (6), indicated that the ground
states of these systems consist of very large structures of
- 1500 kDa; exposure to hormones such as glucagon and GTP
reduced the ground state to -350 kDa, whereas nonphysio-
logical activating agents such as fluoride ion and guanosine
5'-[p,y-imido]triphosphate induced the formation of 250-kDa
structures. These findings prompted a model in which recep-
tors coupled to GTP regulatory proteins are linked as mul-
timeric or oligomeric structures. Concerted activation of
receptors by hormone and of GTP regulatory proteins by
GTP disaggregates the multimers to form a receptor-GTP
regulatory protein complex. This complex was suggested to
serve as the messenger or coupling agent with adenylate
cyclase and possibly other effector systems in the cell mem-
brane. The nonphysiological activators, because they bypass
the receptor and act directly on the multimeric GTP regula-
tory proteins, liberate GTP-binding proteins without being
linked to receptors.
We have reported (7, 8) that octyl glucoside, a neutral

detergent, extracts G proteins from brain membranes in the
form of structures that, when incubated at 30'C, sediment
along with cytoskeletal proteins, including actin, tubulin, and
intermediate filaments; inclusion of nonhydrolyzable analogs
of GTP such as GTP[yS] during incubation prevented sedi-
mentation. The sedimented material did not contain the P
subunits and could not, therefore, represent heterotrimeric G
proteins. These findings raised the possibility that 1-octyl
,B-D-glucopyranoside (octyl glucoside) extracts cytoskeletal-
like structures of the GTP-binding proteins (a proteins) that
represent the large sizes of the signal-transduction system

Abbreviations: as, aj, and a., a subunits of stimulatory, inhibitory,
and brain, respectively, GTP-binding regulatory protein; a proteins,
as, aj, and a,, which complex with f8 and y proteins to form
heterotrimeric G proteins; GTP[yS], guanosine 5'-[y-thio]triphos-
phate; octyl glucoside, 1-octyl (3-D-glucopyranoside.
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detected by irradiation analysis. In this study we have
investigated the hydrodynamic characteristics of octyl glu-
coside-extracted a subunits of brain, inhibitory, and stimu-
latory GTP-binding proteins (ao, aj, and a., respectively)
present in brain synaptoneurosomes. The results offer an-
other perspective on the structures of these proteins.
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MATERIALS AND METHODS
Reagents. Octyl glucoside (highest grade) was purchased

from Sigma. GTP[yS] was from Boehringer Mannheim. All
other chemicals were the highest quality available.

Antisera. Goat anti-rabbit immunoglobulin and rabbit per-
oxidase-anti-peroxidase were from Organon Teknika-
Cappel. Rabbit antisera AS/6 (specific for a, proteins) and
RM (specific for as proteins) were gifts from Allen Spiegel
(National Institutes of Health, Bethesda, MD). Antiserum
reacting specifically with a0 was obtained by injecting rabbits
repeatedly with a synthetic peptide spanning the region
284-297 of a0. Antiserum against the f3 subunit of G protein
was supplied by David Manning (University of Pennsylvania,
Philadelphia).

Solubiization and Heat Treatment of "Synaptoneuro-
somes". Rat synaptoneurosomes were prepared by the
method of Hollingsworth et al. (9), except that the final pellet
was resuspended with buffer A (20 mM Hepes-NaOH, pH
7.4/1 mM EDTA/150 mM NaCI/5 i. M dithiothreitol/5 mM
MgSO4) and stored at -80'C until use. For extraction pur-
poses, synaptoneurosomes (600 gg) were incubated with
buffer A containing 1.5% (wt/vol) octyl glucoside (or sodium
cholate, when indicated) in a final volume of 200 p.l for 30 min
at 40C or 30'C, as indicated. After extraction, samples were
centrifuged in a Beckman TLA 100 rotor at 55,000 rpm
(100,000 x g) for 10 min at indicated temperatures. After
centrifugation, the upper clear half of supernatant was care-
fully pipetted and used as the supernatant fraction. The pellet
was resuspended in 200 p.1 ofbufferA and sonicated for 10 sec
(Branson, Sonifier 250, with output 1). Aliquots of both
fractions were heated for 3 min at 100'C with Laemmli sample
buffer and were subjected to SDS/PAGE on 12.5% poly-
acrylamide gels (10).

