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Abstract. Many complex membrane proteins undergo
subunit folding and assembly in the ER before trans-
port to the cell surface. Receptors for insulin and insu-
lin-like growth factor I, both integral membrane pro-
teins and members of the family of receptor tyrosine
kinases (RTKs), are unusual in that they require ho-
modimerization before export from the ER. To better
understand chaperone mechanisms in endogenous
membrane protein assembly in living cells, we have ex-
amined the folding, assembly, and transport of the hu-
man insulin receptor (HIR), a dimeric RTK. Using
pulse-chase labeling and nonreducing SDS-PAGE
analysis, we have explored the molecular basis of sev-
eral sequential maturation steps during receptor bio-
synthesis. Under normal growth conditions, newly syn-
thesized receptor monomers undergo disulfide bond

formation while associated with the homologous chap-
erones calnexin (Cnx) and calreticulin (Crt). An inhibi-
tor of glucose trimming, castanospermine (CST), abol-
ished binding to Cnx/Crt but also unexpectedly
accelerated receptor homodimerization resulting in
misfolded oligomeric proreceptors whose processing
was delayed and cell surface expression was also de-
creased by ~30%. Prematurely-dimerized receptors
were retained in the ER and more avidly associated
with the heat shock protein of 70 kD homologue bind-
ing protein. In CST-treated cells, receptor misfolding
followed disordered oligomerization. Together, these
studies demonstrate a chaperone function for Cnx/Crt
in HIR folding in vivo and also provide evidence that
folding efficiency and homodimerization are counter-
balanced.

essential function of the eukaryotic secretory path-

way. One puzzling feature of the folding and assem-
bly of nascent proteins studied to date is the great diversity
in their rates of assembly and transport (Lodish and Kong,
1984; Helenius, 1994). Various studies indicate that a ma-
jor rate-limiting event in the delivery of proteins to the dis-
tal secretory pathway is the time required for conforma-
tional maturation in the ER (Lodish, 1986; Aridor and
Balch, 1996).

In the ER, the high concentration of nascent hydropho-
bic proteins, combined with the oxidative environment, in-
creases the potential for aggregation and misfolding com-
pared with conditions in the cytosol (Gething and Sambrook,
1992; Helenius et al., 1992; Hartl, 1996). Ultimately, a com-
plex quality control network distinguishes functional oli-

T HE efficient production of membrane proteins is an
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gomeric proteins from their misfolded counterparts. In
both mammalian cells and in yeast, two major classes of
ER chaperones are central components of the quality con-
trol network: these are (a) the heat shock protein of 70 kD
(Hsp70)' homologue binding protein (BiP) (Munro and
Pelham, 1986), and (b) the calcium-binding proteins cal-
nexin (Cnx) and calreticulin (Crt) (Ou et al., 1993; Berg-
eron et al., 1994; Krause and Michalak, 1997).

The most detailed understanding of chaperone action in
the ER has emerged from studies of the immunoglobulin
heavy chain BiP. BiP participates in multiple steps during
protein maturation, including translocation, formation of
tertiary structure, and retrieval of misfolded proteins from
the cis-Golgi (Munro and Pelham, 1986; Kozutsumi et al.,
1988; Gething and Sambrook, 1992; Hammond and Hele-

1. Abbreviations used in this paper: BFA, brefeldin A; BiP, binding pro-
tein; Cnx, calnexin; Crt, calreticulin; CST, castanospermine; DSP, dithio-
bis (succinimidyl propionate); ECL, enhanced chemiluminescence; endo
H, endoglycosidase H; HA, hemagglutinin; HIR, human insulin receptor;
Hsp70, heat shock protein of 70 kD; PMSF, phenylmethlsulfonyl fluoride.
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nius, 1994a,b; Brodsky et al., 1995; Lyman and Schekman,
1997).

Cnx and Crt have more recently emerged as ER resi-
dent chaperones that interact with newly synthesized gly-
coproteins in early stages of maturation (David et al.,
1993; Ou et al., 1993; Hammond and Helenius, 1994a,b;
Hammond et al., 1994; Jackson et al., 1994; Pind et al.,
1994; Hebert et al., 1996). Mutant- or incompletely assem-
bled subunits remain associated with calnexin for a pro-
longed period and are retained in the ER before degrada-
tion (Loo and Clarke, 1994). The basis for calnexin
association with nascent proteins has been extensively in-
vestigated both in vivo with histocompatibility complexes
and in vitro with viral hemagglutinin (HA) and vesicular
stomatitis virus glycoprotein (Hebert et al., 1996; Vassila-
kos et al., 1996). An unusual feature of calnexin-substrate
interactions that has emerged from these studies is that
calnexin binds preferentially to N-linked oligosaccharides
independent of substrate conformation (Zapun et al.,
1997). Moreover, by using a specific inhibitor of glucosi-
dases I and II in microsomes, Hebert and co-workers
(1995) have presented evidence that substrate interactions
are restricted to glycoproteins containing a single terminal
glucose residue at N-linked sites, and that the subsequent
effects on substrate folding are facilitated through this in-
teraction. Accumulating evidence suggests that analogous
effects mediate in vivo interactions between major histo-
compatability complex (MHC) class I and Cnx (Vassilakos
et al., 1996). These observations, in combination with the
observed decrease in formation of correctly folded HA tri-
mers and MHC class I molecules in the presence of
castanospermine (CST), a glucosidase inhibitor, suggest
that Cnx acts as a chaperone in vivo. Nonetheless, it re-
mains unclear whether a general chaperone function for
Cnx/Crt in endogenous oligomeric protein folding exists
and whether Cnx and/or Crt participate in quality control
for such proteins.

Here we have analyzed the integrated effects of Cnx,
Crt, and BiP on the folding, assembly, and trafficking of
the insulin receptor, an endogenous membrane protein, in
living cells. Initially, we followed the folding and traffick-
ing of human insulin receptor (HIR) in pulse-chase exper-
iments in heterologous cells expressing wild-type and un-
cleaved mutant HIR (R732A). We examined the role of
disulfide bond formation in receptor maturation and
found it to correspond with maximal binding of HIR
monomers to Cnx/Crt in a glycan-dependent interaction.
Disrupting maturation of N-linked glycans with CST,
which was previously shown to reduce cell surface expres-
sion of HIR, blocked Cnx/Crt binding, accelerated dimer-
ization, and resulted in ER retention (Arakaki et al.,
1987). Together, our results indicate that the timing of
HIR assembly is pivotal in ensuring high efficiency folding
and that ER chaperones participate in HIR maturation by
promoting folding before assembly.

