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ABSTRACT: Radiolabeled insulin was affinity cross-linked to purified insulin receptor with six separate 
bifunctional N-hydroxysuccinimide esters of different lengths. Results were qualitatively identical for each 
cross-linker in that insulin was predominantly cross-linked through its B chain to the receptor’s a subunit. 
The maximum efficiencies of cross-linking were 10-15% for the most effective reagents, and this value was 
dependent upon the concentration and length of the cross-linker. In an effort to locate the cross-linking 
site, monoiodoinsulin was cross-linked to affinity-purified insulin receptor with disuccinimidyl suberate. 
Limited proteolysis of the hormone/receptor adduct with Staphylococcus aureus V8 protease, chymotrypsin, 
or thermolysin in an SDS-containing buffer rapidly generated a 55-kDa, insulin-labeled fragment as shown 
by SDS-polyacrylamide gel electrophoresis. We  reported earlier that the 55-kDa chymotryptic fragment 
contained multiple internal disulfide bonds as evidenced by its shifting mobility on an SDS gel after 
dithiothreitol treatment [Boni-Schnetzler et al. (1987) J .  Biol. Chem. 262, 8395-84011. Here we show that 
the 55-kDa fragment is also formed by proteolysis of the receptor in the absence of prior insulin cross-linking. 
This fragment was prepared in amounts sufficient for sequence analysis and was purified by passage 
successively over gel permeation and reverse-phase HPLC columns. The sequence of the fragment’s amino 
terminus corresponds to that of the amino terminus of the receptor’s a subunit. This fragment also reacts 
with an antibody raised against a synthetic peptide corresponding to residues 242-253 of the receptor’s a 
subunit. On the basis of the fragment’s size, amino-terminal sequence, and immunoreactivity, our results 
indicate that the fragment extends from the CY subunit’s amino terminus through the disulfide-rich region 
of this subunit, i.e.. residues 155-312. These results are consistent with this region containing the insulin 
binding site. 

x e  insulin receptor is a multisubunit, transmembrane pro- 
tein of the type CY& (Jacobs et al., 1979; Massague et al., 
1980, 1981; Siege1 et al., 1981; Pessin et al., 1985). One CY 

subunit is joined to one /3 subunit by disulfide bonds, termed 
class I1 disulfides. Two of these  CY^ heterodimers are joined 
by a second class of disulfides in the fully functional holore- 
ceptor. The receptor is an insulin-stimulatable tyrosine kinase 
capable of autophosphorylation and exogenous substrate 
phosphorylation (Kasuga et al., 1982a; Avruch et al., 1982; 
Shia & Pilch, 1983; Roth & Cassell, 1983; Van Obberghen 
et al., 1983; Petruzzelli et al., 1984). Recent cloning of the 
insulin receptor gene and the deduction of the amino acid 
sequence from the nucleotide sequence have provided valuable 
information about receptor structure and function (Ullrich et 
al., 1985; Ebina et al., 1985). The p subunit contains a single 
membrane-spanning region with a consensus ATP binding site 
sequence in the cytoplasmic domain. This is in agreement with 
biochemical studies showing that this subunit can be affinity 
labeled with ATP analogues (Shia & Pilch, 1983; Van Ob- 
berghen et al., 1983; Roth & Cassell, 1983). In addition to 
the enzyme active site, the autophosphorylation sites are also 
exclusively located on the p subunit (Kasuga et al., 1982a,b,c), 
and most if not all of these sites have been identified by se- 
quencing tryptic phosphopeptides from autophosphorylated 
receptor (Tornqvist et al., 1987, 1988; White et al., 1988). 

There are two notable features about the CY subunit which 
are revealed by the amino acid sequence. First, the CY subunit 
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contains no hydrophobic sequence of length sufficient to span 
the membrane, and therefore, this subunit is entirely extra- 
cellular. Previous experiments had, in fact, indicated that the 
CY subunit could be selectively eluted from the membrane upon 
reduction of intersubunit, class I1 disulfide bonds (Grunfeld 
et al., 1985; Pilch et al., 1986). Second, this subunit contains 
an unusually high number of cysteine residues, most of which 
are located within a cysteine-rich region in the amino-terminal 
half of this subunit. The functional significance of this or any 
other region of the CY subunit has not been definitively estab- 
lished. However, other receptors for peptide growth factors 
such as the insulin-like growth factor 1 receptor (Ullrich et 
al., 1986), epidermal growth factor receptor (Ullrich et al., 
1984), and nerve growth factor receptor (Johnson et al., 1986) 
have cysteine-rich regions in their extracellular domains. It 
is assumed that these regions serve a common function in all 
of these proteins. For the insulin receptor, photochemical and 
chemical cross-linking studies showed that the CY subunit 
contains the insulin binding site (Yip et al., 1978; Pilch & 
Czech, 1980); however, the location of the binding/cross- 
linking site(s) within this subunit has not been identified. 
When experiments were designed to address this, we discovered 
that radiolabeled insulin was affinity cross-linked to a region 
of the CY subunit containing disulfide bonds and showing re- 
sistance to proteolysis. Here we report methods to isolate this 
region, and we characterize some biochemical features of this 
domain. 

