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The  structure of the insulin  receptor  was  studied 
with polyclonal  antibodies  obtained from  rabbits  which 
were immunized with  synthetic  peptides  having a se- 
quence  identity  to  three  regions of the  a-subunit  and 
five  regions of the  &subunit. None of the  a-subunit 
antibodies  including a-Pep8 (residues  40-49  (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, 0. M., and  Ramachandran, J. (1985) Nature 
313, 756-761), a-Pep7  (12  amino  acid  C-terminal  ex- 
tension (Ebina, Y., Ellis, L., Jarnagin, K., Edery, M., 
Graf, L., Clauser, E., Ou, J.-H., Masiar, F., Kan, Y. 
W., Goldfine, I. D., Roth, R. A., and  Rutter, W. J. 
(1985) Cell 313, 747-758)),  or a-Pep6 (residues  1-7, 
9) immunoprecipitated the  human  insulin  receptor sol- 
ubilized from IM-9  lymphocytes;  however, a-Pep8 im- 
munoprecipitated the  dithiothreitol-reduced  receptor. 
Antibodies prepared  against  the N terminus of the 8- 
subunit (a-Pep5, residues 780-790) and  the  ATP  bind- 
ing  site  (a-Pep3,  residues  1013-1022)  did not react 
with  the  intact  receptor  under  any  conditions; how- 
ever,  antibodies  to  the C terminus of the  &subunit (a- 
Pepl,  residues  1314-1324)  and  to  the  juxta-membrane 
region  (a-Pep3,  residues  952-962)  immunoprecipi- 
tated  the solubilized receptor  in  both  its phosphoryl- 
ated  and  nonphosphorylated forms. In  contrast,  the 
antibody  reactive  with  the  regulatory  region of the 0- 
subunit  which  contains  the  major  autophosphorylation 
sites (a-Pep2,  residues  1143-1 154) only precipitated 
the phosphorylated  form.  Thus the conformation of the 
extracellular  domain of the  receptor is rigid  and  sta- 
bilized  by  disulfide  bonds, whereas  several  regions of 
the  intracellular  domain are accessible  to  antibodies 
and  undergo  conformational  changes  during  auto- 
phosphorylation. 

Over the  past 10 years considerable information  has  been 
gained  regarding the major structural  and  functional  features 
of the  insulin  receptor (1, 2). The insulin  receptor  precursor 
is encoded by a  single gene (3,4). During  synthesis  it dimerizes 
and  is cleaved to form  a heterotetramer  consisting of two 01- 

and two @-subunits (1, 5 ) .  Both  subunits  are N-glycoslyated 
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(6), and  some evidence indicates  that  the  @subunit may also 
be O-glycosylated (7). Both  subunits  apparently  contain co- 
valently  attached  fatty acids (8). Based on surface  labeling 
and  the deduced amino acid  sequence, the  &-subunit  is  entirely 
extracellular,  consistent with its role as  the  insulin-binding 
domain (3, 9, 10). Like  many  membrane receptors, the   a -  
subunit  contains a cysteine-rich region but few if any free 
sulfhydryl  groups  suggesting that  it  is stabilized by multiple 
intrasubunit disulfide bonds; easily  reduced  disulfide  bridges 
exist between a-subunit  dimers (11). The  @-subunit  is a trans- 
membrane  protein (3, 10). Its  extracellular N terminus  con- 
tains 4 cysteine residues,  which  probably  form  disulfide bonds 
with  the 4 cysteine residues in  the C terminus of the  a-subunit 
(12); these  intersubunit bridges are relatively resistant  to 
reduction. The  intracellular  domain of the  @-subunit  contains 
at  least four functional regions: the  juxta-membrane  domain 
which  may  play a role in signal transduction  (centered  around 
Tyr-960) (13), the  ATP-binding  site  (centered  around Lys- 
1018) (14), and two autophosphorylation  domains  (centered 
around Tyr-1146, -1150, and -1151, and  around Tyr-1316 and 
-1322) (15). Tyrosyl residues 953 and 960 do  not  appear  to  be 
major sites of autophosphorylation,  although  mutation of Tyr- 
960 alters  the  ability of the receptor to produce  a normal 
biological signal (13). A schematic model of the  insulin recep- 
tor  illustrating  these  features  is shown in Fig. 1. 