Materials and Methods
Miscellaneous

Restriction enzymes and other reagents were purchased from Amersham
Pharmacia Biotech., Inc. (enhanced chemiluminescence [ECL], Amplify;
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Piscataway, NJ), Epicentre Technologies Corp. (brefeldin A [BFA]; Mad-
ison, WI), Perkin-Elmer Corp. (Foster City, CA), New England Biolabs
Inc. (Beverly, MA), Boehringer Mannheim Biochemicals (endoglycosi-
dase H [endo H], neuraminidase, and protease inhibitors; Indianapolis,
IN), Pierce Chemical Co. (cross-linkers; Rockford, IL), Wako Bioprod-
ucts (digitonin; Richmond, VA), Bio-Rad Laboratories (Hercules, CA),
and Sigma Chemical Co. (CST; St. Louis, MO). mAb 83-14 was a gift from
K. Siddle (Addenbrooke’s Hospital, University of Cambridge, Cam-
bridge, UK), anti-BiP, recombinant hamster BiP, and anti-Cnx were from
Stressgen Biotechnologies Corp. (Victoria, British Columbia, Canada),
anti-Crt was from Affinity Bioreagents (Golden, CO), and anti-insulin re-
ceptor B subunit and antiphosphotyrosine antibodies were from Upstate Bio-
technology Inc. (Lake Placid, NY). [**S]Cysteine and [*S]methionine (sp
act of >1000 Ci/mmol) were from Amersham Pharmacia Biotech., Inc.

Cell Lines

Stable cell lines expressing the insulin receptor were prepared as de-
scribed previously using CHO cells (Yoshimasa et al., 1990; Bass et al.,
1996). Cells were grown in mininmum essential (MEM) alpha medium
containing 10% heat-inactivated dialyzed fetal calf serum, 1 uM metho-
trexate, 100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C in 5% CO,.

Metabolic Labeling and Cross-linking

Cell labeling was performed after ~1 h of preincubation in methionine-
and cysteine-free DME containing 0.1% bovine serum albumin, 100 U/ml
penicillin, and 100 pg/ml streptomycin. Labeling was then performed by
the addition of methionine/cysteine-free medium containing 75-100 u.Ci/ml
of [*S]cysteine and [**S]methionine (Amersham Pharmacia Biotech., Inc.;
1,000 Ci/mmol). After labeling for the times indicated in the figure leg-
ends, medium was removed and then cells were washed once in PBS or
130 mM NaCl, 20 mM bicine, pH 8.0, on ice. Cell monolayers were lysed
in either Triton X-100 lysis buffer (1% Triton X-100, 50 mM Tris-HCI, pH
8.0, 500 mM NaCl, 1 mM CaCl,), or in gentle detergent buffers containing
either digitonin (50 mM bicine, pH 8.0, 40 mM NaCl, 5 mM KCI, 10 mM
Na,MoQ,, 0.2% digitonin) or 2% CHAPS, 200 mM NaCl, and 50 mM
Hepes. A protease cocktail containing 10 M PMSF, 5 wg/ml pepstatin, 50
wg/ml leupeptin, and 5 pg/ml aprotinin was included with each lysis
buffer. The alkylating agent N-ethylmaleimide was added to a final con-
centration of 5 mM to each lysis buffer when samples were analyzed for
oxidative folding intermediates. Where indicated, cross-linking was con-
ducted during lysis with or without 100 pg/ml DSP dithiobis (succinimidyl
propionate) (Pierce Chemical Co.) on ice for 15-30 min. Cross-linker was
inactivated with 10 mM glycine for 10 min on ice, nuclei were pelleted at
14,000 rpm in a bench top microfuge (5415C; Eppendorf Scientific, Inc.,
Hamburg, Germany), and then the soluble lysate fraction was processed
for immunoprecipitation. For pulse-chase analysis, cells were labeled for 15—
30 min, washed in PBS, and then chased with 2 mM of L-cysteine and
L-methionine for the indicated times. CST was used at a final concentration
of 1 mM (prepared by dissolving 5 mg with 65 pl IN HCl in a final volume
of 265 pl to yield 100 mM). TCA precipitation did not reveal significant
differences in the amount of protein synthesized between the CST-treated
and control groups.

For tryptic destruction of cell surface receptors, at the designated time
of chase plates were washed once with PBS and then L-1-tosylamido-2-phe-
nylethyl chloromethyl ketone Trypsin (Pierce Chemical Co.) was added to
a final concentration of 0.5 mg/ml in PBS. The plates were agitated at
room temperature for 10 min, the trypsin was aspirated on ice, and then
the cells were rinsed twice with 1.5 mg/ml of trypsin inhibitor (Boehringer
Mannheim Biochemicals) in PBS. The floating cells were pelleted in a mi-
crofuge (5415C; Eppendorf Scientific, Inc.) and then combined with cell
extracts prepared by scraping the corresponding plates on ice into Triton
lysis buffer containing aprotinin.