EXPERIMENTAL PROCEDURES 

Materials 
Acrylamide, bis(acrylamide), and sodium dodecyl sulfate 

were all of electrophoresis grade from Bio-Rad. Chymotrypsin 
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[ l-chloro-3-(tosylamino)-7-amino-~-2-heptanone treated], 
thermolysin, phenylmethanesulfonyl fluoride, and chloramine 
T were obtained from Sigma Chemical Co. Staphylococcus 
aureus V8 protease was from Mile Laboratories. Disuccin- 
imidyl suberate (DSS)' and ethylene glycol bis(succinimidy1 
succinate) (EGS) were purchased from Pierce Chemical Co. 
All other cross-linkers were prepared and kindly provided by 
Paul Smith and Ed Fujimoto of Pierce Chemical Co. Sodium 
[ 1251]iodide (Na1251) was from Amersham. Porcine insulin 
was a generous gift from Dr. Ron Chance of Eli Lilly. The 
anti-peptide antibody, raised in rabbits against the synthetic 
peptide ProProProTyrTyrHisPheGlnAspTrpArgCys, was 
kindly provided by Alessandro Cama and Simeon Taylor of 
NIH. Water, acetonitrile, and trifluoroacetic acid were all 
of HPLC grade from J.  T. Baker. 

Met hods 
Receptor Purification. Microsomal membranes were pre- 

pared from human placenta as previously described (Harrison 
& Itin, 1980). Receptor was solubilized from placental mi- 
crosomes (10-15 mg of protein/mL) with 1% Triton x-100 
in the presence of 1 mM phenylmethanesulfonyl fluoride for 
1 h at 4 OC with stirring. The soluble fraction (30-40 mL) 
was obtained upon centrifugation at lOOOOOg for 1 h and then 
applied to a gel filtration column (Williams & Turtle, 1979; 
Shia & Pilch, 1983) of Sephacryl S-400 (60 cm X 5 cm). The 
column was equilibrated and eluted with 30 mM HEPES, 
0.1% Triton X-100, and 0.02% sodium azide, pH 7.6 (buffer 
A). The insulin binding fractions from this column were 
pooled, made 0.5 M in NaCl, and circulated over a 15-mL 
Affi-gel-insulin column at 4 OC overnight. The column was 
washed with 10 column volumes of buffer A containing 0.5 
M NaC1; then the receptor was eluted with 50 mM sodium 
acetate, 1 M NaCl, and 0.1% Triton X-100, pH 5.0 (Fujita- 
Yamaguchi et al., 1983). Fractions (5 mL) were collected into 
tubes containing 1 mL of 0.3 M HEPES and 0.1% Triton 
X-100, pH 7.6, to neutralize the column eluate. This receptor 
preparation was desalted and concentrated on a 0.5-mL wheat 
germ agglutinin-agarose affinity column. After the column 
was washed with buffer A, the receptor was eluted with ca. 
4 mL of buffer A containing 0.3 M N-acetylglucosamine. The 
concentrated receptor was dialyzed overnight against buffer 
A before use. 

Cross-Linking. Chemical cross-linking was performed es- 
sentially as described by Pilch and Czech (1979). Briefly, 
purified receptor was incubated for 45 min at room temper- 
ature with monoiodoinsulin (0.5-1.0 nM) in the presence or 
absence of 3.5 X lo4 M unlabeled insulin. The mixture was 
cooled on ice, and stock cross-linking reagent in dimethyl 
sulfoxide was added to a 1:50 dilution. After 15 min of re- 
action at 0 OC, a stopping buffer was added. Final cross-linker 
concentrations ranged from 0.2 to 2.0 mM depending upon 
experimental requirements. The stopping buffer was an equal 
volume of Laemmli sample buffer (100 mM Tris, 2% SDS, 
20% glycerol, pH 6.8) if the mixture was to be applied directly 
to an SDS gel or was 0.5 M Tris, pH 6.8, to a 1:lO dilution 
in all other cases. 
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' Abbreviations: DSS, disuccinimidyl suberate; EGS, ethylene glycol 
bis(succinimidy1 succinate); Tris, tris(hydroxymethy1)aminomethane; 
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; 
EDTA, ethylenediaminetetraacetic acid; HPLC, high-performance liquid 
chromatography; DTT, dithiothreitol; HEPES, N-(2-hydroxyethyl)- 
piperazine-N'-2-ethanesulfonic acid; WGA, wheat germ agglutinin; 
PMSF, phenylmethanesulfonyl fluoride; TFA, trifluoroacetic acid; PTH, 
phenylthiohydantoin. 

For the experiment described in Figure 3, the insulin re- 
ceptor was cross-linked to a photoactivatable insulin analogue. 
This analogue was made by derivatizing bovine insulin at 
LysB29 with N- [4- [ (4-azido-3- [1251]iodophenyl)azo]- 
benzoyl]-3-(aminopropyl)-N-oxysuccinimide ester, and the 
product was then purified by reverse-phase HPLC (Ng & Yip, 
1985). The analogue at 0.3 nM was incubated for 1 h at room 
temperature with affinity-purified insulin receptor in buffer 
A. This solution was photolyzed for 2 min at 15 cm from a 
200-W mercury lamp equipped with a 305-nm cutoff filter. 
The receptor/insulin complex was concentrated on a 0.05-mL 
WGA-agarose column and eluted with 0.3 M N-acetyl- 
glucosamine in buffer A. 

For determination of 12SI-insulin binding before cross-linking, 
0.02 mL of the above cooled mixture was added to 0.18 mL 
of ice-cold 30 mM HEPES and 0.1% bovine serum albumin, 
pH 7.6, and mixed. Immediately, 0.5 mL of ice-cold 0.05 M 
sodium phosphate, 0.15% y-globulin, pH 7.6, and 0.5 mL of 
ice-cold 25% poly(ethy1ene glycol) were added, mixed, and 
incubated for 45 min on ice. After sedimentation for 10 min 
in a microfuge, the supernatant was removed, and the pellets 
were counted for radioactivity. Assays were done in triplicate. 
A correction for trapping of unbound tracer in the pellet was 
determined by performing the assay in the presence of 3.5 X 
lo4 M unlabeled insulin, and this value was subtracted from 
the uncorrected value to give specific binding. This correction 
for trapping was always less than 10% of total counts added. 