Sucrose Density Gradients. Synaptoneurosomes (0.9 mg)
were solubilized as above in buffer A containing 1.5% (wt/
vol) octyl glucoside in a final volume of 300 pul for 30 min at
40C. After centrifugation in a Beckman TLA 100.2 roter at
55,000 rpm (100,000 x g) for 10 min, the upper 200 A.l of clear
supernatant was layered over a gradient of sucrose (5-20%)
in 20 mM Hepes-NaOH, pH 7.4/1 mM EDTA/1 mM dithio-
threitol/150 mM NaCl/1.5% octyl glucoside. After centrifu-
gation at 50,000 rpm for 15 hr at 40C in a Beckman SW60
rotor, -30 fractions were taken and analyzed by SDS/PAGE
and immunoblotting with various antisera. Values of S020,w
were determined directly from the migration of calibrating
proteins, which included cytochrome c (s°20,w, 2.1), bovine
serum albumin (s020,w, 4.4), pig immunoglobulin (s020,w 7.7),
and bovine catalase (520,w, 11.2) carried out under identical
conditions.
Other Techniques. Electroblotting was done as described

(11). Immunostaining was accomplished by a standard per-
oxidase method (12). Protein concentration was determined
by the method of Bradford (13).
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FIG. 1. Effect of temperature and GTP[,yS] on solubilization ofG
proteins in synaptoneurosomes with octyl glucoside (OG) or cholate.
Synaptoneurosomes were solubilized with or without 10 A.M
GTP[,yS] with octyl glucoside or cholate under the standard condi-
tions described. For immunostaining, anti-ac antibody (AS/6) or
anti-c antibody was used.

between the detergents was that at 30'C the GTP-binding
proteins (a proteins) sedimented at 100,000 x g when ex-
tractions were done with octyl glucoside, whereas with
cholate, these proteins were recovered in the supernatant. An
example of these findings, typical of all species of the
GTP-binding proteins (as, ai, and a0), is illustrated for ai in
Fig. lA. Note that, in contrast to the a proteins, the (3 proteins
were extracted by octyl glucoside in a nonsedimentable form
at either extraction temperature (Fig. 1B). Inclusion of
GTP[IyS] during extraction of membranes with octyl gluco-
side at 30'C prevented the temperature-dependent sedimen-
tation of a, (Fig. 1C), as reported (8).

Sucrose Density-Gradient Analysis. The striking differences
in the properties of the a and (3 subunits in octyl glucoside
compared with cholate and the preventive effects ofGTP[yS]
on sedimentation at 30'C prompted examination of the hy-
drodynamic properties of the G protein subunits on sucrose
gradients. In these studies, the proteins were extracted with
either octyl glucoside or cholate at 40C and then subjected to
sedimentation-velocity analysis in the same detergent. Ef-
fects of GTP[yS] were investigated by incubating the super-
natant fractions with or without the nucleotide for 15 min at
either 40C or 30'C before placing the material on the sucrose
gradients.
The al proteins exhibited polydisperse structures ranging

from >12 S to -4 S in gradients containing 1.5% octyl glucose
at 40C (Fig. 2). Incubation with 10 p.M GTP[yS] at this
temperature resulted in conversion toward lower S values
(peak -4 S). Incubation at 30'C with GTP[yS] resulted in a
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RESULTS

Comparative Effects ofSodium Cholate and Octyl Glucoside
on Temperature-Dependent Solubility of G Proteins. Both
octyl glucoside (1.5%) and sodium cholate (1%) extracted
within 30 min at 40C essentially all G protein subunits in rat
brain synaptoneurosomes detectable by immunoblotting with
the various specific antisera used. An essential difference

FIG. 2. Sucrose density-gradient sedimentation analysis of a,
extracted from synaptoneurosomes with either octyl glucoside (OG)
or with cholate. Synaptoneurosomes were extracted and incubated
with or without 10 p.M GTP[-yS] for 30 min at 40C and analyzed
essentially as described, except that for cholate solubilization, 1%
cholate was included in the gradient instead of octyl glucoside and for
GTP[yS], 10 pM GTP[yS] was also included in the gradients. For
immunostaining, anti-a antibody (AS/6) was used. BSA, bovine
serum albumin.