Immunoprecipitation, Gel Electrophoresis,
and Immunoblotting

‘When immunoprecipitation was performed for analysis of receptor—chap-
erone complexes, the cell lysates were first precleared by incubation with
5 pl of nonimmune rabbit serum and ~50 pl of protein A for 1 h or more,
microfuged, and then transferred to a new tube. Primary immunoprecipi-
tation was performed with an amount of each antibody determined to
yield quantitative precipitation. The lysate was combined with protein
A-agarose and then adjusted to a final volume of 600 pl with TNNB (50
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mM Tris-HCI, pH 8.0, 250 mM NaCl, 0.5% NP-40, 0.5 mM PMSF, 0.1%
BSA, and 0.02% NaN3;) before mixing overnight at 4°C. Inmune com-
plexes were recovered by brief centrifugation in a bench top microfuge
(MF6A; Eppendorf Scienfic, Inc.) and then washed in TNNB, TNNB
without BSA (TNN), and finally in PBS before elution in 0.2 M glycine-
HCI, pH 2.5. The pH of eluted complexes was neutralized with Tris-HCI,
pH 8, and then diluted in concentrated Laemmli sample buffer to yield a
final 1X concentration (50 mM Tris-HCl, pH 6.8, 2% SDS, 0.1% bro-
mophenol blue, 10% glycerol, and either 100 mM DDT or 5% B-mercap-
toethanol where indicated). Redissolved samples were warmed at 50°C or
boiled in reducing agents for 5 min before electrophoresis through 5%
stacking and 8% running (5/8%) or 3-10% linear gradient SDS-PAGE at
50-70 V for 18-20 h. After electrophoresis, gels were fixed in a solution of
10% acetic acid and 25% isopropanol and then treated with Amplify. For
determination of relative molecular mass, 3-10% gels were stained with
Coomassie brilliant blue dye (0.025% Coomassie brilliant blue R-250,
45% methanol, and 9.2% acetic acid) and destained in 7.5% acetic acid
and 5% methanol. Gels were dried, exposed to XOMAT film (Eastman
Kodak Co., Rochester, NY), and then the fluorograms were analyzed by
phosphorimaging the dried gels (model 425E scanner and ImageQuant
software, Molecular Dynamics, Inc., Sunnyvale, CA).

Immunoblotting was performed after electrophoresis by transferring
the proteins from SDS-PAGE to Immobilon P (membrane presoaked for
~1 min in methanol; Millipore Corp., Waters Chromatography, Milford,
MA), in buffer containing 25 mM Tris-HCI, pH 7.4, 192 mM glycine, and
20% methanol at 4°C and 14 V for 12-48 h. The membranes were soaked
in blocking buffer (5% wt/vol nonfat dry milk and 0.2% Tween 20 vol/vol
in PBS), rinsed in 0.2% Tween 20/PBS three times for 10 min each, and
then incubated overnight at 4°C with the primary antibody (or at room
temperature for 1 h) while mixing (Scopsi et al., 1995). The membranes
were rinsed again in 0.2% Tween 20/PBS, incubated with HRP-linked
protein A for 2 h, and then rinsed and developed using ECL reagents
(Amersham Pharmacia Biotech. Inc.).

Glycosidase Digestion

After immunoprecipitation, samples were eluted in 50 mM sodium citrate,
pH 3.5, and then the pH of the eluates was adjusted to 5.5 (by adding 8 pl
of 1.5 M unbuffered sodium citrate to each 150 pl of eluate). Samples di-
gested with endo H (Boehringer Mannheim Biochemicals) were first di-
luted 1:2 with water, adjusted to ~0.1% SDS, and then heated at 95°C for
5 min. After cooling, PMSF was added to a final concentration of 1 mM,
endo H was added to give 30 mU/ml, and then the reaction was incubated
at 37°C overnight. The digestion was terminated by boiling in Laemmli
sample buffer. Samples digested with neuraminidase were adjusted, pH 5,
with 1.5 M sodium acetate, pH 5.5, and then diluted in H,O to give a final
concentration of 50 mM sodium acetate. Calcium chloride was added to a
final concentration of 9 mM and Vibrio cholera neuraminidase (Calbio-
chem-Novabiochem Corp., La Jolla, CA) was added to a final concentra-
tion of 20 mU/100 pl; because PMSF inhibits neuraminidase, we did not
add it to these reaction mixtures. Neuraminidase incubation was at 37°C
for 2 h.

Biotinylation

To compare receptor expression levels in control and CST-treated cells,
confluent monolayers of CHO cells overexpressing the wild-type receptor
were incubated at 37°C for 72 h with CST, washed in Hank’s balanced salt
solution, and then incubated with 1 mg/ml of sulfo-N-hydroxysulfosuccin-
imide ester-biotin (#21217; Pierce Chemical Co.) for 30 min on ice.
Monolayers were washed in PBS containing 15 mM glycine and then lysed
in Triton X-100 lysis buffer. Receptors were immunoprecipitated, electro-
phoresed through 5/8% SDS-PAGE, and then transferred to Immobilon
membranes (Millipore Corp.) for blotting with streptavidin-HRP (1:750
dilution; Amersham Pharmacia Biotech. Inc.). ECL was used to visualize
the biotinylated receptors and then bands were quantitated by densitome-
try (Molecular Dynamics, Inc.). Blots were subsequently stripped and re-
probed with anti-HIR B subunit antibodies (Upstate Biotechnology Inc.,
Lake Placid, NY).

Tyrosine Phosphorylation

CHO cells were incubated with cysteine/methionine-free DME containing
75-100 wCi/ml of [*S]methionine and [**S]cysteine for 3-6 h. Cells were
then stimulated with the indicated concentrations of insulin at 37°C for
5 min, placed on ice, and then lysed in Triton X-100 lysis buffer containing
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phosphatase inhibitors (100 mM NaF, 2 mM sodium orthovanadate, 4 mM
sodium pyrophosphate). The phosphorylated receptors were recovered by
immunoprecipitation with antiphosphotyrosine antibody (6G9) and pro-
cessed for SDS-PAGE, fluorography, and phosphorimaging. The Stu-
dent’s ¢ test was used to determine the significance of differences in recep-
tor autophosphorylation in control and CST-treated cells (Runyon, 1985).

Results

Insulin Receptor Structure and the Identification
of the Molecular Basis for Conversion between Four
Maturation Intermediates

Fig. 1 shows a linear representation of the extended insulin
receptor polypeptide and the structure of the receptor in
the cell membrane. The receptor is initially synthesized as
a single chain proreceptor that undergoes N-linked glyco-
sylation at 17 consensus sites (Ebina et al., 1985; Ullrich et al.,
1985). Before export from the ER, two proreceptor mono-
mers dimerize and form two symmetric interchain cova-
lent disulfide bonds (cysteines 524-524 and 682-682) (Lu
and Guidotti, 1996). After maturation of N-linked oli-
gosaccharides and proreceptor proteolytic cleavage by fu-
rin or related convertases, as shown by Fuller and Moeh-
ring and co-workers (Robertson et al., 1993; Bravo et al.,
1994), the receptor is transferred to the plasma membrane
as a heterotetramer composed of two a and two 3 subunits
with a molecular mass of 350-400 kD (Olson et al., 1988).
To monitor insulin receptor folding and transport we
performed pulse-chase experiments in CHO cell lines

