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Abstract. Insulin receptors were incorporated into li-
posomes by two different procedures, one using dialy-
sis and one using detergent removal by Bio-Beads. Re-
ceptor incorporation was analyzed by gradient cen-
trifugation and electron microscopy. Reconstituted
receptors projected up to 12 nm above the membrane
and exhibited a T-shaped structure compatible with that
previously described for the solubilized receptor. In-
sulin binding and autophosphorylation experiments in-
dicated that approx. 50% of the receptors were incor-
porated right-side out. Such random orientation was
confirmed by immunogold labeling of the - and the B-
subunit of the receptor. Immunogold labeling of the C-
terminus of the B-subunit indicates that it resides about
6 nm off the membrane, while two a-subunit epitopes
were labeled at about twice this distance, confirming
that the o-subunit is harbored in the cross-bar of the T-
structure.

Key words: Insulin receptor -— Membrane reconstitu-
tion — Electron microscopy — Quaternary structure —
Immunogold labeling

Introduction

Biochemical analysis of the insulin receptor, together
with amino acid sequence data on the receptor precur-
sor, derived from cloned cDNA, have established that
the functional receptor is a disulfide-linked hetero-
tetrameric integral membrane protein composed of two
a-subunits (M, 130,000) and two B-subunits M,
95,000) (Ebina et al., 1985; Ulrich et al., 1985; Gold-
fine, 1987). Insulin binding to the ectodomain of the re-
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ceptor elicits a tyrosine kinase activity located at the in-
tracellular domain of the receptor, considered to be an
initiator of intracellular insulin effects. The ectodomain,
especially the insulin binding region, as well as the in-
tracellular domain, have been subject to extensive prob-
ing by monoclonal antibodies in order to assign the re-
ceptor functions to specific stretches of the amino acid
sequence (Soos et al., 1986, 1989; Taylor et al., 1987;
Prigent, Stanley & Siddle, 1990; Zhang & Roth, 1991).

We have previously determined the gross quater-
nary structure of the isolated, detergent-solubilized hu-
man placental insulin receptor by electron microscopy
and deduced a model on the location of the receptor sub-
units (Christiansen et al., 1991). In the present study we
have developed protocols for reincorporation of func-
tionally intact, purified receptors into liposomal vesicles
and determined the structure and membrane topology of
the membrane-inserted receptor using high resolution
electron microscopy and immunogold labeling of de-
fined receptor epitopes.

Materials and Methods

Phenylmethylsulfonyl fluoride (PMSF), leupeptin, aprotinin, pep-
statin A, 1.10-phenanthroline, benzamidine hydrochloride, and
n-octylglucoside were all obtained from Sigma (St. Louis, MO). Tri-
ton X-100 (Fiir electronische Zahlung von milchzellen) was from
Merck, Darmstadt, Germany. Egg phosphatidyicholine, phosphatidyl-
serine and cholesterol were from Serdary Research Laboratories
(London, Canada). Porcine insulin and '%1-(tyr-A14)-human insulin
were a gift from Novo Nordisk, Bagsverd, Denmark. Triton X-100,
(phenyl-*H(N)) (1.0 mCi/ml) was obtained from NEN Research Prod-
ucts, Du Pont, Germany. 1.2-di (1-*4C) palmitoyl-L-3 phosphatidyi-
choline (113 mCi/mmol) and adenosine 5’[Y-*?P] triphosphate, tri-
ethylammonium salt (3,000 Ci/mmol) were from Amersham Int.,
UK. The molecular weight markers: cytochrome ¢, ovalbumin, bovine
albumin, B-galactosidase, and cross-linked phosphorylase b were all
from Sigma. Bio-Beads SM-2 were obtained from Bio-Rad.
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PURIFICATION OF INSULIN RECEPTORS

Insulin receptors were isolated from human placenta according to Fu-
jita-Yamaguchi et al. (1983) by sequential affinity chromatography on
wheat germ agglutinin (WGA) and insulin coupled to Sepharose 4B.
The details of this procedure with minor modifications were as de-
scribed previously (Christiansen et al., 1991).