Proc. Natl. Acad. Sci. USA 87 (1990)



Proc. Natl. Acad. Sci. USA 87 (1990) 6415

Catal e Y-G buHin ,SA

i1.2S +7.7Sf4.4S

GTPyS (-)

1 2 3 4
Fraction. ml

FIG. 3. Sucrose density-gradient sedimentation analysis of (or
f8y) subunits in octyl glucoside-extracted synaptoneurosomes. Sam-
ples were prepared under identical conditions to those described in
the legend for Fig. 2. Samples were immunostained with anti-,p
antibody. BSA, bovine serum albumin.

sharper peak of the a1 proteins at ""4 S (data not shown),
indicating that the effectiveness ofGTP[yS] was greater at the
higher incubation temperature. The hydrodynamic features
of cholate-extracted GTP-binding proteins are also shown in
Fig. 2. The octyl glucoside-extracted polydisperse structures
of a1 were not seen in cholate extracts. Instead, all immu-
noreactive material appeared in a peak fraction at -4 S.
Clearly, the much larger structures of the GTP-binding pro-
teins seen in octyl glucoside extracts were destroyed by
cholate extraction. Note that incubation of the cholate ex-
tracts with 10 IuM GTP['yS] resulted in a slight shift to lower
S values of the a1 proteins.
The subunits did not behave as polydisperse structures

and sedimented with a relatively sharp peak at 4.4 S; this
value was not changed when octyl glucoside extracts were
incubated with GTP['yS] (Fig. 3). Densitometric analysis of
the immunostained bands in Figs. 2 and 3 of octyl glucoside
extracts treated with and without GTP[yS] is graphically
presented in Fig. 4. From these data, we estimated that <10%
of the a1 proteins can be associated with the 4.4 S peak
containing the 18 (or fry) subunits.

Brain membranes contain "1% of the proteins in the form
of ao, GTP-binding proteins that differ both structurally and
functionally from the a1 proteins (2). The ao proteins distrib-
uted on sucrose gradients containing 1.5% octyl glucoside
over the same broad range of S values as the a1 proteins (Fig.
5). GTP[yS] (10 ,uM) also induced a similar conversion to
structures of lower S values.
The hydrodynamic behavior of a, was investigated with an

antiserum (14) that reacts with two species of as as derived
from differential splicing of the same gene (15). As shown for
a, and ao, 1.5% octyl glucoside readily extracted as at 4"C; as
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FIG. 4. Effects of GTP[yS] on the hydrodynamic properties of ae
proteins and proteins. The immunoblots from experiments de-
scribed in Figs. 2 and 3 were converted to densitometric units by
scanning densitometry and plotted as indicated.
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FIG. 5. Sucrose density-gradient sedimentation analysis of var-
ious a subunits of G proteins in octyl glucoside-extracted synapto-
neurosomes. Samples were extracted with 1.5% octyl glucoside, and
the extracts were incubated with or without GTP[yS], essentially as
described in the legend for Fig. 2 except that for as subunits, the
extracts were incubated with 100 ,uM GTP[yS] for 30 min at 40C. For
immunostaining, anti-as antiserum (RM) and antiserum specifically
reactive with ao were used.

sedimented in the detergent when incubated for 30 min at
30'C but remained in the supernate provided that 100 ,uM
GTP[yS], 10-fold higher than required for a, and ao, was
included in the incubation medium (data not shown). The
sedimentation profile on sucrose gradients showed polydis-
perse structures similar to those of the other a proteins with
a peak at -6.0 S (Fig. 5); complete conversion of the
polydisperse structures to the 4 S structures was obtained
when the inclusion of 100 ,pM GTP[yS] in the incubation
medium.

DISCUSSION
Extraction of membrane-bound or membrane-associated
proteins with detergents is generally a compromise between
obtaining high yields of a given protein and the preservation
of the associations that may exist between proteins in their
native cellular environment. Sodium cholate is a particularly
efficacious detergent for extracting GTP-binding proteins
from their associations with membranes and has been the
detergent of choice for extraction and purification of hetero-
trimeric G proteins (16-19). Triton detergents are frequently
used to separate membrane proteins from cytoskeletal pro-
teins, the latter as an insoluble matrix. However, as recently
shown, extractions of erythrocyte membranes with Triton
X-100 disrupts the known interactions between band 3,
ankyrin, and spectrin-i.e., between membranes and cy-
toskeleton. Octyl glucoside, by contrast, preserves the oli-
gomeric structure of band 3 and its association with the
cytoskeletal elements (20).
We have shown in this study that octyl glucoside extracts,

in high yield, the transducing GTP-binding proteins present in
rat brain synaptoneurosomes; extractions at 40C resulted in
soluble preparations that, by sedimentation-velocity analy-