A
HIR
RKRR
signal  cysteine- tyrosine
peptide ’rich T ™D nase
€735 aa " Pe20aa
Po 194 aa

hormone
binding
extracellular domain

space

cytoplasm signalling

Figure 1. Schematic of insulin receptor structure. (A) A linear
representation of the insulin receptor precursor protein is shown
with functionally important regions highlighted. The proreceptor
undergoes N-linked glycosylation at 17 sites and cleavage at the
indicated tetrabasic site. (B) The mature cell surface insulin re-
ceptor is composed of two a and two [ subunits that are orga-
nized into two separate modules: an extracellular domain consist-
ing of the entire o and part of the  subunits, and an intracellular
domain that contains the tyrosine kinase region of the B subunit.
The two o subunits are joined by two symmetric interchain disul-
fide bonds, indicated with dark lines (cysteines 524-524 and 682—
682). The plasma membrane heterotetramer has a molecular
mass of 350-400 kD.
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Figure 2. Biosynthesis of the wild-type insulin receptor. (A) Sta-
ble CHO cells expressing the wild-type insulin receptor were
pulse labeled for 30 min with [**S]methionine and [*S]cysteine
(50 w.Ci/ml), washed with PBS, and then chased in medium con-
taining 2 mM each of methionine and cysteine. Cell extracts were
prepared at the indicated times, immunoprecipitated, redissolved
in Laemmli sample buffer containing DTT, and then electro-
phoresed through 5/8% SDS-PAGE. The positions of the recep-
tor subunits are indicated with arrows to the left, and two of the
molecular weight markers are indicated with arrows to the right
(EM, early monomer; LM, late monomer; D, dimer; 7, tetramer).
(B) Cells were pulse labeled for 35 min, chased, and then pro-
cessed under nonreducing conditions by 3-10% linear gradient
SDS-PAGE. The position of receptor complexes are indicated
with arrows to the left and molecular mass markers are indicated
to the right. (C) CHO cells were pulse-labeled with [**S]methio-
nine and [*S]cysteine for 15 min in the presence (lanes 2 and 4)
or absence (lanes 7 and 3) of 5 mM DTT. Cell extracts were im-
munoprecipitated with anti-HIR antibodies, redissolved in
Laemmli sample buffer with (lanes / and 2) and without 10 mM
DTT (lanes 3 and 4) and then analyzed by nonreducing 3-10%
SDS-PAGE.

transfected with full-length wild-type receptors (Figs. 1
and 2). Gel electrophoresis was performed under both re-
ducing and nonreducing conditions to follow HIR matura-
tion. After a 30-min pulse, two species were seen, migrat-
ing at ~200 and ~220 kD, respectively. With shorter pulse
times, the faster migrating band (Fig. 2, early monomer,
EM) appeared first, with radioactivity progressively chas-
ing into the second slower migrating band (Fig. 2, late
monomer, LM).

To determine whether these species represented distinct
oxidative intermediates, we followed receptor biosynthesis
when the redox environment of the ER was manipulated
with the membrane-permeant reducing agent DTT. When
the pulse was performed in the presence of S mM DTT,
the first monomer band to appear migrated to a position
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slightly above that of the early monomer in untreated cells
(Fig. 2 C, lane 4). This intermediate form of the mono-
meric receptor, which we term “misfolded monomer”
(Fig. 2 C, lane 4), failed to progress to a second slower-
migrating electrophoretic species. When receptor mono-
mers from both DTT-treated and untreated cells were
heated in Laemmli gel buffer with reducing agent before
electrophoresis, both migrated to the same position (Fig. 2
C, compare lanes / and 2 with lane 3). The fully reduced
monomer (Fig. 2 C, lanes I and 2) migrated slightly slower
than the nonreduced monomer on the same gel (Fig. 2 C,
lane 3). Since both the early and late monomers appeared
as a single band after reduction (Fig. 2 C, lane I), we con-
clude that they differ only in the number and/or arrange-
ment of intramolecular disulfide bonds. Taken together,
this suggests that disulfide bond formation occurs rapidly
and that the early and late monomers represent two dis-
tinct oxidative intermediates of the proreceptor.

After 60 min of chase, a third band of twice the molecu-
lar mass (~380 kD) was observed by nonreducing gel elec-
trophoresis. Shortly thereafter, a fourth species appeared
(~420 kD), concomitant with movement of the receptor
from ER to trans-Golgi (Olson et al., 1988). The 380-kD
band material was sensitive to digestion with endo H, con-
sistent with its localization in a pre—trans-Golgi compart-
ment (data not shown). Acquisition of both endo H resis-
tance and neuraminidase sensitivity coincided with the
appearance of the 420-kD species (Fig. 3 A), suggesting
that this was the mature form of the receptor in the most
distal compartment of the secretory pathway.

According to a previous model of insulin receptor bio-
synthesis proposed by Olson and Lane (1987), the mobility
changes described above were ascribed to cleavage of the
proreceptor dimer into o and 3 subunits, possibly reflect-
ing tertiary structural changes associated with proteolytic
processing (D to T transition; Olson et al., 1988). To exam-
ine whether proteolytic cleavage causes these changes in
mobility, we studied the biosynthesis of the R732A mutant
proreceptor, which is not cleaved. Such a mutant insulin
receptor gene was previously identified in a patient with
insulin-resistant diabetes (Yoshimasa et al., 1988, 1990).
Surprisingly, despite the lack of proteolytic processing of
the R732A proreceptor, the mutant still underwent the
same mobility shifts (Fig. 3 C). These results suggest that
late changes in the electrophoretic mobility of the receptor
are due to processing of carbohydrate chains, reflecting
movement of the receptor into the trans-Golgi (Kornfeld
and Kornfeld, 1985), rather than proteolytic cleavage.