Limited Proteolysis. Chemical cross-linking was performed 
as described above, and the reaction was inhibited by addition 
of volume of 0.5 M Tris, pH 6.8. Following this, the 
receptor was bound to a small aliquot of WGA-agarose, the 
agarose was washed, and the receptor was eluted with buffer 
B, originally described by Cleveland et al. (1977) (0.125 M 
Tris, 10% glycerol, 0.5% SDS, pH 6.8) ,  here containing 0.3 
M N-acetylglucosamine. The receptor at ca. 10 pg/mL was 
then heated to 95 "C for 2 min before cleavage. Enzyme, also 
in buffer B, was added to the required concentration and the 
reaction allowed to proceed at 37 OC for the indicated time. 
Proteolysis was stopped by addition of an equal volume of 
Laemmli sample buffer to give a final SDS concentration of 
2% and an EDTA concentration of 10 mM. The samples were 
then heated to 95 "C for 5 min before being loaded on the gel. 

For proteolysis of iodinated receptor, the receptor prepa- 
ration was added directly to buffer B and digested as above. 
In some cases, iodinated receptor fragments were excised from 
one polyacrylamide gel and reelectrophoresed on a second gel 
(see Figure 4). The gel slice from the first gel was cut into 
small pieces with a razor blade, mixed with Laemmli sample 
buffer containing the required dithiothreitol concentration, and 
heated for 2 min at 95 OC before application directly to the 
second SDS gel. 

Receptor Iodination. Affinity-purified insulin receptor was 
iodinated with chloramine T and sodium iodide as described 
by Jacobs et al. (1979). After iodination, the receptor was 
bound to a 0.05-mL WGA-agarose affinity column, the 
column was washed with buffer A, and the receptor was eluted 
with buffer A containing 0.3 M N-acetylglucosamine. Under 
these conditions the a, 0, and p' subunits are all iodinated. 

Western Blotting. Proteins in an SDS gel were electro- 
blotted onto nitrocellulose as described by Towbin et al. (1979). 
Additional protein binding sites on the nitrocellulose were 
blocked with 30 mM HEPES, 0.1% Triton X-100, 150 mM 
NaC1, and 5% Carnation instant milk, 0.02% NaN3, pH 7.6, 
for 2 h at room temperature. The nitrocellulose was then 
incubated with a 1:lOO dilution of immune serum in the same 
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buffer with 1% milk overnight at 4 "C. The blot was washed 
with buffer minus milk (three washes at 10 min each) and 
incubated at room temperature for 2 h with the 1% milk buffer 
containing 100000 cpm/mL of lZSI-labeled protein A. The 
blot was again washed and then dried and autoradiographed. 

Preparation of Monoiodoinsulins. Insulin was iodinated 
with lactoperoxidase and a buffered urea solution exactly as 
described (Welinder et al., 1984). [A14-3-[12SI]I~d~- 
tyrosine]insulin and [B26-3-['zSI]iodotyrosine]insulin were 
purified from this iodination mixture by HPLC on a Vydac 
C4 column (25 cm X 0.46 cm). The radiolabeled proteins were 
eluted isocratically with 0.25 M triethylammonium formate 
and 27.2% acetonitrile, pH 6.0, at a flow rate of 0.75 mL/min. 
This is a slightly modified version of a buffer system used by 
Welinder et al. (1 984) to prepare monoiodoinsulins on a C18 
column. 

Electrophoresis. Sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis was performed with a Laemmli buffer 
system (Laemmli, 1970) using 10% acrylamide gels or linear 
gradients of 3-10% or 3-15% acrylamide. For autoradiog- 
raphy, gels were dried and then exposed to Kodak X-Omat 
AR film with Cronex lightning plus enhancing screens. All 
experiments were performed two or more times with quali- 
tatively similar results. 

Fragment Preparation for  Purification and Sequence 
Analysis. Insulin receptor from four human placentas was 
affinity purified on an Affi-Gel-insulin column, and the 
combined preparations were adsorbed onto a 2-mL WGA- 
agarose column. In order to place the receptor in a deter- 
gent-containing buffer appropriate for the subsequent con- 
centration of receptor, the WGA-agarose column was washed 
with four column volumes of 10 mM HEPES, 0.1% octyl 
/3-glucoside, and 0.4 M NaC1, pH 6.8, and the receptor was 
then eluted with 10 mM HEPES and 0.1% octyl P-glucoside, 
pH 6.8 containing 0.4 M N-acetylglucosamine. The receptor 
was concentrated to 0.1 mL on a Centricon miniconcentrator, 
diluted to 2 mL with 10 mM HEPES and 0.1% octyl p-glu- 
coside, pH 6.8, and concentrated to 0.25 mL. This concen- 
trated receptor solution was diluted with an equal volume of 
2X buffer B (250 mM Tris, 20% glycerol, 1% SDS, pH 6.8) 
and heated to 75 "C for 5 min before proteolysis. Digestion 
was performed by addition of chymotrypsin to 0.02 mg/mL 
and incubation for 15 min at 37 OC. The protein was reduced 
by addition of dithiothreitol to 30 mM and heating to 75 OC 
for 5 min followed by 30 min at 37 OC. Iodoacetic acid was 
added to 70 mM from a 1.0 M stock in 1.0 M sodium hy- 
droxide, and the solution was incubated for 30 min at room 
temperature in the dark. This carboxymethylation reaction 
was quenched by further addition of dithiothreitol to 100 mM. 

