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ABSTRACT The insulin receptor consists of an insulin-
binding subunit (a) of 135,000 daltons. More recently, it has
been documented that the receptor undergoes insulin-stimulat-
ed autophosphorylation that predominantly labels a 95,000-
dalton (i3) subunit. We solubilized rat adipocyte insulin recep-
tors in Triton X-100 and partially purified the protein on a
wheat germ agglutinin-Sepharose affinity column. Subse-
quently, we labeled the two subunits of the receptor indepen-
dently by using 125I-labeled insulin for the 135,000-dalton a-
subunit and 32p for the 95,000-dalton fl-subunit. Sucrose den-
sity gradient sedimentation and NaDodSO4/PAGE were used
to characterize the native, oligomeric structure of the recep-
tor. In 0.1% Triton X-100, the receptor sedimented as a single
peak of S20, = 10.2 S as detected by both 125I and 32p. NaDod-
S04/PAGE under nonreducing conditions revealed a large
species that appeared to be a2f82 and, to a lesser extent, alL.
Treatment of the solubilized, partially purified receptor with
10 mM dithiothreitol led to the partial conversion of the 10.2S
species to a smaller one sedimenting at 6.6 S. The composition
of this species was determined to be afi by nonreducing Na-
DodSO4/PAGE. Our results suggest that detergent-solubilized
insulin receptors can exist as dimers and monomers. The oligo-
meric structure of receptors functional in the cell membrane
cannot be immediately deduced from these results due to the
possibility of artifacts arising from membrane disruption and
extraction procedures. However, the ability to label the two
subunits of the receptor separately should facilitate a detailed
study of its oligomeric structure both in solution and in the
membrane.

In earlier reports from this laboratory, R. Aiyer (1, 2) charac-
terized the hydrodynamic properties and subunit composi-
tion of insulin receptors from turkey erythrocyte plasma
membranes solubilized in nondenaturing detergents. The re-
ceptor species were detected by covalently attaching 1251_
labeled insulin (125I-insulin) using disuccinimidyl suberate
(DSS). In Triton X-100, two species were observed: a mono-
mer [s20,w = 6.6 S, MP (Mprotein) = 180,000 ± 45,000] and its
disulfide-linked dimer (S20,w = 10.2 S, MP= 350,000+
65,000). Their minimum subunit compositions were inferred
from NaDodSO4/PAGE analyses to be aP8 and a2.82, respec-
tively, where a is the insulin-binding subunit of MaPP
(Mapparent) = 135,000. The presence of an additional /3-sub-
unit (Mapp = 80,000-90,000) was deduced from the observa-
tion that the 135,000-dalton polypeptide aggregated to spe-
cies of higher molecular weight during NaDodSO4/PAGE
under nonreducing conditions that were not integral multi-
ples of the mass of the a-subunit. In all of these studies, the
smallerp-subunit could not be visualized directly because it
did not label with 125I-insulin. Similar results were also ob-
tained for insulin receptors solubilized from rat adipocyte

membranes, with the difference that the native dimer (S20,w
= 10.2 S) was the only receptor species observed.
The presence of the p-subunit was definitively established

when Kasuga and co-workers (3, 4) showed that insulin spe-
cifically stimulated the phosphorylation of the 95,000-dalton
,8-subunit of its own receptor in cultured human IM-9 lym-
phocytes and rat hepatoma cells. Subsequently, several oth-
er investigators demonstrated phosphorylation of the 8-sub-
unit of the insulin receptor in other intact cell systems in-
cluding adipocytes (5) and hepatocytes (6) as well as cell-free
systems such as Triton X-100 extracts of membranes from
rat adipocyte (5), rat liver (4, 6-8), and human placenta (9-
11). In the latter instances, phosphorylation appears to occur
predominantly on tyrosine residues in the protein.
We have used the ability to selectively label the 95,000-

dalton subunit as a probe into the subunit structure of the
native receptor oligomer in detergent-solubilized rat adipo-
cyte membranes. We labeled the two subunits independently
by using 125I-insulin for the a-subunit and 32p for the ,-sub-
unit. The sedimentation behavior of receptor preparations
labeled in the two separate ways was identical, indicating
that the 32P-labeled polypeptide is, indeed, part of the recep-
tor oligomer and that autophosphorylation can be used as a
structural probe. In addition, by using the disulfide reducing
agent dithiothreitol, the dimer (a2,82) of the adipocyte recep-
tor could be dissociated into the monomeric (ab) structure.