Table 1. S values of various G protein subunits in octyl
glucoside extracts of synaptoneurosomes

Control GTP[yS]
Range Peak Range Peak

ai 12.0*-4.8 5.8 5.8-4.0 4.7
aO 9.4*-4.0 5.1 4.9-3.0 4.0
as 9.4*-4.8 5.8 5.7-2.8 4.8
/3 5.0-3.8 4.4 5.0-3.8 4.4

Data are composite values from several experiments described in
text. The concentration of GTP[yS] was 10 ,uM in all experiments,
except those with as, which was 100 uM.
*Some immunogenic material completely sedimented; thus, these S
values are underestimates of the upper size limit of the a proteins.
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sis, yielded structures ranging from -4 S to >12 S (Table 1).
Extractions with sodium cholate yielded much smaller struc-
tures, in the range of 4 S. (3 subunits (probably as 83y
complexes) (18, 19) of G proteins were also found in the 4 S
range in both octyl glucoside and sodium cholate. Another
difference from the a proteins is that the 3 proteins did not
sediment when incubated in octyl glucoside at 30TC. More-
over, most immunodetectable a proteins extracted with octyl
glucoside have larger S values than those of the 3 proteins.
If all 13 proteins (or ,fy complexes) in the gradient are assumed
to be complexed with a proteins, only a fraction of the total
octyl glucoside-extracted a proteins detected in brain syn-
aptoneurosomes exist as heterotrimeric G proteins. Purified
heterotrimeric G proteins prepared from cholate-extracted
membranes have values of -4 S, similar to that shown here
in cholate extracts of brain membranes and are converted to
3 S and 2 S structures by GTP[yS] (21). In this study, GTP[yS]
induced conversion of the large polydisperse aj, ao, and a,
proteins extracted by octyl glucoside to structures with
similar S values (Table 1). These structural changes did not
involve linkage of the a proteins to ,fy complexes, indicating
that heterotrimeric structures are not uniquely required for
the actions ofGTP[yS] on the GTP-binding proteins. A recent
report (22) indicates that ai2 exists as a water-soluble protein,
uncomplexed with fry subunits, in the cytosolic fraction of
human neutrophils. The sedimentation behavior of the pro-
tein (4.12S at 4°C) is consistent with a homodimer; no change
in this value was observed on incubation with fry complexes.
Incubation with 10 ,M GTP[IyS]/10 mM Mg ions resulted in
conversion to 2.9 S structures, indicating the formation of
monomers. These findings provide further evidence that a
proteins can self-associate to give structures susceptible to
the actions of guanine nucleotides. In this regard, the GTP-
binding protein involved in light activation of phosphodi-
esterase in the retina also can be extracted as a water-soluble
complex not only with 3vy subunits but also as homodimers
and higher-order structures devoid of fy complexes (23).
The polydisperse structures of the a proteins seen in octyl

glucoside are reminiscent of the properties of cytoskeletal
proteins, such as actin and tubulin; these proteins exist in
dynamic equilibrium between monomers and multimers of'
various sizes depending, in part, on temperature and occu-
pation by ATP or GTP (24, 25). We have found that actin
extracted by octyl glucoside from synaptoneurosomes also
takes a wide range of polydisperse structures and, like the a
proteins, rapidly aggregates when incubated at 30°C (unpub-
lished observations). Detailed studies comparing properties
of the cytoskeletal proteins and the polydisperse forms of a
proteins, including actions of GTP and products of its hy-
drolysis by the intrinsic GTPase of these proteins, are ongo-
ing.
A fundamental question is whether the polydisperse struc-

tures extracted by octyl glucoside represent the native form
of the GTP-binding proteins. Thus far, the evidence is
inconclusive. As discussed in the introduction, the functional
size required for hormone/GTP stimulation of the adenylate
cyclase system in liver membranes was -1500 kDa, far
greater than the sum of the known sizes of the individual
components (receptor, a proteins, catalytic component) min-
imally involved in the activity and regulation of these systems
(4). Even larger structures were found for hormone-regulated
inhibition (which involves ai-like proteins) of adenylate cy-
clase in adipocytes (5). The large, polydisperse structures of
the GTP-binding components extracted with octyl glucoside
have sizes in the range of those estimated from irradiation
analysis.