High-Performance Liquid Chromatography. A Beckman 
chromatography system was used and was comprised of a 
Model 420 controller, a Model 160 absorbance detector, Model 
110B pumps, and a Model 210A injection valve. The reduced 
and carboxymethylated chymotryptic digest, prepared as de- 
scribed above, was concentrated to 0.28 mL and chromato- 
graphed on a TSK 3000SW gel filtration column (30 cm X 
0.75 cm) preceded by a TSK 2000SW guard column (7.5 cm 
X 0.75 cm). The column was equilibrated in 100 mM sodium 
phosphate and 0.1% SDS, pH 6.5, and run at a flow rate of 
0.2 mL/min. Fractions containing the peptides of interest were 
collected and applied directly to a Vydac C4 reverse-phase 
column (25 cm X 0.46 cm) that had been equilibrated in 
solvent A (0.1% TFA). The flow rate was 0.70 mL/min. 
Proteins were eluted from the column with a gradient program 
from 100% solvent A to 35% solvent B (0.1% TFA in aceto- 
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Table I: Cross-Linking of Iodoinsulin to Affinity-Purified Insulin 
ReceDtor 

cross-linking efficiency 
(%)" 

[['2sIliodo- [[12511iod0- I 
TyrA'4]- TyrBZ6]- 

cross-linking reagent insulin insulin B chain A chain 
disuccinimidyl succinate 5.7 (1.1) 4.5 (2.2) 49 19 
disuccinimidyl glutarate 15.8 (4.4) 10.6 (4.5) 42 28 
disuccinimidyl adipate 13.7 (1.9) 9.8 (3.7) 38 14 
disuccinimidyl pimelate 13.4 (1.9) 10.8 (5.5) 51 14 
disuccinimidyl suberate 12.3 (1.6) 7.9 (3.6) 46 13 
ethylene glycol 2.6 (0.1) 2.4 (1.2) 50 3.8 

bis(succinimidy1 
succinate) 
To calculate cross-linking efficiency, the amount of monoiodoinsulin 

that was noncovalently bound to the receptor in the absence of affinity 
cross-linking was compared to the amount of receptor which becomes co- 
valently attached to the receptor upon addition of cross-linker. Noncova- 
lently bound insulin was determined in a normal poly(ethy1ene glycol) pre- 
cipitation assay (see Methods). Covalently attached monoicdoinsulin was 
determined by running the cross-linked receptor on SDS-PAGE and deter- 
mining the amount of insulin which remains with the a subunit in the gel. 
(Covalently bound/noncovalently bound) X 100 = cross-linking efficiency. 
For SDS-PAGE run in the presence of reductant, the calculated cross- 
linking efficiency is given in parentheses. The values outside the par- 
entheses represent cross-linking efficiencies determined when SDS-PAGE 
was run in the absence of reductant. bThe percentage cross-linking which 
occurred through a given insulin chain was determined by comparing the 
cross-linking efficiency when the gels were run in the presence with that in 
the absence of dithiothreitol. For disuccinimidyl succinate, (1.1/5.7) X 100 
= 19% cross-linking through the A chain and (2.2/4.5) X 100 = 49% 
cross-linking through the B chain. 

nitrile) in 70 min and then 35-70% B in 100 min. 
Sequence Analysis. Protein was sequenced in a Model 470A 

Applied Biosystems gas-phase microsequenator. The PTH- 
amino acids were identified on-line by reverse-phase chro- 
matography. 

RESULTS 
Radiolabeled insulin can be covalently cross-linked to its 

receptor with amino group specific, homobifunctional, N- 
hydroxysuccinimide esters (Pilch & Czech, 1984, 1979; 
Massague et al., 1981). These reagents are effective at low 
temperatures and physiological pH and are therefore the most 
generally useful of the cross-linking reagents currently being 
used to study peptide hormone-receptor interaction. In an 
ongoing effort to fully describe the cross-linking reaction be- 
tween insulin and its receptor, we have performed the cross- 
linking with a series of these reagents of different lengths. The 
efficiencies of cross-linking and the extent of cross-linking 
which occurs through the A and B chain of insulin were de- 
termined for each cross-linker. 

Monoiodoinsulins were prepared with the radiolabel on 
either the TyrAI4 residue or the TyrBz6 residue of the A and 
B chains, respectively. These two insulin isomers were sepa- 
rately cross-linked to the purified insulin receptor with each 
of the six different bifunctional esters listed in Table I. The 
samples were analyzed by SDS-PAGE in the presence or 
absence of reducing agent. The precentage of cross-linking 
which occurred through a given chain was determined by 
comparing the amounts of radiolabel cross-linked to the re- 
ceptor before and after reduction. Since the two chains of the 
insulin molecule are joined by disulfide bonds, reduction 
separates the chains, and the amount of label which remains 
with the a subunit upon reduction reflects the relative amount 
of cross-linking which occurs through the labeled chain. A 
representative sample of the data is shown in Figure 1. Using 
[ [ '2SI]iodo-TyrA14]insulin and disuccinimidyl suberate (DSS), 
13 163 cpm was specifically cross-linked to the holoreceptor 
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FIGURE 1 : Affinity cross-linkin of monoiodoinsuh to purified insulin 