EXPERIMENTAL PROCEDURES
Materials. Male Charles River CD rats were used as the

source of adipocytes. Porcine insulin was from Eli Lilly,
CNBr-activated Sepharose was from Pharmacia, and 1251-in-
sulin was from New England Nuclear.

Solubilization of Insulin Receptors from Rat Adipocytes.
Rat adipocyte membranes were prepared following the
method of McKeel and Jarrett (12). The membranes were
stored at -20'C in buffer A (50 mM Hepes, pH 7.4) contain-
ing 1 mM phenylmethylsulfonyl fluoride. Just prior to phos-
phorylation experiments, the membrane suspension was
thawed, and membrane proteins were extracted by first in-
cubating the membrane suspension in 1% (vol/vol) Triton X-
100 for 20 min at room temperature; this was followed by
centrifugation at 100,000 x g for 60 min. This procedure usu-
ally resulted in solubilization of 50% of the total membrane
protein. The supernatant at this stage will be referred to as
"total extract."

Partial Purification of the Solubilized Receptor by Wheat
Germ Agglutinin (WGA)-Sepharose. WGA was coupled to
CNBr-activated Sepharose following the procedure suggest-

Abbreviations: DSS, disuccinimidyl suberate; WGA, wheat germ
agglutinin.
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ed by the manufacturer (Pharmacia). Typically, 5 mg of
WGA was coupled to 1 ml of Sepharose. Two milliliters of
total extract (1 mg/ml of protein) was incubated with 1 ml of
WGA-Sepharose for 16 hr at 40C with gentle rocking. Subse-
quently, the WGA-Sepharose beads were washed extensive-
ly with 100 ml of buffer B (50 mM Hepes, pH 7.4/0.1% Tri-
ton X-100) containing 150 mM NaCl to remove proteins that
may be nonspecifically associated with the beads. Specific
elution was achieved by incubating the washed beads with
0.3 M N-acetylglucosamine in buffer B for 2 hr at room tem-
perature with gentle rocking. Aprotinin (100 /ul/ml; 1000
Kallikrein units/ml) was added at each stage to inhibit neu-
tral proteases.

Phosphorylation Assays. Total and WGA-Sepharose-puri-
fied extracts were incubated with and without 1 uM insulin
in buffer B, in a total assay volume of 100 Al. After 1 hr of
incubation at room temperature, MgCl2, MnCl2, and [-y-
32PIATP were added to final concentrations of 10 mM, 2
mM, and 5 4M, respectively. The incubation was allowed to
continue for an additional 15 min at room temperature, at
which time either (a) an equal volume of twice-concentrated
Laemmli sample buffer (13) was added, the mixture was
boiled for 3 min, and the samples were analyzed by NaDod-
S04/PAGE and autoradiography or (b) the reactions were
stopped by the addition of NaF, Na2P207 10 H20, EDTA,
and ATP to final concentrations of 50, 10, 5, and 5 mM, re-
spectively, and the samples were velocity sedimented
through linear sucrose density gradients.

Preparation of Solubilized Receptors Covalently Labeled
with 1251-insulin. Adipocyte plasma membranes (2 mg/ml)
were incubated with 5-10 nM '251-insulin with or without 2-5
,4M porcine insulin (control for nonspecific insulin binding)
in a total volume of 1 ml in buffer A. The incubation was
carried out for 2 hr at room temperature, at the end of which
the reaction mixtures were centrifuged in a Beckman Micro-
fuge for 2 min. The supernatants were discarded and the in-
sulin-bound membranes were allowed to react with 1 mM
DSS for 1 min at room temperature as described elsewhere
(1). The reaction was terminated with 20 mM NH4Cl and the
membranes were resuspended and washed twice with ice-
cold buffer A and extracted with 3% (wt/vol) Triton X-100.