The dilute receptor preparation eluted from the insulin-Sepharose
column in 0.05% Triton X-100 was applied directly to a small WGA-
Sepharose column (0.2 ml) in order to concentrate the preparation.
The column was washed with 10 ml of 50 mm HEPES buffer pH 7.4
containing 10% glycerol, 0.5 mm PMSF and 0.05% Triton X-100 at
a flow rate of 2 ml/hr. The receptor was eluted with 2 m! of the same
buffer containing 0.3 M N-acetylglucosamine. Further concentration
of the receptor preparation was achieved by centrifugation in Centri-
con-30 microconcentrators (Amicon). The final volume was approx.
0.25 ml with a Triton X-100 concentration of about 0.3%.

RECONSTITUTION OF INSULIN RECEPTORS

Reconstitution of insulin receptors into liposomes composed of phos-
phatidylcholine:phosphatidylserine:cholesterol in a molar ratio of
70:10:20 was performed by two different methods.

n-Octylglucoside/Triton X-100 Dialysis

A dry film of 1.5 mg of the lipid mixture and a trace of ['“C]-phos-
phatidylcholine was solubilized in 800 pl of 50 mm HEPES buffer pH
7.6 containing 20% {(w/w) glycerol, 0.5 M NaCl and 1.3% n-octyl-
glucoside. To this solution was added 200 pl of the concentrated re-
ceptor preparation (80-120 pg of receptor) containing a trace of [*H]-
Triton X-100. After incubation overnight at 4°C, the mixture was di-
alyzed according to the following protocol: (1) For 1 hr against 10 ml
of Buffer A: 50 mm HEPES buffer pH 7.6 containing 20% (w/w) glyc-
erol and 0.4 MNaCl with addition of 0.6% n-octylglucoside; (2) for 4
hr against 10 ml Buffer A with addition of 0.3% n-octylglucoside: (3)
for 24 hr against 50 ml Buffer A and (4) for 2 X 24 hr against 250
ml of Buffer A.

Triton X-100 Removal by Bio-Beads

A dry film of 1.65 mg of the lipid mixture containing a trace of
[14C]-phosphatidylcholine was solubilized in 800 ul of 50 mwm
HEPES buffer pH 7.6 containing 20% (w/w) glycerol, 0.5 M NaCl and
0.3% Triton X-100. To this solution was added 200 pl of the con-
centrated receptor preparation (80-120 pg of receptor) containing a
trace of [*H]-Triton X-100. If the lipid-/receptor mixture was turbid
at this stage, a few microliters of 10% Triton X-100 were added. Af-
ter incubation at 4°C overnight, 40 mg of thoroughly rinsed Bio-
Beads (Holloway, 1973) was added. The mixture was slowly rotat-
ed for 3 hr at 4°C and another 40 mg portion of Bio-Beads was added
and the mixture left slowly rotated for 60 hr at 4°C.

GRADIENT CENTRIFUGATION

To remove nonincorporated insulin receptors, approx. 700 pl of the
crude reconstituate was layered on top of a linear 2-25% (w/w) su-
crose gradient prepared in 50 mm HEPES buffer pH 7.6 containing
20% (w/w) glycerol and 0.4 M NaCl and centrifuged at 280,000 X g
for 16 hr in 2 Beckman SW 40 Ti rotor at 4°C. Fractions of 0.65 ml
were collected from the bottom of the tubes, and analyzed for lipid
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and Triton X-100 by scintillation counting and for receptor by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE).

INSULIN BINDING ANALYSIS

Insulin receptors were incubated for 16 hr at 4°C with 0.1 nv '»[-in-
sulin in a final volume of 0.1 ml of 50 mm Tris-HCI buffer pH 7.4
containing 0.1% Triton X-100, 0.1% bovine serum albumin, and 0.1
mM PMSF. Free insulin was separated from bound hormone by ad-
dition of 25 pl of 0.4% bovine y-globulin and 125 pl of 20% poly-
ethyleneglycol 6000. After 10 min at 4°C, the samples were cen-
trifuged at 12,000 X g for 5 min in a Beckman Microfuge. The pel-
let, suspended in 100 pl 0.5% Triton X-100, was counted in a
y-counter. Nonspecific binding was determined in the presence of 4
pM unlabeled insulin. For Scatchard analysis, a concentration range
of 0.4-32 nM unlabeled insulin was used. Double determinations dif-
fered less than 15% in all experiments.

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

SDS-polyacrylamide gel electrophoresis was performed in 0.1% SDS
as described by Laemmli (1970) in either 6% gels (nonreducing con-
ditions) or in 13% gels (reducing conditions). The samples were
boiled for 15 min in 1.5% SDS in the absence or presence of 100 mm
dithiothreitol. Gels were stained with silver (Heukeshoven & Dernick,
1985).