Tyrg6Jinsulin to the receptor was performed with 1.0 mM di- 
succinimidyl suberate. In some cases, 3.5 X IOd M unlabeled insulin 
was included as  noted in the figure. The cross-linking reaction was 
stopped by adding electrophoresis sample buffer, and if desired, the 
samples were treated with 50 mM dithiothreitol before electrophoresis 
on a 3-1096 acrylamide gradient gel. Shown is the autoradiograph 
of the dried gel. The specific cpm incorporated into the holoreceptor 
under nonreducing conditions, or in the CY subunit upon reduction, 
are indicated for each insulin isomer. The nonspecifically labeled band 
in these gels is albumin in which the iodoinsulins are stored, and the 
albumin becomes labeled during storage. 

rece tor. Cross-linking of [[I Q ]iod~-Ty#'~~]insulin of  [ [1251 Jiodo- 

while only 1670 cpm (1 3%) remained with the a subunit after 
reduction. In contrast, with [ ['2sI]iodo_TyrB26]insulin, when 
7766 cpm was cross-linked to the holoreceptor, 3497 cpm 
(46%) remained with the a subunit after reduction. These 
results indicate that cross-linking with DSS occurs predomi- 
nantly through the B chain. It should be noted that di- 
succinimidyl glutarate was the most effective reagent for 
cross-linking through the A chain (Table I). In fact, more 
label was incorporated into the receptor through A-chain 
cross-linking with disuccinimidyl glutarate than through the 
B chain with the more available and popular cross-linker 
disuccinimidyl suberate. Hence, some selectivity can be 
achieved by varying cross-linker length. The results for the 
other cross-linkers are summarized in Table I and in general 
parallel the results with DSS; Le., cross-linking through the 
B chain is 2-3-fold more prevalent than cross-linking through 
the A chain. As seen in the last column in Table I, the present 
cross-linking which occurs through the two chains does not 
add up to 100%. The reason for this is not entirely clear, but 
it may reflect a displacement of some of the radioiodide from 
the ligand during the reduction protocol and hence an un- 
derestimate of percent cross-linking upon reduction. Alter- 
natively, some entrapped, non-cross-linked '2SI-insulin may be 
lost upon reduction leading to an artifactually high estimate 
of percent cross-linking in the absence of reductant. 

The efficiency of cross-linking for each reagent was de- 
termined by comparing the amount of insulin which binds to 
the receptor before cross-linking (see Methods) to the amount 
which remains with the receptor after cross-linking and 
SDS-PAGE, where the latter was conducted under reducing 
or nonreducing conditions. As summarized in Table I, effi- 
ciencies for the most effective cross-linkers ranged from 10 
to 16% at 1 mM reagent when cross-linking was measured with 
SDS-PAGE under nonreducing conditions. The shortest 
(disuccinimidyl succinate) and longest (EGS) of the cross- 
linkers were less efficient. Predictably, lower cross-linker 
concentrations resulted in correspondingly lower efficiencies 
(data not shown). Concentrations higher than 1.0 mM did 
not result in greatly increased efficiencies but did result in more 
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FIGURE 2: Limited proteolysis of the insulin receptor cross-linked to  
iodinated insulin. Purified insulin receptor, affinity labeled with 
[ [ 1251 J i ~ d o - T y r ~ ~ ~ I i n s u l i n ,  was digested with the indicated concen- 
trations of proteases in 0.125 M Tris, 10% glycerol, and 0.5% SDS, 
pH 6.8, for 30 min at 37 OC. Following addition of the electrophoresis 
sample buffer, the solution was heated to 95 O C  before SDS-PAGE 
on a 3-1 5% acrylamide gradient gel under nonreducing conditions. 
Shown above is the autoradiograph of the dried gel. 

extensive intersubunit cross-linking, especially a-a cross- 
linking. 

Limited Proteolysis of Insulin Receptor Cross- Linked to 
Iodoinsulin. [ [12sI J Iod~-Tyr~~~Jinsul in  was cross-linked to 
affinity-purified insulin receptor with disuccinimidyl suberate 
under conditions where labeling occurred exclusively on the 
a subunit (see Figure 1). This receptor/insulin adduct was 
subjected to limited proteolysis in a buffer system containing 
0.5% SDS (Cleveland et al., 1977) with the enzymes indicated 
in Figure 2. These digests were then analyzed by SDS- 
polyacrylamide gel electrophoresis under nonreducing con- 
ditions. The labeled holoreceptor, in the absence of protease 
treatment, appears as a single broad band near the top of the 
gel. Staphylococcus aureus V8 protease, chymotrypsin, and 
thermolysin all effectively digested this receptor and generated 
an ca. 55-kDa insulin-labeled fragment. This fragment derives 
from the a subunit and indicates the presence of a protease- 
sensitive site within this subunit. The fragment appears rel- 
atively resistant to further cleavage by chymotrypsin, at least 
under the conditions described in Figure 2, though we have 
noted the formation of a 40-45-kDa labeled fragment with 
more extensive digestion. The 55-kDa fragment is noticeably 
less resistant to S.  aureus V8 protease and thermolysin. 