The  conformation of the  insulin receptor tetramer  and  the 
relation between structure  and signal transmission  is unclear. 
Tyrosyl  phosphorylation  is  thought  to  mediate signal trans- 
mission, but  other  mechanisms relying  mainly on  conforma- 
tional  changes or noncovalent  interactions may  play impor- 
tant roles. The use of specific antibodies may contribute  to 
our  understanding of the  conformation of the  insulin receptor. 
We have  produced eight  different polyclonal antibodies,  each 
directed  against a small  amino acid  sequence in  the  human 
insulin receptor. Five of the  segments were in  the  P-subunit 
and  three were in  the  a-subunit. Based on  the ability of these 
antibodies  to  react with the  intact or partially reduced  recep- 
tor  and  the  autophosphorylated  receptor, we have deduced a 
model  suggesting that  the  conformation of the  extracellular 
domain  is rigid and stabilized  by  disulfide  bonds,  whereas 
portions of the  intracellular  domain  are flexible and undergo 
conformational  changes  during  autophosphorylation. 

EXPERIMENTAL PROCEDURES AND RESULTS’ 

DISCUSSION 

The  amino acid  sequences  used to  prepare  anti-insulin 
receptor  antibodies  are shown  in Table I. The  first  set of 

Portions of this paper (including “Experimental Procedures,” 
“Results,” and Figs.  2-7) are presented in  miniprint at  the end of this 
paper. The abbreviations used are HEPES, 4-(2-hydroxyethyl)-l- 
piperazineethanesulfonic acid; KLH, keyhole limpet hemocyanin; 
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TABLE I 

Peptides used for antibody production 
This numbering sequence was described by Ullrich et al. (3) and is based on the position of the amino acids in 

the precursor of the human insulin receptor. The C-terminal extension was described by Ebina et al. (4). 
No. Subunit Domain Residues Sequence 

Intracellular  (P-subunit) 
Arg-Ser-Tyr-Glu-Glu-His-Ile-Pro-Tyr-Thr-His 

Thr-Arg-Val-Ala-Val-Lys-Thr-Val-Asn-Glu 

1 P C terminus 1314-1324 
2 P Regulatory site 1143-1152 Arg-Asp-Ile-Tyr-Glu-Tyr-Asp-Tyr-Tyr-Arg 
3 P ATP-binding  site 1013-1022 
4 P Juxta-membrane 952-962 Leu-Tyr-Ala-Ser-Ser-Asn-Pro-Glu-Tyr-Leu-Ser 

Extracellular (P-subunit) 
5 P N terminus 780-790 Arg-Ile-Glu-Leu-Gln-Ala-Cys-Asn-Gln-Asp 

Extracellular (a-subunit) 
6 a N terminus 1-7,s His-Leu-Tyr-Pro-Gly-Glu-Val-Lys-Pro 
7 a C  terminus Extension Lys-Thr-Ser-Ser-Gly-Thr-Gly-Ala-Glu-Asp 
8 a N terminus 40-49 Lys-Thr-Arg-Pro-Glu-Asp-Phe-Arg-Asp-Leu 

Immunoreactive Forms 
Phospho Reduction 

Oc-Subunit DP P NR R 

Plasma 
Mernbrone 
ATP Emding &Pep4 + + + nd 
Site &Pep3 - - - nd 

- - - 

+ - nd 
rites &Pep1 + + + nd 

b"Subunit aTyr(P) + + + nd 
89/82 + + + - 

FIG. 1. Schematic representation of the insulin receptor and 
summary of immunological reactions. The model depicts the 
insulin receptor tetramer  and indicates the location of the peptides 
used as antigens. The tabulated summary of results indicates whether 
the receptor reacted with the dephospho- ( D P )  or phospho- (P) forms 
of the receptor and before ( N R )  or after ( R )  reduction of disulfide 
bonds. ad signifies that  the measurement was not done. 