AUTOPHOSPHORYLATION

Autophosphorylation experiments were performed by incubation of
reconstituted insulin receptors in the absence or presence of 0.2% Tri-
ton X-100, with or without 0.5 uM insulin in 50 mm HEPES buffer
pH 7.6 containing 10 mm MgCl, and 2 mm MnCl,. After one-half
hour at room temperature, 5 iCi of [y-*?P]-ATP was added. The fi-
nal ATP concentration was 50 um. The reaction was stopped after 10
min by addition of sodium vanadate, sodium fluoride, ATP and
EDTA at final concentrations of 1, 75, 3 and 30 mwm, respectively, and
the samples were analyzed by SDS-PAGE. The gels were stained with
Coomassie Blue followed by autoradiography on Kodak XAR 5 film
with Cronex Lightning Plus intensifying screens. The intensity of the
bands was quantified with an LKB Ultrascan XL laser densitometer.

IMMUNOGOLD LABELING

Two monoclonal mouse antibodies, 83-14 and 47-9, directed against
different epitopes on the o-subunit (Soos et al., 1986) and one anti-
body, CT-1, directed against the C-terminus of the B-subunit (Prigent
et al., 1990; Ganderton et al., 1992) of the receptor were generously
provided by Dr. K. Siddle, Cambridge. The antibodies were conju-
gated to 3 nm colloidal gold particles by the procedure of Slot and
Geuze (1985). The conjugates meet the following criteria for reac-
tivity and specificity: (i) All three conjugates stained dots of the re-
ceptor preparation applied to nitrocellulose paper; (ii) the reactivity
of CT-1 conjugate was inhibited by preincubation of the conjugate
with a synthetic peptide (purchased from Kem-En-Tec, Copenhagen,
Denmark) corresponding to the 10 C-terminal amino acid residues of
the receptor B-subunit and (iii) the reactivity of the 83-14 and 47-9
conjugates was inhibited by preincubation of the conjugates with the
receptor ectodomain (generously supplied by Dr. L. Schaefer, Novo-
Nordisk (Andersen et al., 1990)).

Specimens for immunogold labeling were prepared by brief
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(1-2 min) adsorption of the receptor preparations to EM grids as ex-
plained below. All maneuvers of washing and incubation of the grids
were performed by floating the grids upside-down on drops lined up
on dental wax plates. The grids were initially washed over six drops
of 10 mm Tris-HCI buffer pH 7.4, containing 150 mm NaCl (TBS) fol-
lowed by 5 min incubation on TBS-containing 1% cytochrome c. The
specimens were subsequently incubated for 1 hr with the different gold
conjugates, diluted to a mouse IgG concentration of about 2 pg/ml in
TBS supplemented with 1% cytochrome ¢ for blocking of unspecif-
ic adsorption of the gold conjugates to the specimens. After three
washings on drops of TBS containing 1% cytochrome c and three
washings on TBS, the specimens were negatively stained for EM as
described below.

ELECTRON MICROSCOPY

The crude receptor reconstituate or the top fraction from the gradient
was adsorbed to very thin carbon-coated Formvar films, carried on 400
mesh electron microscope grids, exposed to plasma glow before use.
The preparation was negatively stained with 2% wt/vol sodium sili-
cotungstate (pH 7.2) as described previously (Tranum-Jensen, 1988).
The specimens were examined and photographed at 60-70,000X pri-
mary magnification in a Jeol 100 CX electron microscope equipped
with a high resolution objective lens pole piece [spherical aberration
coefficient (C)) = 0.7 mm] and operated at 80 kV with focus setting
around Scherzer focus. Images were recorded on Agfa Scientia
23D56 emulsion using a low-dose exposure technique (35-50 ¢ /A2
of specimen). Plates were developed in Kodak D-19 to an electron
speed of 0.7 um?e~. Magnification of the microscope was calibrat-
ed using a Fullam SiO, grating replica no. 6002.

Distances between liposomal membrane surfaces to the core of
the immunogold labels were measured directly on micrographs print-
ed to a final magnification of 190,000X using a magnified ruler with
scale divisions of 100 um. Two fully independent preparations of the
reconstituted receptor were labeled with all three immunogold labels.
The measured distances for each of the probes did not differ signifi-
cantly between experiments, and measurements were pooled.