Velocity Sedimentation. Velocity sedimentation was car-
ried out by sucrose density gradient ultracentrifugation as
described elsewhere (1). The values of S20,w were estimated
by using the following marker enzymes: catalase, 11.3 S; fu-
marase, 9.0 S; lactate dehydrogenase, 7,3 S; and malate
dehydrogenase, 4.3 S.
NaDodSO4/PAGE and Autoradiography. NaDodSO4/

PAGE analysis was carried out by using the Laemmli system
(13): the separating gel was made with 7.5% acrylamide for
reducing conditions and 5% acrylamide for nonreducing con-
ditions with a stacking gel containing 4% acrylamide in both
cases. The standard proteins used to estimate apparent mo-
lecular weights were: myosin, 200,000; 83-galactosidase,
116,000; phosphorylase b, 94,000; transferrin, 77,000; bovine
serum albumin, 68,000; and catalase, 58,000. Kodak XR-50
film together with Cronex intensifying screens were used to
obtain autoradciograms of the dried gels. The relative intensi-
ties of the radioactive bands were estimated by using a scan-
ning densitometer (model Quick Scan from Helena Labora-
tories).
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FIG. 1. Velocity sedimention of Triton X-100-solubilized rat adi-
pocyte insulin receptors. Rat Adipocyte plasma membranes were
bound and cross-linked with 1251-insulin and extracted in 3% Triton
X-100. Two hundred microliters of this extract was layered onto 4.8
ml of 5-20% (wt/vol) linear sucrose density gradients in buffer B.
They were sedimented in a Beckman SW 50.1 rotor at 48,000 rpm,
3YC, for 9 hr. The gradients were fractionated and assayed for radio-
activity in a Beckman y-counter. o, Binding was carried out in the
presence of 2 gM unlabeled insulin (control); 9, binding was carried
out in the absence of excess unlabeled ligand.
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RESULTS AND DISCUSSION

Detergent-solubilized rat adipocyte insulin receptors were

covalently labeled with 1251-insulin and sedimented through
5-20% linear sucrose density gradients. As seen in Fig. 1, a

single peak of specific insulin binding activity was observed
sedimenting with a S20,w of 10.2 S. The radioactivity in this
peak was displaced when labeling with 1251-insulin was car-

FIG. 2. NaDodSO4/PAGE of 1251-insulin-labeled adipocyte re-
ceptors under reducing and nonreducing conditions. Rat adipocyte
receptors were labeled with I251-insulin in the absence (-) and pres-
ence (t) of excess unlabeled insulin and extracted in Triton X-100.
The labeled samples were analyzed by NaDodSO4/PAGE by using
the Laemmli system (13) under reducing conditions (10% 2-mercap-
toethanol) with a separating gel of 7.5% acrylamide (B) and nonre-
ducing conditions with a separating gel of 5% acrylamide (A). Mo-
lecular masses are shown in kilodaltons.
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ried out in the presence of 2 1LM unlabeled insulin. Partial
purification of solubilized receptor on a WGA-Sepharose af-
finity column did not alter its sedimentation behavior. As
shown in Fig. 2, NaDodSO4/PAGE analysis of the 10.2S
species under reducing conditions revealed that the 135,000-
dalton a-subunit (Fig. 2B), is the predominant insulin-labeled
component. Under nonreducing conditions (Fig. 2A), the f-
subunit aggregated to larger-sized bands, which were not
well resolved.

It has been shown that the a-subunit is associated with a
smaller subunit of 95,000 daltons that can be labeled by [y-
32P]ATP (3, 4). When we analyzed the WGA-purified, 32p_
labeled preparation by velocity sedimentation through 5-
20% linear sucrose density gradients (Fig. 3), we obtained a
single peak of 32P-labeled material whose extent of labeling
was stimulated by insulin preincubation. The peak had a
S20,w value of 10.2 S. Conversely, when unlabeled receptors
were first sedimented and then phosphorylated, with and
without preincubation with insulin, an insulin-stimulatable
kinase activity sedimented at the same position as the insulin
labeled and phosphorylated polypeptide (data not shown).
These results are consistent with evidence from several oth-
er laboratories (14-17) that the kinase activity is part of the
native, oligomeric receptor molecule.
The identical sedimentation behavior of the insulin-bind-