peptides  corresponds to intracellular regions of the P-subunit 
of the human  insulin receptor. Peptides 1 and 2 contain the 
major tyrosyl autophosphorylation sites  (15), peptide 3 is from 
the ATP-binding  site  (14), and peptide  4 contains Tyr-960 
which may play a role in signal transduction (13). Peptide  5 
is located at  the N terminus of the P-subunit which is extra- 
cellular based on  the predicted amino acid sequence of the 
insulin receptor (3). The  third  set of peptides  are located in 
the  a-subunit. Peptide 7 contains  the 12-amino acid extension 
of the C terminus of the  a-subunit reported by Ebina et al. 
(4)  and  Whittaker et al. (24); this region was not found in the 
cDNA cloned by Ullrich et al. (3).  Peptides 7 and 8 are derived 
from the N terminus common to all a-subunit sequences 
reported. 

The specificity of each anti-peptide antibody toward the 
insulin receptor is summarized  in Fig. 1. All eight  peptides 
produce specific polyclonal antibodies in rabbits (Fig. 2),  but 
only three of these  antibodies recognize the  intact solubilized 
human insulin receptor through recognition of the intracel- 
lular  portion of the P-subunit (Fig. 3). Two of these three 

PAGE, polyacrylamide gel electrophoresis; PMSF, phenylmethylsul- 
fonyl fluoride; SDS, sodium dodecyl sulfate; DTT, dithiothreitol; 
WGA, wheat germ agglutinin (wheat germ agglutinin agarose was 
from Vector); a-PY, anti-phosphotyrosine antibody. 

antibodies, one to  the  juxta-membrane region (a-Pep4, in- 
cluding Tyr-953 and Tyr-960) and one to  the C terminus (a- 
Pepl, including Tyr-1316 and Tyr-1322) recognize the recep- 
tor in  all forms: dephosphorylated,  phosphorylated, unoccu- 
pied and occupied with insulin,  iodinated, and affinity-labeled 
with '251-insulin. The antibody directed toward the  ATP bind- 
ing site (a-Pep3, including Lys-1018) between the  juxta- 
membrane region and  the regulatory region fails to recognize 
the receptor in either its phospho- or dephospho-form. 

The antibody which recognizes the regulatory domain of 
the insulin receptor (a-Pep2, including Tyr-1146, -1150, and 
-1151) immunoprecipitates only the autophosphorylated 
form; insulin binding alone is insufficient to cause immuno- 
precipitation (Figs. 4 and 5). These results are similar to  data 
reported by Herrera et al. (25, 26) and suggest that  the P- 
subunit of the insulin receptor undergoes a  conformational 
change following autophosphorylation.  During in vitro auto- 
phosphorylation, Tyr-1146, -1150, and -1151 in  the @-subunit 
are phosphorylated ( E ) ,  suggesting that tris-phosphorylation 
in this region does not significantly block recognition by a- 
Pep2. It is possible that  the phosphorylated receptor has  a 
higher affinity for the antibody than  the dephospho-form, but 
this explanation is unlikely as  the antibody was prepared 
against a nonphosphorylated peptide. Moreover, in vivo au- 
tophosphorylation which occurs predominantly on two resi- 
dues, Tyr-1146 and  either Tyr-1150 or -1151 (15), also me- 
diates  immunoprecipitation by a-Pep2 (Fig. 6).  Thus bis- 
phosphorylation of the regulatory region is sufficient to cause 
the conformational change in the P-subunit.  Furthermore, 
autophosphorylation of Tyr-1316 and -1322 is minor in vivo 
(15) suggesting that phosphorylation of the C terminus does 
not play a major role in  the conformational changes in  the 
regulatory region. 