Results

RECONSTITUTION

The insulin receptor was reconstituted into lipid vesicles
composed of phosphatidylcholine: phosphatidylserine:
cholesterol in the molar ratio of 70:10:20. Two meth-
ods for reconstitution were used, one using lipid dis-
solved in n-octylglucoside to which was added the re-
ceptor in Triton X-100 followed by slow dialysis. The
other method used Triton X-100 as the sole detergent
and detergent removal by adsorption to Bio-Beads. By
this method, an initial detergent to phospholipid ratio of
2:1 (w/w) and a Bio-Bead: detergent ratio of 12:1 (w/w),
was chosen; i.e., close to the ratios used by Lévy et al.
(1990).

The crude reconstituates were layered on top of
linear sucrose density gradients and centrifuged to equi-
librium. Representative gradient profiles are shown in
Fig. 1. By both methods, reconstituted receptors were
recovered in the top fraction together with the lipid. By
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Fig. 1. Gradient centrifugation of insulin receptor-lipid vesicle re-
constituates. The crude reconstituates obtained by n-octylglucoside/
Triton X-100 dialysis (upper graph) or Triton X-100-Bio-Bead remov-
al (lower graph) were layered on top of 2-25% (w/w) sucrose gradi-
ents in 50 mM HEPES buffer pH 7.6, containing 20% (w/w) glycerol
and 0.4 M NaCl and centrifuged at 280,000 X g for 16 hr at 4°C. Frac-
tions were collected from the bottom and analyzed for '“C-phospha-
tidylcholine (@—@). Aliquots of each fraction were weighed to de-
termine the specific gravity (O—O) and analyzed by SDS-PAGE in
silver-stained 6% gels (inset) for evaluation of receptor incorporation.

the n-octylglucoside/Triton X-100 dialysis procedure, a
small fraction of receptor banded at a density of 1.09.
By both methods, residual Triton X-100 was present in
the top fraction equivalent to a lipid to detergent molar
ratio of 10:1.

ASSAY OF RECEPTOR FUNCTION

Insulin binding was measured in the top fractions from
the density gradients with and without addition of a
solubilizing amount of Triton X-100. For both recon-
stitution procedures, insulin binding was approximate-
ly doubled after addition of Triton X-100, indicating that
about half of the reconstituted receptors was oriented
right-side out (Table).

Autophosphorylation was performed on gradient
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Table. Insulin binding to the reconstituted insulin receptor

Method Exp. —Triton X-100 +Triton X-100
Insulin receptor (ng/ml)

n-0G/TX I 14 24

n-0G/TX II 28 56

TX/Bio-Bead I 28 56

TX/Bio-Bead II 43 75

Gradient top fractions from both reconstitution methods were analyzed
for insulin binding in the presence and absence of Triton X-100. Each
figure is the mean of two determinations of insulin binding capacity.

top fractions by addition of ATP to a concentration of
50 uMm. As shown in Fig. 2, phosphorylation was de-
tected only in the B-subunit of the receptor and the re-
sults were identical regardless of the reconstitution
method: Without addition of insulin the low level of au-
tophosphorylation observed increased slightly after ad-
dition of Triton X-100. Upon addition of insulin alone,
autophosphorylation did not increase above basal lev-
el. In the presence of Triton X-100, autophosphoryla-
tion increased fourfold by addition of insulin. These ob-
servations lend support to the above interpretation of the
insulin-binding experiments, and show in addition that
the vesicles were impermeable towards small mole-
cules like ATP.

ELECTRON MICROSCOPY

Electron micrographs of reconstituted insulin receptor,
negatively stained with sodium silicotungstate, derived
from four out of eight independent experiments, are
shown in Fig. 3. No consistent morphological differ-
ences between the two methods of reconstitution were
apparent. In the crude reconstituates, a substantial frac-
tion of the receptor molecules formed disordered ag-
gregates with low lipid content. The orderly reconsti-
tuted receptors were, as a general finding, nonuniform-
ly distributed among the liposomes, some being heavily
laden whereas others were devoid of receptors (Fig.
3A). Liposomes carrying no or a low number of re-
ceptors were collected in the top fraction of the densi-
ty gradients (Fig. 3B); still in this fraction most of the
incorporated receptors formed clusters. Details of in-
dividual receptor profiles were resolved on vesicles
from the top fraction carrying a single or a few incor-
porated receptors. Panels C, D and E display the spec-
trum of profiles observed. A majority of profiles pro-
jected to a height of about 12 nm above the membrane,
being composed of a mass carried on a stem (C and D).
This mass often showed as a cross-bar forming a struc-
ture with the shape of letter T. Rarely, Y-shaped struc-
tures were seen (Panel C, frames 6 and 7). Frames /-3
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Fig. 2. Autophosphorylation of reconstituted insulin receptors re-
covered from density gradient top fractions. The autophosphorylation
was evaluated by SDS-PAGE under reducing conditions in 13% gels.
The gels were stained with Coomassie Blue followed by autoradiog-
raphy. Densitometer readings are shown at the bottom of each lane of
the autoradiogram. (A) Insulin receptor reconstituted by the n-octyl-
glucoside/Triton X-100 dialysis method and (B) insulin receptor re-
constituted by the Triton X-100 Bio-Bead method.