ing and phosphorylated polypeptides was more clearly dem-
onstrated by means of a double-label experiment (Fig. 4).
We first labeled membrane-bound insulin receptors cova-
lently with I251-insulin and, following extraction in Triton X-
100 and partial purification by WGA-Sepharose affinity
chromatography, we phosphorylated the receptors with f[y-
32P]ATP. The two labels were used to identify the two sub-
units independently of each other: 125I-insulin for the a-sub-
unit and 32p for the ,-subunit. As shown in Fig. 4, they comi-
grate following velocity sedimentation, as judged by the
intensity of the respective radiolabeled bands in NaDodSO4/
PAGE. This result clearly demonstrates that 135,000- and
95,000-dalton polypeptides are part of the same native oligo-
mer.

In hydrodynamic studies of native insulin receptors from
turkey erythrocyte and liver membranes (1, 2), it was deter-
mined that the protein can exist as a mixture of a2f32 dimers
(s20o, = 10.2 S) and acB monomers (S20.w = 6.6 S) in detergent
extracts. There was also evidence that the monomers were
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FIG. 3. Velocity sedimentation of WGA-purified and
phosphorylated receptor. WGA-purified receptor prepara-
tion was incubated for 1 hr at room temperature in the pres-
ence and absence of 1 AM insulin. Two hundred microliters
of each sample was layered on 4.8 ml of 5-20o linear su-
crose density gradients and sedimented. The fractions of
each gradient were analyzed by NaDodSO4/PAGE under
reducing conditions on a Laemmli system (13) using a sepa-
rating gel of 7.5% acrylamide. The autoradiograms were
scanned in a densitometer and the areas of density peaks
were estimated by weighing. The graph shows the density
profiles obtained for the 32P-labeled 95,000-dalton band
with and without preincubation with insulin. (Inset) Autora-
diogram of the 95,000-dalton band for the insulin-stimulated
case (molecular mass is shown in kilodaltons). The autora-
diogram for the non-insulin-stimulated autophosphorylation

15 is not shown because 32p incorporation in this case is very
faint, as can be judged from the ratios of the areas in the

Top graph.

held together in the dimeric structure by means of disulfide
bonds. In solubilized extracts of adipocyte plasma mem-
branes, however, dimers were the only receptor species ob-
served after velocity sedimentation (Fig. 1).
To determine whether the dimeric structure of the adipo-

cyte receptor was also held together by disulfides, we stud-
ied the sedimentation behavior of 32P-labeled adipocyte re-
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FIG. 4. Velocity sedimentation of 1251-insulin- and 32P-labeled
receptor. Rat adipocyte insulin receptors were first covalently la-
beled with 1251-insulin, then extracted with 2% Triton X-100, and
subsequently purified on WGA-Sepharose. Next, they were incu-
bated for 1 hr at room temperature in the absence and presence of 1
,uM insulin before labeling with [y-32P]ATP. The double-labeled
samples were analyzed by velocity sedimentation and NaDod-
S04/PAGE as described for Fig. 3. *, cpm of 1251-insulin specifical-
ly bound as detected by a Beckman 4000 y-counter; o, relative in-
tensity of the 95,000-dalton band in the fractions as determined from
densitometry scan of the autoradiogram. (Inset) Actual autoradio-
gram used for densitometry (molecular masses are shown in kilodal-
tons).
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ceptors that were treated with 10 mM dithiothreitol. The re-
sults are shown in Fig. 5.
Treatment with the reducing agent produced one signifi-

cant change: the appearance of a 6.6S peak, which is most
likely the monomer form (a,8) observed earlier in detergent-
solubilized extracts of turkey erythrocyte and rat liver mem-
branes (1, 2). In addition, a shift in the position of the dimer
peak from 10.2 S to 11.3 S was consistently observed. The
amount of 32p label incorporated into the 10.2 S receptor
species (Fig. SA) was divided quantitatively between the
11.3S and 6.6S receptor species following dithiothreitol
treatment (Fig. SB).
The material under all three peaks was analyzed by Na-