Conversion between Early and Late Monomers Involves
Interaction with ER Lectin Chaperones Cnx and Crt

To determine whether subunit maturation is facilitated by
ER molecular chaperones, we next sought to identify
chaperone molecules that associate with newly synthe-
sized receptors. Detergent lysis and chemical cross-linking
conditions were optimized to retain associations between
newly synthesized receptors and ER resident chaperones.
After metabolic labeling and immunoprecipitation with
antireceptor antibodies, several coprecipitating proteins
were found (Fig. 4 A). In addition to the major bands rep-
resenting the proreceptor and the o and B subunits, two
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Figure 3. Intracellular movement of the receptor based on en-
doglycosidase sensitivity and gel shifts. (4) CHO cells expressing
wild-type receptors were pulse labeled for 30 min and then ex-
tracts were prepared after 6 h of chase. Immunoprecipitated re-
ceptors were eluted from protein A—-agarose in 50 mM sodium ci-
trate, pH 3.5, and incubated with buffer alone (lane 1),
neuraminidase (NE, lane 2), or endo H (Endo H, lane 3). The po-
sition of receptor complexes are shown with arrows to the left (D,
dimer; T, tetramer). (B) Pulse-chase labeling was performed with
CHO cells expressing uncleaved mutant proreceptors containing
a substitution in the tetrabasic cleavage site (Arg732Ala). Cells
were pulse labeled for 30 min, chased, and then analyzed under
reducing conditions by 5/8% SDS-PAGE (proHIR I, first prore-
ceptor with high-mannose oligosaccharides; proHIR II, second
proreceptor species containing complex oligosaccharides added
in the Golgi). (C) CHO cells expressing the R732A mutant recep-
tors were pulse labeled for 15 min, chased, and then analyzed by
nonreducing 3-10% linear gradient SDS-PAGE. Folding inter-
mediates and receptor subunits are indicated with arrows to the
left and molecular weight markers are indicated to the right (EM,
early monomer; LM, late monomer; D, proHIR I dimer; 7, dimer
species after addition of complex oligosaccharides, for simplicity
this is labeled using the same nomenclature as that of the wild-
type receptor, i.e., the tetramer).

bands were observed migrating faster than the position of
the 97-kD B subunit, at ~80 and 90 kD (Fig. 4 A, lanes 3
and 4). These bands were identified as BiP and Cnx, re-
spectively, using specific antibodies (Fig. 4 A, lanes 2—4).
No other major bands were reproducibly found.

Three criteria were used to establish that the ~80-kD
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band was BiP. First, sequential immunoprecipitation with
antireceptor antibodies followed by immunoblotting with
anti-BiP antibodies, showed BiP immunoreactivity of the
~80-kD band (Fig. 4 B). Second, the ~80-kD band comi-
grated with recombinant hamster BiP as demonstrated by
silver staining the gels (data not shown). Finally, cell lysis
in the presence of 10 mM ATP dissociated BiP-receptor
complexes (Fig. 4 A, compare lane 7 with lane /0). Com-
plexes between HIR and BiP were most stable when lysis
was performed in the presence of the cross-linking agent
DSP (see Fig. 11 C, lanes 4 and 5), although ATP-sensitive
association with BiP was also detectable by Western blot
in the absence of cross-linking agent (Fig. 4 B, lanes 2 and
3). We found that the anti-BiP antibody reacted only
poorly in immunoprecipitation reactions explaining the
consistently lower amount of HIR recovered in anti-BiP
precipitates (Fig. 4). However, this antibody, which was
raised to a synthetic COOH-terminal peptide, reacted well
by immunoblotting (Stressgen anti-Grp 78; Fig. 4 B).

The identity of the ~90-kD band was confirmed by
coimmunoprecipitation with anti-Cnx antibodies that co-
precipitated both Cnx and the insulin proreceptor. The ob-
servation that anti-Cnx antibodies selectively coprecipi-
tated the proreceptor and not the cleaved a or 8 subunits
is consistent with an association between calnexin and the
receptor in the early secretory pathway before cleavage
into these subunits (Fig. 4 A, compare lanes 3 and 4). Fur-
thermore, inhibition of glucose trimming by preincubating
cells with CST before lysis, a manipulation that has been
shown to disrupt the carbohydrate binding site for Cnx,
led to dissociation of Cnx—proreceptor complexes (Fig. 5 A).
Similarly, complexes between the insulin receptor and Crt,
a second ER lectin chaperone, were also demonstrated by
coimmunoprecipitation with anti-Crt antibodies (Fig. 5 B).
Although it is possible that CST effects an intermediate
glycoprotein or another ER chaperone required for Cnx/
Crt-HIR binding, it is clear that Cnx/Crt—-HIR complexes
were dissociated after CST treatment. Proreceptors iso-
lated from cells treated with CST migrated more slowly on
SDS-PAGE, consistent with the presence of additional
glucose moieties attached to the 17 N-linked carbohydrate
side chains present in the ectodomain; this also provided
an independent confirmation that CST was effective in
blocking glucose trimming (Fig. 5, A and B, aHIR). To-
gether, the results suggest that the coprecipitation of the
proreceptor by anti-Cnx antibodies is due to specific chap-
erone-receptor interactions.

To identify whether Cnx and Crt associate with both the
monomeric and dimeric receptors, or only a subset of re-
ceptors, Cnx—HIR complexes were analyzed by nonreduc-
ing SDS-PAGE. Because of variable recovery with differ-
ent bleeds of the Cnx and Crt immune serum, and because
both antibodies precipitated less proHIR than antirecep-
tor antibodies, we used more total cell lysate for immuno-
precipitation with Cnx/Crt antibodies than HIR antibod-
ies. Furthermore, we found that the anti-Crt antibody
consistently recovered more HIR than comparable amounts
of anti-Cnx antibodies (Fig. 5 C, lanes 3 and 4). The rela-
tively greater quantitative yields with the anti-Crt versus
anti-Cnx antibodies have also been observed in fibroblast
cultures (Green, W.N., personal communication). An ad-
ditional high molecular weight band that was present after
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Figure 4. Isolation of ternary BiP-Cnx-HIR
complexes. (A) CHO cells overexpressing wild-
type receptors were labeled overnight with
[3S]methionine and [*S]cysteine 50 wCi/ml and

< proHIR 5 6 7
R

then lysed in 0.4% digitonin with DSP. Samples

- < asubunit

9 10
. in lanes /-3 were from the same experiment, and

- B

the lysate was divided equally, immunoprecipi-
‘ tated, and then processed for 5/8% SDS-PAGE
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(lane I, oaNRS [normal rabbit serum]; lane 2,
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aBiP; lane 3, aCnx; lane 4, «HIR). The positions
of BiP (+), Cnx (**), and the B subunit (*) are
indicated to the left in lanes 2—4. A separate

analysis from another experiment is shown in lane 4 to more clearly delineate the receptor and chaper-
one bands; a similar pattern was obtained by immunoprecipitation of the sample shown in lanes /-3. The

positions of receptor subunits, Cnx and BiP are indicated with arrows. (Lanes 5-10) Cells were labeled as