of panel E display small knob-like structures projecting
up to 6 nm from the membrane. Frames 4-7 of this pan-
el show a selection of arch-shaped structures projecting
8—10 nm above the membrane. The arches represent a
minority of the receptor profiles but were consistently
observed.

Immunogold labeling experiments were performed
utilizing two gold-conjugated monoclonal antibodies
(83-14 and 47-9) directed against the a-subunit (Soos
et al., 1986) and one gold-conjugated monoclonal anti-
body (CT-1) against the cytoplasmic domain of the B-
subunit (Prigent et al., 1990; Ganderton et al., 1992).
Figure 4 shows labeling of receptors with o-subunit
antibody 83-14 (A) and with B-subunit antibody CT-1
(B). Prior addition of isolated receptor ectodomain to
83-14 and 47-9 conjugates completely abolished the la-
beling. Similarly, the specificity of the CT-1 conjugate
was asserted by observation of a complete blockade af-
ter addition of a peptide corresponding to the 10 C-ter-
minal amino acid residues of the B-subunit. To avoid
unspecific adsorption of the label to the specimen, it was
necessary to apply an appropriate protein as blocking
agent. In initial experiments using albumin for this
purpose, all fine structural details were obscured. Cy-
tochrome ¢ was found to be very effective as a block-
ing agent and rather less harmful to the structural reso-
lution. Still, fine details of the labeled receptor struc-
ture could not be recognized (Fig. 4). The distances
between the gold particle and the vesicle edge, howev-
er, could easily be measured and were found to depend
on the conjugate used (compare A and B of Fig. 4). Re-
sults of measurements of the label to membrane gap
with the three different conjugates are presented in Fig.
5a. For the a-subunit antibodies 83-14 and 47-9, the av-
erage label to membrane distance differed significant-



Fig. 3. Electron micrographs of negatively stained preparations of reconstituted insulin receptors. (A) Crude reconstituate composed of aggre-
gated receptors with little associated lipid together with well-defined liposomes carrying varying numbers of receptors. (B) Top fraction from
density gradient centrifugation. Liposomes carrying clustered receptors are indicated by bold arrows, solitary receptor by small arrow. (C) Frames
1-5 display receptors projecting to a height of 12 nm above the liposomal membrane. The individual receptor profiles are not distinctly resolved
due to clustering. Frames 6--7 show the occasional Y-shaped receptor profiles. (D) Frames /-7 display the characteristic T-shaped receptor pro-
files. (E) Frames /-3 show the small knob-like structure interpreted to represent the intracellular domain of the receptor. Frames 4-7 display a
collection of the arch-shaped structures consistently observed, but in low numbers. Another such arch may be seen in C, frame /. Scale bars in-
dicate 50 nm.
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Fig. 4. Electron micrographs of reconstituted insulin receptors labeled with immunogold conjugates and negatively stained. Upper frames (A)
show labeling of the o-subunit by the 83-14 conjugate. Lower frames (B) show labeling of the C-terminus of the 3-subunit by the CT-1 conju-~

gate. Scale bars indicate 50 nm.

ly being 11.5 and 15.5 nm, respectively, and for the B-
subunit antibody CT-1, the average distance was 5.6 nm.

The distribution of distances to the membrane for
the two labels with the shortest average distance (CT-
1 and 83-14) shows a small accumulation close to the
membrane. We interpret this as an effect coming up
when the diameter of the conjugate exceeds the distance
from the epitope to the bend edge of the liposomal
membrane which acts as a low “wall” in the negative-
ly stained specimens. This effect will produce a mod-
erate positive bias in estimates of the true distance be-
tween the epitope and the membrane. This, together
with small dimensional distorsions inherent in the elec-
tron microscopical techniques, warn against undue em-
phasis on the absolute values of the mean distances de-
termined.