Cross-linking agents have been used to investigate the
structural interactions of the a, (3, and Sy subunits of the G
protein known as transducin (26, 27). By using a photoaffinity
azido derivative of NAD', a recent study (28) showed

intermolecular interactions between three a subunits of pu-
rified transducin; interactions between a and My subunits but
not with the (3 subunit were also indicated. In studies with
brain synaptoneurosomes (8), treatment with p-phenylene-
dimaleimide resulted in rapid formation of very large cross-
linked structures containing ay and ao, whereas the a, pro-
teins cross-linked as dimers; the 83 subunits did not form
cross-linked structures either with self or with the a proteins.
The lack of significant cross-linking of the ,( subunits with the
various a proteins in intact membranes is consonant with our
findings that only a fraction of the fry complexes associate
with the large, polydisperse structures of the octyl glucoside-
extracted GTP-binding proteins.
None of the evidence cited above shows that heterotri-

meric G proteins are either the native or the unique structure
of GTP-binding proteins in brain synaptoneurosomes. Al-
though numerous studies with purified G proteins suggest
that the heterotrimeric forms of G proteins are involved in
signal transduction (1, 2), recent characterization of com-
plexes of muscarinic receptors and G proteins formed in the
presence of agonists revealed that the a subunits formed
complexes, whereas only substoichiometric amounts of (3
subunits were associated with the receptors (29). Possibly the
heterotrimeric forms ofG proteins exist as discrete structures
with specialized functions that differ from those of the larger
structures of the a proteins extracted by octyl glucoside.
There is evidence for distinct compartmentalized states of a,
in human erythrocyte membranes, one of which is associated
with the cytoskeletal fraction (30). Immunocytochemical
studies with antisera specific for (3 and ao proteins indicate
selective and unequal distribution of these proteins in differ-
ent parts of bovine serum (31), in astroglial cells and ependy-
mocytes (32), and in human A-431 cells (33). In ependymo-
cytes, immunofluorescence with a0 antiserum was homoge-
neously associated with the cytoplasmic matrix. In A-431
cells, the (3 subunits appeared as punctuate structures
throughout the cytoplasm. Recent studies have shown that ao
is a major component, along with cytoskeletal proteins, of the
neuronal growth-cone membrane; its structure and function
are regulated by the intracellular growth-associated protein
GAP-43 (34). Another indication that ao may be both a
structural and regulatory protein is suggested by the high
concentration of this protein (-1% of membrane protein) in
brain (35).
An intriguing alternative to independent existence and

function of heterotrimeric G proteins and the large polydis-
perse structures of the a proteins is that both are contained
within a single cytoskeletal-like structure differentially dis-
rupted by cholate and octyl glucoside to give the observed
products. In this paradigm, the large cytoskeletal-like struc-
tures of the GTP-binding proteins may be hybridized both to
the plasma membrane (and receptors contained therein) and
to the cytoskeletal matrix via ,8y complexes and other binding
proteins by analogy to the region-specific, cohesive role
played by several actin- and tubulin-specific binding proteins.
Association of the f3y complexes with the cytoskeletal net-
work is suggested by the finding that (3 proteins are found in
Triton X-100-extracted shells in S49 lymphoma cells (36).
Several studies indicate that transducing GTP-binding pro-
teins associate with cytoskeletal proteins (37-44). A compel-
ling feature of an interwoven network of membrane recep-
tors, GTP-binding proteins, and cytoskeletal proteins is that
receptor-induced alterations in the structure of GTP-binding
proteins could radiate simultaneously into pleiotropic regu-
lation of signal production at the surface membrane and
alterations in the overall structural matrix of the cell, culmi-
nating in rapid, dynamic changes in cellular structure and
metabolism. This mechano-chemical model (8) of the struc-
ture and function of the transducing GTP-binding proteins
could explain, for example, the multiple effects of chemo-
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tactic agents on receptor-coupled G protein action in neu-
trophils (45).

In conclusion, the major classes ofGTP-binding proteins in
brain are extracted by octyl glucoside as large, polydisperse
structures sensitive to disaggregation by GTP[yS]. These
structures are disrupted by sodium cholate, the detergent
used for extracting heterotrimeric G proteins, which proba-
bly explains the failure to detect such structures in previous
studies. Whether or not the large, possibly multimeric, a
proteins are responsible for the GTP-dependent transduction
processes that link numerous receptor and effector systems
remains to be demonstrated.
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