— * ATP
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B IP:aHIR
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precipitation with anti-Crt antibodies appeared to migrate
close to the position of the dimeric receptor species; how-
ever, this band was not precipitated with antireceptor anti-
bodies (Fig. 5 C, lanes 2 and 4). Additional experiments
performed at later chase times failed to show association
between dimeric receptors and Cnx/Crt, and recent su-
crose gradient analysis confirms that association of Cnx is

A B
+ME +ME

— -Cst —/ [ +Cst — — -Cst — — +Cst —
aNisaCnx oHIR __aNis _aCnx_cHIR oNisaHIR ~ aCrt  aNis aHIR aCrt

< PoHR » & BB -

B R — —
C Figure 5. Subunit specificity of
ME Cnx and Crt. CHO cells express-

ing the wild-type insulin recep-

_ oNrs aHIR_oCnx _oCrt tor were incubated overnight in
omer > W] the presence or absence of 1 mM
CST (A, lanes 1-3, B, lanes 1

W > - and 2). (A) Cells were labeled
S o for 6 h, lysed in digitonin lysis
buffer containing DSP, immuno-

12 3 4 precipitated with the indicated

Chase (min) F———30 ——— antibodies, and then processed

for 5/8% SDS-PAGE using
B-mercaptoethanol as the reducing agent (ME). (B) Cells were la-
beled for 5 h, lysed in CHAPS lysis buffer without cross-linking,
and then processed for 5/8% SDS-PAGE as in A. The positions
of the proreceptor, Cnx, and Crt are indicated with arrows to the
left. Note that the receptor B subunit has a molecular mass of
~95 kD and migrates close to the position of Cnx, which has a
molecular mass of ~90 kD (A, lanes 3 and 6). (C) Cells were
pulse labeled for 30 min and then lysed in digitonin buffer after a
30-min chase (lanes /-4). Equivalent aliquots of lysate were pro-
cessed for immunoprecipitation with nonimmune serum (lanes /
and 4), anti-Cnx (lane 3), and anti-Crt (lane 4), and one-third of
this amount was processed for immunoprecipitation with anti-
HIR (lane 2). Immunoprecipitated protein was analyzed under
nonreducing conditions by 3-10% SDS-PAGE. The positions of
the early monomer (EM), late monomer (LM), and dimer are in-
dicated with arrows.
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in lanes /-4, and lysis was performed without (lanes 5-7) or with (lanes §~70) 10 mM ATP. (B) Equiva-
lent amounts of cell lysate protein from CHO cell lines were immunoprecipitated with anti-HIR antibod-
ies, electrophoresed under reducing conditions through 5/8% SDS-PAGE, transferred to immobilon
membranes, immunoblotted with anti-BiP antibody, and then developed with ECL reagents (lane 7, re-
combinant BiP; lanes 2 and 3, cells expressing wild-type receptors) (Bass et al., 1996).

restricted to monomeric forms of the receptor (data not
shown). Since dimeric receptors typically convert to the
tetramer after a brief lag period, it is likely that release
from Cnx/Crt occurs before dimerization and export from
the ER (refer to Fig. 2).

Delayed ER Export and Accelerated Dimerization
Occur When Binding to Lectin Chaperones Is Blocked

To analyze the effects of Cnx and Crt on receptor matura-
tion, we performed pulse-chase studies after incubation
with CST. In CST-treated cells, there was a consistent de-
lay in the processing of the proreceptor into a and B sub-
units at late chase time points (Fig. 6). However, no signif-
icant difference in recovery of total 3°S-labeled receptor
was detected at time points up to 7 h of chase, suggesting
that the delay in cleavage did not result in accelerated re-
ceptor degradation at these time points (data not shown).
Since proteolytic cleavage of the proreceptor has been lo-
calized to the trans-Golgi apparatus (Molloy et al., 1994),
unprocessed proreceptors must have accumulated in a
pre-TGN compartment after CST treatment. The half-life
of the total processed (« and B subunits) and unprocessed
proreceptor in both CST-treated and untreated groups
was ~10 h (Fig. 6). These values are in agreement with
previous measurements by both Kahn and Lane and co-
workers (Kasuga et al., 1981; Ronnett et al., 1983). Al-
though these results suggest that the overall turnover rate
of proHIR, o and B subunits was unchanged after CST
treatment, it is possible that unprocessed proreceptors in
CST-treated cells are retained in the ER and degraded
rather than transported to the cell surface.

The lack of binding to lectin chaperones after CST treat-
ment suggested that retention of the dimeric pool of
receptors in the treated group occurred through a cal-
nexin-independent mechanism. To examine whether the
retained receptors in CST-treated cells were associated
more avidly with BiP, we performed immunoblotting with
anti-BiP antibodies after immunoprecipitation with anti-
HIR antibodies. Fig. 7 shows two- to threefold increases in
the amount of BiP associated with the receptor in CST-
treated compared to control cells. This suggests that BiP is
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Figure 6. Receptor turnover
in CST-treated and un-
| treated cells. CHO cells were
- treated with CST or in label-
ing medium alone in the
presence of [*S]methionine
and [*S]cysteine. The plates
were then washed and
chased in medium containing
excess methionine and cys-
teine. Cell extracts were pre-
pared at the indicated times in Triton X-100 lysis buffer, immuno-
precipitated with oHIR antibodies, redissolved in Laemmli
sample buffer containing DTT, and then electrophoresed through
5/8% SDS-PAGE. A fluorogram from a representative experi-
ment is shown. Receptor subunits are indicated with arrows to
the left.

-CST +CST

proHiA —

e Eubunit -..-“--."‘

T

Chase (h) [V ] 8 12 0 6 8 12

involved in retaining proreceptor molecules, which accu-
mulate after blockade of binding to the lectin chaperones.