Discussion

In a previous study (Christiansen et al., 1991), we de-
termined the gross quaternary structure of the deter-
gent-solubilized human placental insulin receptor. The
receptor was shown to have the shape of letter T with
a stem of 24 nm and a cross-bar of 18 nm width, each
with a thickness of 3—4 nm. Based on determination of
molecular volumes in combination with established
amino acid sequence data, the two o-subunits were as-
signed to the cross-bar and the two B-subunits to the
stem.

The aim of this study was to determine the topolo-
gy of insulin receptors after incorporation into lipid
vesicles. Reconstitution of purified insulin receptors
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Fig. 5. (@) Diagrammatic presentation of the fractional distribution of measured distances between the edge of liposomal membranes and the
core of the immunogold labels indicated. Symbols () indicate mean values = 2 X SEM. (b) Diagrammatic presentation of the model for the
quaternary structure of the insulin receptor drawn to scale with a membrane of 5 nm which is the minimum observed thickness of liposomal
membranes delineated by negative staining. The approximate dimensions of an immunogold conjugate with a 3 nm gold core are shown to the
right for comparison. The model is drawn as a two-dimensional projection of the suggested receptor structure; i.e., that molecular volumes are
related to linear dimensions by the third power. The junction of the o~ and the f-subunits may well be more complex than shown.

had been performed previously by Sweet et al. (1985)
using an n-octylglucoside dialysis procedure, and by
Lewis and Czech (1987) using sodium cholate and
Sephadex chromatography for detergent removal. In
neither case have the reconstitution products been vi-
snalized by electron microscopy. In our hands, the n-
octylglucoside reconstitution procedure did not result in
receptor incorporation and the cholate method was re-
ported to produce leaky vesicles (Lewis & Czech, 1987).
Therefore, we sought improved protocols for reconsti-
tution of insulin receptors with emphasis on micro-
scopical verification. Two methods were found suitable.
One uses a mixture of n-octylglucoside and Triton X-
100 followed by dialysis. The other follows the method
of Lévy et al. (1990) for reconstitution of bacteriorho-
dopsin, Ca>*-ATPase and H*-ATPase using Bio-Bead
for removal of Triton X-100.

Using either method of reconstitution, insulin-bind-
ing assays showed a doubling of binding capacity up-
on addition of solubilizing concentrations of Triton X-

100, indicating that half the amount of incorporated re-
ceptors was inaccessible to insulin; i.e., the sidedness of
the receptor was random. Qualitative support for ran-
dom sidedness of incorporated receptors was obtained
by immunogold labeling. These results were support-
ed and extended by receptor autophosphorylation ex-
periments: In intact vesicles, receptor phosphorylation
was not increased above background level by addition
of insulin, indicating that vesicles prepared by both re-
constitution methods were impermeable also towards
Mn2*/Mg?*/ATP. In solubilized vesicles, insulin ex-
pectedly increased receptor phosphorylation. In the ab-
sence of insulin, receptor phosphorylation was slightly
increased by solubilization. However, the doubling ex-
pected on the basis of a random orientation was not
achieved, likely due to an inhibition of spontaneous
phosphorylation by solubilizing concentrations of Tri-
ton X-100 (Sweet et al., 1985). It is noteworthy that the
vesicles were functionally impermeable towards insulin
as well as ATP despite the presence of residual Triton
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X-100 in a molar fraction of 1:10 relative to the vesi-
cle membrane lipids.

Immunogold labeling experiments utilizing two dif-
ferent antibodies against the o-subunit and one against
the C-terminus of the $-subunit clearly showed that the
extracellular domain of the receptor projected consid-
erably higher above the plane of the membrane than the
intracellular domain. Regrettably, the labeling tech-
nique did not allow fine details of the receptor structure
to be resolved.

Microscopy of unlabeled vesicles carrying receptors
in appropriately low numbers not to be aggregated re-
vealed a spectrum of profiles projecting to a height of
12 nm above the membrane. These profiles had di-
mensions compatible with the expected 220 kD protein
mass of the extracellular receptor domain deduced from
amino acid sequence data (Ebina et al., 1985; Ullrich et
al., 1985). Among these profiles, we regularly ob-
served a T-shaped structure which conformed well to the
model of the receptor previously deduced from micro-
scopical observations on solubilized receptor prepara-
tions (Christiansen et al., 1991). Also, the projection
height of the T-shaped structure is compatible with the
distance between label and membrane found for the o-
subunit specific immunogold conjugates.