None of our anti-peptide antibodies to  the  a-subunit or the 
extracellular domain of the P-subunit recognize the  intact 
receptor in the presence or absence of insulin or  after iodi- 
nation, phosphorylation, or affinity labeling. They are un- 
reactive even though these  antibodies have a higher titer on 
the synthetic  peptides than  the antibodies which bind to  the 
intracellular regions. Although the peptide  antigens were se- 
lected because they did not contain  potential glycosylation 
sites,  these regions of the  a-subunit may  be sterically blocked 
by nearby carbohydrate moieties. However, a marked increase 
in reactivity of the receptor to  a-Pep8  and a weak reactivity 
to  a-Pep6  (the N terminus of the  a-subunit) occurs after 
reduction of the receptor in vitro with dithiothreitol (Fig. 7). 
Since a-Pep8 strongly  reacts with the receptor after mild 
reduction which cleaves the disulfide bridges between a-sub- 
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unit dimers (l l) ,   i t  is possible that a major contact  point 
between a-subunit molecules occurs near amino acid residues 
40-49. Thus  the lack of reactivity of the  a-subunit antibodies 
may be attributed  to  a highly structured  and rigid extracellular 
domain caused by considerable disulfide bonding. 

The  a-Pep7 reacts with the amino acid sequence found at 
the C terminus of the Ebina et al. sequence (4). Because this 
region is absent from the amino acid sequence of Ullrich et 
al. (3),  a-Pep7 may serve as a probe to detect the presence of 
receptors that contain the 12-amino acid extension in the C 
terminus of the a-subunit. This antibody did not recognize 
any form of the insulin receptor that we prepared from IM-9 
lymphocytes. Whether it works during immunoblots is un- 
known. The lack of immunoprecipitation may  be due to poor 
binding of aPep-7 to  the denatured receptor molecules;  how- 
ever, we provisionally conclude that few or none of the recep- 
tors  in  IM-9 lymphocytes contain the 12-amino acid extension 
of the  a-subunit. 

Our data  are largely consistent with other immunological 
data on the insulin receptor. When monoclonal antibodies  are 
produced to  the  intact receptor, the large majority is directed 
toward the intracellular domains of the @-subunit (27). Al- 
though monoclonal antibodies occasionally occur to  the a- 
subunit  (28), the exact peptide region to which they  bind  has 
not yet been determined. Autoantibodies to  the receptor occur 
in  patients with the Type  B syndrome of insulin resistance 
and  acanthosis nigricans (29). As most of these antibodies 
inhibit insulin binding, they presumably bind to  the  a-subunit 
of the receptor. However, these antibodies appear to recognize 
three-dimensional features of the receptor since they do not 
immunoprecipitate the receptor after reduction (Fig. 7). 

Herrera et al. (25,26) have prepared antibodies to synthetic 
peptides of @-subunit to study receptor structure. As in  our 
work, they found that antibodies to  the regulatory domain 
around Tyr-1150 immunoprecipitated the receptor only after 
autophosphorylation (25). However, their antibody to  the 
juxta-membrane domain (AbP4) inhibited insulin-stimulated 
phosphotransferase when it was  allowed to bind before auto- 
phosphorylation, whereas it had no effect on kinase activity 
when it was added after autophosphorylation. Our antibody 
to this region (a-Pep4) had no inhibitory effect on autophos- 
phorylation. The peptide used by Herrera et al. (25, 26) to 
generate AbP4 was 5 amino acids longer than ours, suggesting 
that residues 963-967 may play a critical role in receptor 
function. 

In summary, our data suggest that  the extracellular domain 
of the insulin receptor has  a rigid and ordered structure with 
the N termini of both  subunits  restricted sterically in  the 
three-dimensional structure. By contrast, the juxta-mem- 
brane  and  C-terminal regions of the intracellular domain of 
the  intact @-subunit  are readily accessible to antibodies. The 
regulatory region containing  a  cluster of three autophosphor- 

ylation sites is accessible to its cognate antibody only after 
autophosphorylation. Further insights into  the three-dimen- 
sional structure of the receptor awaits having sufficient quan- 
tities of material for a more direct analysis. The current  data, 
however, provide support for an allosteric model of receptor 
activation. Thus, one of the consequences of autophosphory- 
lation  in the Tyr-1150 domain is to activate the phosphotrans- 
ferase in the @-subunit; the  other may be to cause a confor- 
mational change which initiates  a signal transmission  through 
an unknown mechanism. 
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