Surprisingly, analysis of receptor biosynthesis after CST
treatment on nonreducing gels showed that conversion from
the early monomer to the late monomer and dimerization
were all greatly accelerated after CST treatment (Fig. 8 A).
Accelerated formation of early and late monomers is
more clearly observed in the fluorogram shown in Fig. 8 B.
However, it is possible that the early and late monomers
detected after CST treatment have subtle structural ab-
normalities compared to wild-type receptors; such struc-
tural differences might not be detected on SDS-PAGE
analysis. The increased rate of receptor dimerization in
CST-treated cells is clearly noted when the phosphorimag-
ing data from two separate pulse-chase experiments was
represented by a histogram (Fig. 8 D). Earlier dimeriza-
tion in CST-treated cells was reproducibly found in five
additional experiments performed with varied pulse times
(data not shown). To test whether dimeric receptors pro-
duced in the presence of CST progressed more rapidly to
the cell surface, we incubated cells at varying time points
with trypsin, which specifically releases only the cell sur-
face receptors (Shoelson et al., 1988). Transport of these
receptors to the cell surface was demonstrated by the
trypsin sensitivity of receptors from treated and untreated
cells (Fig. 8 C). Moreover, trypsin-sensitive receptors were

IP:aHIR Figure 7. Effect of CST

Biptotahp treatment on BiP-HIR asso-

? 3 ciation. CST-treated and

B subunit  » - . control CHO cells expressing
the wild-type receptor were

disidiie prepared as described in Fig.

1 2 3 6 except lysis was performed

in CHAPS buffer. Cell lysate

BiP > RS - protein was measured using
the Bio-Rad DC protein re-

Cst & “ + agent and equivalent amounts

of lysate protein were immu-
noprecipitated with anti-HIR antibodies, followed by reducing
gel electrophoresis and immunoblotting with anti-HIR (fop) and
anti-BiP (bottom) antibodies. Samples shown in both upper and
lower panels are as follows: 5 pg of recombinant BiP (lane 7),
anti-HIR immunoprecipitated lysate from control cells (lane 2),
and from CST-treated cells (lane 3).
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Figure 8. Kinetics of proreceptor folding after CST treatment.
(A) Cells were pulse-labeled for 30 min in [*S]methionine and
[*S]cysteine (100 wCi/ml) and then chased for the indicated
times. The positions of the intermediates are indicated with ar-
rowheads (EM, early monomer; LM, late monomer; D, dimer; 7,
tetramer). The conversion from dimer to tetramer species in
CST-treated cells was obscured due to the higher molecular
weight associated with excess untrimmed glucose residues at-
tached to the Asn-linked saccharide chains. Samples were ana-
lyzed under nonreducing conditions on 3-10% linear gradient
SDS-PAGE. (B) Cst-treated and control cells were pulse labeled
for various times and then analyzed as in A. EM and LM, the
only species present in untreated cells at these early time points,
are indicated with arrows. (C) Cst-treated and control cells were
pulse labeled for 20 min, chased for 2 h, and then incubated for 10
min at 25°C in the presence of trypsin (0.5 mg/ml) to release cell-
surface receptors before processing as described for Fig. 2. The
highest molecular mass species (7) in both Cst-treated and con-
trol groups was trypsin sensitive, whereas the lower molecular
mass species (D) remained trypsin resistant. (D) Histogram rep-
resenting the rate of dimerization of receptors in Cst-treated ver-
sus control cells. Phosphorimaging data from two experiments
with 30-min pulse times was compiled and expressed as the per-
centage of total radioactivity present at each time point as the
dimer.

found at earlier times in CST-treated cells, and proteolytic
cleavage of a subset of proreceptors into a and 3 subunits
was similarly detected at an earlier time point (comparing
a and B subunits visible at a 1 h time point in CST-treated
versus untreated cells, data not shown). Based on insulin
cross-linking studies, we found that all of the receptors
present on the cell surface were, in fact, processed into «
and  subunits since insulin was only detected bound to
the a subunit and not to the proreceptor (data not shown).
However, despite the rapid dimerization and transport to
the cell surface of a subset of newly synthesized receptors,
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Figure 9. Biotinylation of cells treated with Cst. (A) Cell surface
receptors were biotinylated after a 72-h incubation with Cst. Cells
were solubilized in Triton lysis buffer and then processed for im-
munoprecipitation with anti-HIR antibodies and analysis by re-
ducing 5/8% SDS-PAGE. Biotinylation was detected after trans-
fer of the proteins to Immobilon P using streptavidin—-HRP and
ECL (Amersham Pharmacia Biotech. Inc.). (B) Blots were
stripped and reprobed with anti-HIR B subunit antibodies. Re-
ceptor subunits and the position of molecular weight markers are
indicated with arrows.

a fraction of the dimeric pool of receptors remained un-
cleaved and were retained in a pre-TGN compartment
(Fig. 6).

Functional Receptors Are Delivered to the Cell Surface
in CST-treated Cells

To assess levels and function of cell surface receptors in
CST-treated and control cells, both biotinylation and insu-
lin-stimulated tyrosine autophosphorylation were used.
Fig. 9 A shows that cell surface biotinylation of receptors
was decreased (~30% when three separate experiments
were compared) in CST-treated cells, whereas steady-state
levels of the proreceptor were increased (Fig. 9 B). Total
cellular levels of processed B subunit were also decreased
at steady state (Fig. 9 B). The decreased level of the 8 sub-
unit is consistent with the retention and/or degradation of
CST-treated receptors in an unprocessed form in the early
secretory pathway.

To measure the ability of the bound hormone to trans-
mit a signal to the intracellular domain of the receptor, we
compared insulin-stimulated tyrosine phosphorylation of
the receptor in CST-treated and control groups. Fig. 10
shows that insulin-responsive autophosphorylation, mea-
sured by recovery of prelabeled receptor protein after
brief incubation with insulin, was equivalent in control and
CST-treated groups. Together, the results show that steady-
state levels of processed and cell surface receptors were
decreased after CST treatment, although receptors deliv-
ered to the cell surface were fully responsive to hormone.
The correct folding of a majority of receptors in the pres-
ence of CST suggests that lectin-based interactions are not
essential; rather, they enhance or facilitate folding.
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Figure 10. Insulin-induced receptor autophosphorylation in cells
treated with CST. (A) Cells were incubated overnight in 1 mM
CST and labeled with [**S]cysteine and [**S]methionine (75 pwCi/ml
of each) for 5 h. The cells were then stimulated with insulin for
5 min at 37°C (0-100 nM), washed in PBS, lysed in Triton buffer
containing phosphatase inhibitors and equivalent amounts of ly-
sate were processed for immunoprecipitation either with anti-
HIR or antiphosphotyrosine antibodies. (B) Histogram showing
the relative percentage of tyrosine-phosphorylated receptors re-
covered after stimulation with 100 nM insulin in CST-treated ver-
sus control cells. No significant difference was found comparing
the two groups (mean * standard error, n = 3; data from three
separate experiments).