DodSO4/PAGE. Under reducing conditions (Fig. 5), only
the 32P-labeled P-subunit was observed under each peak. In

Bottom Froction Number

FIG. 5. Effect of dithiothreitol on the sedimentation behavior of
phosphorylated insulin receptors. Insulin receptors were treated
with mM dithiQthreitol for 15 min at room temperature following
WGA-Sepharose purification and phosphorylation and then subject-
ed to velocity sedimentation. (A) Extract that was not treated with
dithiothreitol; (B) extract that was allowed to react with 10 mM di-
thiothreitol. The corresponding autoradiograms are shown in the In-
set for each graph (molecular mass is shown in kilodaltons). The
values for s20,w were determined by using the appropriate marker
enzymes.
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FIG. 6. NaDodSO4/PAGE of 10.2S and 6.6S insulin receptor
species under nonreducing conditions. The peak fractions from the
gradients shown in Fig. 5 were analyzed by NaDodSO4/PAGE un-
der nonreducing conditions by using the Laemmli system (13) and a
separating gel of 5% acrylamide. (A) Peak fraction from the sample
that was not treated with dithiothreitol; (B) peak fractions from the
sample that was treated with 10 mM dithiothreitol prior to sucrose
density gradient sedimentation (molecular masses are shown in kilo-
daltons).

another experiment with 1251-insulin-labeled receptors, the
same procedure produced the 125I-insulin-labeled 135,000-
dalton a-subunit (data not shown).
Under nonreducing conditions (Fig. 6), the 6.6S peak re-

vealed a distinct 32P-labeled species of 210,000 daltons,
which clearly is the disulfide-linked al-monomer of the re-
ceptor. The larger peaks of 10.2 S and 11.3 S produced ag-
gregates greater than 210,000, quite possibly a2,82 dimers. It
should be pointed out that the 210,000-dalton species is vir-
tually absent in both of these peaks.
Massague and Czech (18) have reported that reduction of

rat adipocyte receptors with 10 mM dithiothreitol and subse-
quent analysis under nonreducing conditions revealed a
210,000-dalton 125I-insulin-labeled species, which they desig-
nated a)S. Aiyer (2) has also observed that the monomeric
receptor species of turkey erythrocytes, which sedimented
at 6.6 S in sucrose density gradients, yielded a 200,000-dal-
ton ca3 species on nonreduced gels.

CONCLUSIONS
Velocity sedimentation of insulin receptors 32P-labeled by
autophosphorylation yields a peak with a sedimentation co-
efficient of 10.2 S, exactly as observed with receptors that
were labeled with 125I-insulin. Our sedimentation and Na-
DodSO4/PAGE results taken together confirm that the basic
monomer of the receptor is composed of a 135,000-dalton a-
subunit that binds insulin and a 95,000-dalton ,B-subunit that
is phosphorylated and may itself be the kinase.
The adipocyte insulin receptors were obtained only as

a2,82 dimers sedimenting at 10.2 S in nondenaturing deter-
gent solution in contrast to detergent extracts of the turkey
erythrocyte and liver membranes, where both monomers
and dimers were observed (1, 2). However, we have shown
that a282 dimers can be partially dissociated into monomers
by treatment with dithiothreitol. This was evidenced by the
appearance of a peak of sedimentation at 6.6 S correspond-
ing to monomers after reduction.
These results present hydrodynamic evidence for the pres-

ence of ap monomers in the native structure of the adipocyte
insulin receptor in detergent solution and raise questions as
to the functional role of a,8 monomers in insulin action. In
particular, it should be possible to determine whether the
monomer can undergo autophosphorylation and/or act as a
kinase on another substrate. Furthermore, the ability to spe-
cifically label both subunits of the receptor should prove to
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be an effective way to probe the details of its structure both
in solution and in the membrane. The regulation of the oligo-
meric state of the protein and the role of insulin, if any, in its
regulation are questions that can be addressed through this
approach.
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