A time course of receptor proteolysis by chymotrypsin re- 
veals a simple cleavage pattern and further serves to illustrate 
the relative protease resistance of the 55-kDa fragment (Figure 
3). In this case, the receptor had been cross-linked to a 
photoactivatable insulin analogue (Ng & Yip, 1985). The 
cross-linking reagent, rather than a tyrosine on the insulin, 
contained the radioiodide. This allowed us to assess the yield 
of labeled fragment without worrying about the possible re- 
moval of the label by proteolysis of insulin in the cross-linked 
adduct. After 5 min of proteolysis, 77% of the radioactivity 
originally present in the holoreceptor appeared in the 55-kDa 
fragment. Smaller fragments at 45 and ca. 20 kDa, which 
derive from the 55-kDa fragment, appear at later time points. 
However, even after 2 h of digestion, 52% of the holoreceptor's 
radioactivity remained with the fragment. These results in- 
dicate that (1) the 55-kDa fragment contains the major site 
of cross-linking, (2) photolabeling and chemical labeling occur 
on the same domain of the receptor, and (3) the 55-kDa 
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FIGURE 3: Digestion of '2)I-insulin-labeled receptor with chymotrypsin 
as a function of time. Afinity-purified insulin receptor was cross-linked 
to a photoactivatable insuln analogue as described under Methods. 
Digestion was performed at room temperature with 0.02 mg of 
chymotrypsin/mL in 0.125 M Tris, 10% glycerol, and 0.5% SDS, pH 
6.8. At the indicated times, aliquots of the digestion mixture were 
removed, treated with an equal volume of solubilization buffer, and 
heated for 5 min at 95 OC. Samples were analyzed by SDS-PAGE 
under nonreducing conditions with a 5-1 5% acrylamide gradient gel. 
Shown above is the autoradiograph of the dried gel. 
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FIGURE 4: Chymotryptic digestion of the iodinated receptor. Af- 
finity-purified insulin receptor was iodinated on tyrosine residues as 
described under Methods. (A) The iodinated receptor (lane 1) in 
0.1 25 M Tris, 1Wo glycerol, and 0.5% SDS, pH 6.8, was digested with 
0.05 mg of chymotrypsin/mL for 30 min at 37 OC (lane 2). The 
enzyme was inactivated by addition of electrophoresis sample buffer 
and heating for 5 min at 95 OC. Digests were analyzed by SDS-PAGE 
in the absence of reductant. Shown above is the autoradiograph of 
the dried gel. (B) The 55-kDa fragment was excised from one SDS 
gel, treated with the indicated DTT concentrations, and reelectro- 
phoresed. 

fragment is unusually resistant to proteolysis even when a 
molar excess of protease is used. 

Proteolysis of Iodinated Receptor. The question remained 
as to whether the fragment of interest could be generated from 
receptor without prior cross-linking to the hormone. Affini- 
ty-purified receptor was iodinated directly on tyrosine residues 
with chloramine T and sodium iodide. This receptor was 
subjected to proteolysis as before with chymotrypsin. Re- 
markably, the 55-kDa fragment and to a much smaller extent 
fragments at 45 and ca. 20 kDa were the only bands seen in 
the autoradiogram (Figure 4). With this tyrosine-labeled 
receptor, any a or 6 subunit derived peptides of sufficient size 
should appear on the gel. The virtual absence of other peptides 
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FIGURE 5: Cross-reactivity of 55-kDa fragment with anti-peptide 
antibody. Purified insulin receptor (lanes 1 and 3) in 0.125 M Tris, 
0.5% SDS, and 10% glycerol, pH 6.8, was digested for 5 min at 37 
OC with 20 pg/mL chymotrypsin (lane 2). The enzyme was inac- 
tivated with electrophoresis sample buffer containing 0.01 mM PMSF 
and 200 pg/mL soybean trypsin inhibitor and heating for 10 min at 
60 OC. After SDS-PAGE, the proteins were transferred to nitro- 
cellulose and then incubated with antibody followed by '2SI-labeled 
protein A as described under Methods. Shown is the autoradiograph 
of the dried nitrocellulose. The receptor in lane 3 was treated with 
50 mM DTT before electrophoresis. Apparently, incomplete digestion 
of some of the receptor gives rise to a broad band above the 55-kDa 
fragment which reacts with the antibody. 

further illustrates the unique resistance of the 55-kDa fragment 
to proteolysis. To confirm that this iodinated 55-kDa fragment 
was identical with the insulin-labeled 55-kDa fragment, the 
band was excised from the gel, treated with a series of DTT 
concentrations, and reapplied to a second SDS gel. Reelec- 
trophoresis under these conditions produced three peptides 
(Figure 4B). Peptides A and B both exhibited a small decrease 
in mobility on the gel as a function of increasing DTT con- 
centration beyond 0.3 mM. This indicates that both peptides 
contain internal disulfide bonds. Upon reduction of these 
bonds, the structure unfolds, and the peptides migrate with 
the apparent increase in molecular mass seen in the gel. 
Extended cleavage of peptide A likely generates peptides B 
and C, these latter two peptides being held together by a 
linking disulfide(s) before reduction. We have previously 
reported and discussed the behavior of the insulin-labeled 
55-kDa chymotryptic fragment upon identical dithiothreitol 
treatment [Figure 5 in Boni-Schnetzler et at. (1987)l. The 
insulin-labeled fragment exhibited behavior identical with that 
of peptide B in Figure 4B with a small amount of peptide A 
also visible. 