Discussion

Recently, a number of studies have demonstrated that
both lectin chaperones and the Hsp70 homologue BiP me-
diate the folding and assembly of oligomeric membrane
proteins (Hammond and Helenius, 1994a,b; Williams and
Watts, 1995). In vitro studies have shown that CST treat-
ment of canine microsomes accelerates the oligomeriza-
tion of HA, an exogenous viral protein (Hebert et al.,
1996). The present studies establish a new model system to
investigate the role of individual chaperone molecules in
endogenous membrane protein folding in living cells. This
model is based on experiments that define in more detail
the molecular basis for individual maturation steps in insu-
lin receptor biosynthesis. The results further provide evi-
dence that N-linked glycosylation, and interaction with
Cnx and Crt, delays dimerization and facilitates folding to
a transport-competent conformation analogous to the ef-
fects with HA (Hebert et al., 1996). Because CST directly
affects glucose trimming from N-linked glycans in HIR, it
is possible that misfolding is due to disrupted carbohy-
drate maturation per se. Overall, we found that the inte-
grated effects of N-linked glycosylation and chaperone

644



binding regulate the production of functional insulin re-
ceptors and influences the rate at which individual sub-
units assemble into homodimers.

The prolonged period that elapses before dimerization
exposes the nascent proreceptor to the aqueous oxidizing
environment of the ER. However, under normal growth
conditions, biosynthesis is highly efficient and more than
90% of newly synthesized receptors were delivered to the
cell surface (refer Fig 2). Interaction with Cnx and Crt
might provide protection of exposed hydrophobic do-
mains, preventing their misfolding and aggregation. Asso-
ciation with either Cnx or Crt could create steric hin-
drance, possibly by interacting with a surface that later
becomes inaccessible in the dimer. This might provide suf-
ficient time for partially folded forms to undergo refolding
and attain their native conformation (Hebert et al., 1996;
Vassilakos et al., 1996).

The delayed movement of a subset of proreceptors to
the trans-Golgi after treatment of cells with CST suggests
that these receptors were misfolded (refer to Figs. 6 and
7). ER retention of these dimeric receptors was indepen-
dent of Cnx and Crt based on coprecipitation assays (refer
to Fig. 5). The persistence of BiP-receptor complexes af-
ter CST treatment could explain the retention of these re-
ceptor dimers. BiP might additionally protect the retained
receptors and promote their eventual resolubilization.
Since growth factor receptors have been shown to be im-
portant for survival of mammalian cells in culture, calnexin-
independent production of insulin receptors might account
for the continued viability of CST-treated cells (Figs. 9 and
10; Arakaki et al., 1987; Baserga, 1994; Rubini et al., 1997).
In addition to BiP, an alternative ER retention mechanism
for prematurely dimeric receptors might be the presence
of free thiols that flag such molecules and promote their
arrest (Isidoro et al., 1996).
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Fig. 11 illustrates a model in which two competing reac-
tions exist in a hierarchy during receptor biosynthesis. Un-
der normal growth conditions, the first reaction, in which
monomeric receptor halves associate with Cnx and Crt,
predominates. This leads to slow but highly efficient pro-
duction of functional receptors. In the second competing
reaction, shown as the lower pathway in Fig. 11, dimeriza-
tion is much more rapid (<25 min), after blockade of
N-linked glycosylation. Rapid dimerization leads to less
overall efficient maturation and retention of dimeric or ag-
gregated receptors in the ER. In this default pathway,
binding to BiP is preserved, perhaps protecting the re-
tained receptors until they achieve a transport-competent
conformation.

In conclusion, these studies have shown that lectin chap-
erones directly associate with newly synthesized insulin re-
ceptors during disulfide bond formation and isomeriza-
tion, whereas blockade of glucose trimming dissociates
Cnx/Crt-HIR complexes and corresponds with acceler-
ated dimerization and delayed maturation. Experiments
with CST suggest that folding to a transport-competent
conformation requires a posttranslational delay in ho-
modimerization. Two possible mechanisms could account
for the effects of Cnx/Crt on receptor folding: (a) Cnx/Crt
could either simply facilitate folding to a dimerization-
competent conformation, or (b) they could directly medi-
ate the dimerization reaction. The development of an in
vivo system to examine Cnx/Crt and BiP interactions with
a membrane protein provides further opportunity to study
how these interactions mediate the ER retention of mis-
folded receptors in cases of diabetes caused by mutations
in the receptor gene. Additionally, these interactions
might be important during embryogenesis (e.g., insulin
growth factor [IGF]-I receptor) or during differentiation
from fibroblast to adipocyte (e.g., insulin receptor) when

Figure 11. Maturation model.
Temporal sequence of ER
folding of the insulin recep-
tor showing synchronization
of maturation and chaperone
binding. The diagram illus-
trates that Cnx/Crt bind in
complexes to newly synthe-
sized proreceptor monomers
(EM, early monomer) and
that conversion to a second
oxidative intermediate (S-S)
occurs during binding to
chaperones (LM, late mono-
mer). Post-ER maturation
involves proteolytic cleavage
and addition of carbohydrate

ER Lumen

capping sugars to Asn-linked

3 Ty . oligosaccharide chains. Addi-
(S0 %?59 tion of carbohydrates results
7 &Cleavage  in mobility shifts on nonre-
ducing SDS-PAGE, whereas

proteolytic cleavage does not

CELL SURFACE alter the tertiary or quater-

nary structure of the receptor
as detected by nonreducing

SDS-PAGE. The dual pathways of maturation involve either Cnx/Crt and BiP (top route) with dimerization occurring at ~75 min post-
translationally, whereas a second pathway occurs when Cnx/Crt are bypassed with rapid dimerization within ~10 min posttranslationally.
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rapid increases in receptor synthesis are required. Studies
are in progress with mutant forms of HIR in recombinant
cells to further examine the basis of Cnx/Crt association
with HIR, to determine the mechanisms of HIR retention
and degradation, and to search for possible additional ER
proteins that might be involved in this process.
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