The measured difference in label to membrane gap
for the two antibodies against the o-subunit must indi-
cate a difference in position of the epitopes in the fold-
ed protein. The antibody §3-14 reacting with amino
acid 469-592 on the o-subunit has been shown to inhibit
insulin binding and mimic insulin action both in isolat-
ed adipocytes (Taylor et al., 1987) and in transfected
cells (Soos et al., 1989; Wilden et al., 1992), indicating
that the amino acids 469-592 may contribute to the in-
sulin binding site. Our data show that this epitope is lo-
cated at a distance of about 11 nm from the membrane
spanning domain of the receptor. The 47-9 antibody al-
so inhibits insulin binding but does not mimic insulin
action (Taylor et al., 1987), possibly by stabilizing a
noninsulin binding conformation of the receptor. The
epitope for the 47-9 antibody in a recent study by Zhang
and Roth (1991) was found to be contained within the
same amino acids (residues 450-601) as the epitope for
the 83-14 antibody. Our results indicate that the epitope
of the 47-9 antibody is localized at the most peripheral
domain of the receptor. Thus, in spite of the fact that
the two antibodies may recognize epitopes within the
same stretch of about 150 amino acids, the present re-
sults show that the epitopes in the folded protein are ap-
proximately 4 nm apart. Furthermore, the above results
of o-subunit labelings support the previous notion that
this subunit is harbored in the cross-bar of the receptor
structure.

It may be of significance that not all the observed
receptor profiles are compatible with projected views of
a single structural entity. Thus, we observed a few pro-
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files which may relate to the Y-shaped conformation
found in a recent study of the isolated receptor ecto-
domain (Schaefer et al., 1992). Besides the profiles de-
scribed above, we observed regularly but in low num-
bers an arch-shaped structure which did not conform to
the earlier suggested model. These profiles may just be
pairs of degraded receptors or they may represent an-
other conformation of the receptors. In addition to the
results reported here, we have conducted initial exper-
iments to disclose possible conformational changes in-
duced by insulin but we have thus far not been able to
detect consistent effects of insulin on the distribution of
receptor profiles.

The mass of the intracellular receptor domain is
close to 100 kD (Ebina et al., 1985; Ullrich et al., 1985).
This is near to the limit of microscopic detection, and
will expectedly be observed only when optimally lo-
cated and stained on the edge of the vesicles. The ob-
served knob-like structures projecting up to 6 nm from
the membrane are likely to represent the intracellular re-
ceptor domain. Also, the height is compatible with the
measured distance between the membrane and CT-1
gold conjugates.

In conclusion, we interpret our observations on the
reconstituted receptor as diagramatically shown in Fig.
5b. This model is consistent with the structure previ-
ously reported for the solubilized receptor and estab-
lishes the localization of the membrane spanning do-
main relative to the quaternary structure of the recep-
tor.

We thank Ms. Birthe Nystrom, Lisette Hansen and Ulla Blanken-
steiner for excellent technical assistance and Ms. Birgit Risto for
skillful work with the photographic prints.

References

Andersen, A.S., Kjeldsen, T., Wiberg, F.C., Christensen, P.M., Ras-
mussen, J.S., Norris, K., Mgller, K.B., Mgller, N.P.H. 1990.
Changing the insulin receptor to possess insulin-like growth fac-
tor T ligand specificity. Biochemistry 29:7363-7366

Christiansen, K., Tranum-Jensen, J., Carlsen, J., Vinten, J. 1991. A
model for the quaternary structure of human placental insulin re-
ceptor deduced from electron microscopy. Proc. Natl. Acad. Sci.
USA 88:249-252

Ebina, Y., Ellis, L., Jarnagin, K., Edery, M., Graf, L., Clauser, E., Ou,
J.-H., Masiarz, F., Kan, Y.W., Goldfine, .D., Roth, R.A., Rutter,
W.J. 1985. The human insulin receptor cDNA: The structural ba-
sis for hormone-activated transmembrane signalling. Cell 40:747-
758

Fujita-Yamaguchi, Y., Choi, S., Sakamoto, Y., Itahura, K. 1983. Pu-
rification of insulin receptor with full binding activity. J. Biol.
Chem. 258:5045-5049