The above results provide indirect evidence that the 55-kDa 
fragment contain the disulfide-rich region in the N-terminal 
half of the insulin receptor's a subunit, Le., amino acid residues 
155-3 12. An anti-peptide antibody, raised against a peptide 
corresponding to residues 242-253 of the insulin receptor's a 
subunit, was used to confirm this prediction. The antibody, 
which recognized only the a subunit on a Western blot (Figure 
5, lane 3), also bound to the 55-kDa fragment (Figure 5, lane 

Fragment Purification and Sequencing. From the above 
data the 55-kDa fragment is known to contain at least part 
of the receptor's cysteine-rich region. However, to better define 
the dimensions of the fragment within the a subunit, an am- 
ino-terminal sequence for the fragment was necessary. Af- 
finity-purified receptor from four human placentas was pooled, 
concentrated, and cleaved with chymotrypsin as described 
under methods to produce the 55-kDa fragment. Following 
reduction and carboxymethylation, this preparation was 

2). 
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80 Table 11: Amino Acid Sequence of the Chymotrypsin-Generated - 
Insulin Receptor Fragment" 

cycle no. amino acid yield (Dmol) 
1 His 24 
2 Leu 27 
3 TYr 24 
4 Pro 31 
5 GlY 27 
6 Glu 35 
7 Val 16 

9 Pro 27 
10 GlY 24 

" Determined by automated Edman degradation and on-line PTH- 
amino acid analysis in a gas-phase microsequencer. * (Carboxy- 
methy1)cysteine elutes at nearly the same position as glutamine in the 
amino acid analysis program used. The cDNA sequence predicts glu- 
tamine at residue 8 (Ullrich et al., 1985; Ebina et al., 1985). 

8 Gln (Cys)* 20 

chromatographed on a TSK 3000SW gel filtration column. 
Fractions were analyzed by SDS-PAGE and silver staining. 
The fractions containing peptides A and B (see Figure 4B) 
were pooled, and these peptides were further purified on a C4 
reverse-phase column. The two peptides eluted from the 
column in a single peak at 51% acetonitrile (Figure 6). This 
peak was collected, and the peptides were submitted to ami- 
no-terminal sequence analysis. After 10 cycles of Edman 
degradation, a single, unambiguous sequence was obtained 
(Table 11). The sequence HisLeuTyrProGlyGluVaIGlnP- 
roGly is identical with the first 10 residues from the amino 
terminus of the human insulin receptor's a subunit (Ullrich 
et al., 1985; Ebina et al., 1985) except for position 8 which 
was misidentified as a Gln residue on the basis of a nearly 
identical retention time to that of carboxymethylated Cys. 
Since the two peptides did not separate on reverse-phase 
chromatography and since only a single sequence was obtained, 
we conclude that the fragments differ in their carboxy-terminal 
region. 

DISCUSSION 

Affinity cross-linking provides a simple and effective method 
to covalently link the a subunit of the insulin receptor to 
radiolabeled insulin. We show here that cross-linking with 
bifunctional N-hydroxysuccinimide esters of different lengths 
occurs predominantly through the insulin B chain with each 
of the cross-linkers used. There are several reasons that may 
account for this result. The B chain contains two potential 
cross-linking residues, Le., PheB1 and LysBB, while the A chain 
has only GlyA1. GlyA1 is part of the putative receptor binding 
site on the insulin molecule (Pullen et al., 1976). This residue 
is probably less accessible to modification when insulin is bound 
to the receptor than the reactive B-chain residues, both of 
which are distal to this site. Greatly reduced reactivity of the 
GlyA' has been demonstrated when insulin is bound hydro- 
phobically to lipid bilayers (Oomen & Kaplan, 1987). Finally, 
efficient cross-linking requires appropriately spaced amino 
groups on both the insulin molecule and the receptor, a situ- 
ation which may be more favorable for the B-chain residues 
than the A-chain residue. The shortest of the cross-linkers 
used in this study, i.e., disuccinimidyl succinate, was still ef- 
fective at cross-linking through either the A or the B chain 
and therefore defines the maximum distance (X7.2 A) between 
the reactive amino groups on insulin and its receptor. 

We had originally considered isolation of lZSI-insulin-labeled, 
receptor peptides from extensive tryptic digests of IZsl- 
insulin/receptor cross-linked adducts. Sequencing of these 
peptides would definitively locate the cross-linking site(s). A 
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FIGURE 6: Purification of  the chymotrypsin-generated receptor 
fragment. The reduced and carboxymethylated fragment was partially 
purified by gel permeation HPLC on a TSK 3000SW column as  
described under Methods. (A) The fragment was further purified 
by reverse-phase HPLC on a Vydac C4 column (25 cm X 0.46 cm) 
using a gradient program from 100% solvent A (0.1% TFA in water) 
to 35% solvent B (0.1% TFA in acetonitrile) in 70 min and then 35% 
B to 70% B in 100 min at a flow rate of 0.7 mL/min. (B) Aliquots 
of the indicated fractions off the reverse-phase column were analyzed 
by SDS-PAGE and silver staining. Shown is the silver-stained gel 
with the positions of the molecular mass markers in kilodaltons in- 
dicated. Fractions 7 and 8 from the reverse-phase column were 
collected for sequence analysis. 

previous study that used a novel, photoreactive insulin deriv- 
ative to label the receptor, followed by elastase digestion and 
HPLC mapping, revealed the existence of several labeled re- 
ceptor peptides (Ng & Yip, 1985). Hence, it appeared that 
the reactive moiety had sufficient motional flexibility to label 
several sites within the binding region. Similarly, we have tried 
to isolate labeled tryptic peptides from photolabeled insulin 
receptor. We have also found evidence for multiple cross- 
linking sites with the additional complication that labeled 
peptides elute late in the chromatogram as broad peaks (un- 
published data). While chemical cross-linking with N- 
hydroxysuccinimide esters, unlike cross-linking with pho- 
toactivatable reagents, occurs only through the most nucleo- 
philic groups on the proteins, the possibility of multiple 
cross-linking sites on the receptor still exists. This possibility, 
coupled with the low cross-linking efficiencies of 10-1 5% (less 
upon reduction), and the limited amounts of pure receptor 
(50-100 pg) which can be obtained from a single placenta 
would make isolation of sequencable amounts of labeled 
peptides very difficult. We have instead used limited pro- 
teolysis of the cross-linked adduct to generate a 55-kDa in- 
sulin-labeled peptide that contains the major site of insulin 
cross-linking and is relatively resistant to proteolysis, at least 
compared to other regions of the receptor. Most importantly, 
with regard to obtaining enough for sequencing, the same 
fragment could be prepared in the absence of prior insulin 
cross-linking. This latter fact was confirmed by comparing 
the size and migration behavior of the insulin-labeled and 
nonlabeled fragment on SDS-PAGE under reducing and 
nonreducing conditions. Hence, cross-linking efficiency ceased 
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to be an issue because the fragment could be generated in the 
unlabeled form for sequence analysis. 

The amino-terminal sequence of the chymotrypsin-generated 
fragment demonstrates that it derives from the very amino 
terminus of the receptor’s a subunit. The shifting migration 
of the fragment on an SDS-polyacrylamide gel as a function 
of reductant concentration (Figure 4) suggests also that the 
fragment contains at least some of the disulfide-rich region 
within the amino-terminal half of the a subunit, Le., residues 
155-3 12 (Ullrich et al., 1985). Immunoreactivity of the 
fragment with an antibody raised against a synthetic peptide 
corresponding to residues 242-253 of the a subunit confirms 
that our fragment extends through more than half of this 
disulfide-rich region. Actual identification of the fragment’s 
carboxy terminus can only be approximated at this point. The 
reduced fragment migrates on an SDS gel with an estimated 
molecular mass of 50 kDa though this value is somewhat 
variable. In contrast to SDS-PAGE, the reduced fragment 
actually eluted during gel permeation chromatography with 
a lower molecular mass than ovalbumin, Le., less than 45 kDa 
(data not shown). Glycosylation is known to cause aberrant 
behavior in SDS-PAGE. The a subunit is a heavily glyco- 
sylated protein which migrates with an aberantly high mo- 
lecular weight on SDS-PAGE even upon complete de- 
glycosylation (Herzberg et al., 1985). The receptor fragment 
we have described is glycosylated since it binds to a wheat 
germ-agarose affinity column and shows a substantial re- 
duction in molecular mass upon treatment with peptide:N- 
glycosidase F (data not shown). Therefore, 50 kDa is an upper 
estimate of molecular mass. Taken together our data suggests 
that this fragment contains no more than half of the a subunit 
and includes most and probably all of the disulfide-rich region. 

The digestion to form the 55-kDa fragment was conducted 
on receptor in the absence of reduction and in a denaturing 
buffer system containing 0.5% SDS. Under these conditions 
the receptor should exist as a random coil, especially since the 
receptor is heated before proteolysis. Regions of the receptor 
which show resistance to proteolysis likely deviate from this 
configuration. Extensive intrasubunit disulfide cross-linking 
within the 55-kDa fragment likely maintains a partially folded 
structure even in the presence of SDS and thereby hinders 
protease access. With regards to intersubunit disulfides, our 
data suggest that the disulfide(s) linking the two a subunits 
is (are) located outside the 55-kDa region. Assuming each 
of two linked CY subunits can be proteolyzed to a 55-kDa do- 
main, one would expect an ca. 110-kDa band on the gel, a 
result not seen here. 

We have been unable to demonstrate high-affinity insulin 
binding to the 55-kDa fragment, a fact which presumably 
reflects the denaturing conditions necessary for its formation 
and its subsequent inability to refold upon SDS removal. 
Likewise, attempts to bind insulin to the holoreceptor after 
denaturation with SDS, followed by detergent removal (e.g., 
ligand blotting after transfer of the receptor to nitrocellulose), 
have been largely unsuccessful. Interestingly, this is apparently 
not the case for some related receptors such as those for ep- 
idermal growth factor (Fernandez-Pol, 1982) and low-desnity 
lipoprotein (Daniel et al., 1983). 

The amino acid sequences of the receptors for insulin-like 
growth factor 1 (Ullrich et al., 1986), epidermal growth factor 
(Ullrich et al., 1984), and nerve growth factor (Johnson et al., 
1986), in addition to insulin (Ullrich et al., 1985; Ebina et al., 
1985), have all been determined from cDNA cloning data. All 
of these receptors, as well as the receptor for low-density 
lipoprotein (Yamamoto et al., 1984), have cysteine-rich regions 
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in the amino-terminal half of their respective extracellular 
domains. A deletion mutant of the LDL receptor, containing 
the cysteine-rich region (residues 1-292) but lacking residues 
293-692 of the extracellular domain, still bound ligand but 
was defective in receptor recycling and ligand release at acid 
pH (Davis et al., 1987). Therefore, at least for this receptor, 
the cysteine-rich region contains the ligand binding site. 
Recent predictions of secondary structure for the extracellular 
regions of the human and Drosophila EGF receptors, the 
c-erb-B2 receptor, and the human insulin receptor have in- 
dicated that these four receptors may have very similar domain 
structures (Bajaj et al., 1987). Each receptor contains two 
hypervariable regions, one near the amino terminus and the 
other in the cysteine-rich region closest to the amino terminus. 
These hypervariable regions were considered as likely can- 
didates for hormone binding. The fact that insulin can be 
affinity cross-linked to the amino half of the a subunit is 
consistent with this prediction. We postulate that the relatively 
large, stable domain that we have described positions a smaller 
subset of amino acids for direct interaction with insulin. Our 
results and results with mutant receptor forms which exhibit 
abnormalities in insulin binding (Kadowaki, 1988) are im- 
portant first steps in defining this insulin binding site on the 
receptor. 
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