Ganderton, R.H., Stanley, K.K., Field, C.E., Coghlan, M.P., Soos,
M.A., Siddle, K. 1992. A monoclonal anti-peptide antibody re-
acting with the insulin receptor B-subunit. Biochem. J. 288:195~
205



I. Tranum-Jensen et al.: Insulin Receptor Structure

Goldfine, I.D. 1987. The insulin receptor: Molecular biology and
transmembrane signaling. Endocrine Rev. 8:235-255

Heukeshoven, J., Dernick, R. 1985. Simplified method for silver
staining of proteins in polyacrylamide gels and the mechanism of
silver staining. Electrophoresis 6:103-112

Holloway, P.W. 1973. A simple procedure for removal of Triton X-
100 from protein samples. Anal. Biochem. 53:304-308

Laemmli, U.K. 1970. Cleavage of structural proteins during the as-
sembly of the head of bacteriophage T4. Nature 227:680-685

Lévy, D., Bluzat, A., Seigneuret, M., Rigaund, J.-L. 1990. A system-
atic study of liposome and proteoliposome reconstitution involv-
ing Bio-Bead-mediated Triton X-100 removal. Biochem. Biophys.
Acta 1025:179-190

Lewis, R.E., Czech, M.P. 1987. Phospholipid environment alters hor-
mone-sensitivity of the purified insulin receptor kinase. Biochem.
J. 248:829-836

Prigent, S.A., Stanley, K.K., Siddle, K. 1990. Identification of epitopes
on the human insulin receptor reacting with rabbit polyclonal an-
tisera and mouse monoclonal antibodies. J. Biol. Chem. 265:9970~
9977

Schaefer, E.M., Erickson, H.P., Federwisch, M., Wollmer, A., Ellis,
L. 1992. Structural organization of the human insulin receptor
ectodomain. J. Biol. Chem. 267:23393-23402

Slot, J.W., Geuze, H.J. 1985. A new method of preparing gold probes
for multiple-labeling cytochemistry. Eur. J. Cell. Biol. 38:87-93

Soos, M.A,, Siddle, K., Baron, M.D., Heward, I.M., Luzio, J.P., Bel-
latin, J., Lennox, E.S. 1986. Monoclonal antibodies reacting with
multiple epitopes on the human insulin receptor. Biochem. J. 235:
199-208

223

Soos, M.A., O’Brien, R.M., Brindle, N.P.J., Stigter, J.M., Okamoto,
A.K., Whittaker, J., Siddle, K. 1989. Monoclonal antibodies to the
insulin receptor mimic metabolic effects of insulin but do not
stimulate receptor autophosphorylation in transfected NIH 3T3 fi-
broblasts. Proc. Natl. Acad. Sci. USA 86:5217-5221

Sweet, L.J., Wilden, P.A., Spector, A.A., Pessin, J.E. 1985. Incorpo-
ration of the purified human placental insulin receptor into phos-
pholipid vesicles. Biochemistry 24:6571-6580

Taylor, R., Soos, M.A., Wells, A., Argyraki, M., Siddle, K. 1987. In-
sulin-like and insulin-inhibititory effects of monoclonal antibod-
ies for different epitopes on the human insulin receptor. Biochem.
J. 242:123-129

Tranum-Jensen, J. 1988. Electron microscopy: Assays involving neg-
ative staining. In: Methods of Enzymology. S.P. Colowick, S.
Kaplan, and S. Harshmann, Editors. Vol. 165, pp. 357-374. Aca-
demic, San Diego

Ullrich, A., Bell, J.R., Chen, E.Y., Herrera, R. Petruzzelli, L.M.,
Dull, T.J., Gray, A., Coussens, L., Liao, Y.-C., Tsubokawa, M.,
Mason, A., Seeburg, P.H., Grunfeld, C., Rosen, O.M., Rama-
chandran, J. 1985. Human insulin receptor and its relationship to
the tyrosine kinase family of oncogenes. Nature 313:756-761

Wilden, P.A., Siddie, K., Haring, E., Backer, J.M., White, M.F.,
Kahn, C.R. 1992. The role of insulin receptor kinase domain au-
tophosphorylation in receptor-mediated activities. J. Biol. Chem.
267:13719~13727

Zhang, B., Roth, R.A. 1991. A region of the insulin receptor impor-
tant for ligand binding (residues 450-601) is recognized by pa-
tients’ autoimmune antibodies and inhibitory monoclonal anti-
bodies. Proc. Natl. Acad. Sci. USA 88:9858-9862



