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ABSTRACT We-have studied the function of a mutant
insulin receptor (IR) molecule in which Tyr-1146, one of the
rwst autophosphorylation sites in the .8 subunit, was replaced
with phenylalanine (IRF1146). Autophosphorylation of the par-
tially purified IRF1146 was reduced 60-70% when compared to
the wild-type IR but was still stimulated by insulin. The
phosphotransferase activity of the dephospho form of both the
IR and IRF1146 toward exogenous substrates was stimulated 3-
to 4-fold by insulin. However, the wild-type IR was activated
12-fold by autophosphorylation, whereas the IRF1146 was acti-
vated only 2-fold. When the IRF1146 was expressed in Chinese
hamster ovary (CHO) cells, insulin binding was normal,
whereas autophosphorylation was reduced 80% when com-
pared to cells expressing the wild-type IR. Endogenous sub-
strates of the insulin receptor kinase were not detected during
insulin stimulation of CHO cells expressing the IRF1146. More-
over, the IRF1146 did not internalize insulin rapidly or stimulate
DNA synthesis in the presence of insulin. In contrast, both the
IR and IRF1146 stimulated glycogen synthase equally in CHO
cells. These data suggest that activation of the IR tyrosine
kinase can be resolved into two components: the first is
dependent on insulin binding and the second is dependent on
the subsequent insulin-stimulated autophosphorylation cas-
cade. Thus, at least two signal transduction pathways diverging
from the IR are implicated in the mechanism of insulin action.

The insulin receptor (IR) kinase regulates the action of insulin
on metabolism and growth through signal transduction path-
ways, which are only partially defined (1). The molecular link
between the IR and its effector systems may involve a series
ofcommon and branching pathways, including the phosphor-
ylation of distinct substrates (2), activation of a phosphati-
dylinositol kinase (3), and/or the generation oflow molecular
weight second messengers (4, 5). Activation of this complex
regulatory network requires a functional ATP binding site in
the / subunit of the IR, suggesting that autophosphorylation
of the ,B subunit plays an initial role in signal transmission. At
least five tyrosine phosphorylation sites have been identified
in two regions of the ,3 subunit of the IR (6). Three of these
sites, Tyr-1146, Tyr-1150, and Tyr-1151, are in the putative
regulatory region; two additional sites, Tyr-1316 and Tyr-
1322, are in the C terminus of the /3 subunit. Autophosphor-
ylation begins in the regulatory region immediately after
insulin binding. Phosphorylation of all three tyrosine residues
in the regulatory region appears to be required to fully
activate the tyrosine kinase (6), whereas phosphorylation of
the C terminus is not required (7).
We have prepared a mutant IR by oligonucleotide-directed

mutagenesis in which Tyr-1146 has been replaced with phen-
ylalanine (IRF1146). Autophosphorylation of the IRF146 was

reduced 60-70%, which was insufficient for full activation of
the receptor kinase during in vitro assays. In addition, the
IRF146 did not internalize insulin normally or stimulate DNA
synthesis in the presence of insulin. In contrast, the IRF1146
mediated normal insulin-stimulated glycogen synthesis.
These data indicate that autophosphorylation of Tyr-1146 is
a critical step in the autophosphorylation cascade that acti-
vates the insulin receptor kinase; Tyr-1146 plays an essential
role in insulin receptor internalization and growth regulation,
but it may not be required for some metabolic signals.

MATERIALS AND METHODS
Oligonucleotide-Directed Mutagenesis of Human IR cDNA

and Construction of Expression Plasmids. A point mutation
was introduced into the cDNA of the IR by oligonucleotide-
directed mutagenesis, which replaced Tyr-1146 with phenyl-
alanine. The template for mutagenesis was prepared by
cloning a 1.9-kilobase Pst I-Pst I fragmentfrom pCVSVHIRc
(A. Ullrich, Max Planck Institute, Munich) into M13mp18
(Amersham). A uracil-rich template was prepared in Esche-
richia coli BW313, and mutagenesis was carried out by using
the primer 5'-AGAGACATCTTCGAAACGGAT-3' (Joslin
Diabetes and Endocrine Research Center Core Laboratory)
by the method of Kunkel et al. (8). The mutation was
confirmed by M13 dideoxy sequencing. The mutated frag-
ment was reintroduced into pCVSVHIRc to make pCVS-
VHIRc/F1146.

Transfection of Chinese Hamster Ovary (CHO) Cells. Sub-
confluent CHO cells (106) grown in F-12 medium containing
10%o (vol/vol) fetal bovine serum (GIBCO) were transfected
by calcium phosphate precipitation with 1 ,ug of pSVEneo
alone or together with 10 ,zg of pCVSVHIRc or pCVS-
VHIRc/F1146 as described (9). After 72 hr, geneticin
(GIBCO) was added to the medium to select for neomycin-
resistant cells. CHO cells that expressed high levels of the
surface IR were selected by fluorescence-activated cell sort-
ing (10), and clonal cell lines were obtained by plating at
limiting dilution.

[35SJMethionine and [32P]Phosphate Labeling of CHO Cells
Expressing the Wild-Type IR (CHO/IR Cells) and the IRF1146
(CHO/IRF14s Cells). Confluent monolayers of transfected
CHO cells were labeled for 24 hr with 0.5 mCi (1 Ci = 37 GBq)
of [35S]methionine or for 2 hr with 0.5 mCi of [32P]phosphate
(New England Nuclear) as described in Fig. 1 (11).

Autophosphorylation and Kinase Activity of the Purified IR.
IR, partially purified on wheat germ agglutinin (WGA)-
agarose (6), were incubated at 23°C for 30 min in 50 mM
Hepes (pH 7.8) containing 5 mM MgCl2 and 5 mM MnCl2 in
the absence or presence of 100 nM insulin. Autophosphory-

Abbreviations: IR, insulin receptor(s); IRF1146, insulin receptor with
phenylalanine substituted for tyrosine-1146; aPY, anti-phosphoty-
rosine antibody; BSA, bovine serum albumin; WGA, wheat germ
agglutinin.
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lation was initiated by the addition of 100 ,uM [y-32P]ATP (3
gCi/nmol; New England Nuclear). After 5 min the reaction
was terminated by the addition of2x Laemmli sample buffer
containing 100 mM dithiothreitol, and the proteins were
separated by SDS/PAGE (11).
The kinase activity of the IR was determined with a

synthetic substrate called Thr-12-Lys, which contains amino
acid residues 1143-1152 (Thr-Arg-Asp-Ile-Tyr-Glu-Thr-Asp-
Tyr-Tyr-Arg-Lys; D. Coy, Tulane University, New Orleans)
of the human IR, as described (6, 7). The WGA-purified IR
or IRF1146 (4 ,ug) was diluted to 50 gl with 50 mM Hepes (pH
7.4) containing 5 mM MnCl2 and 0.1% Triton X-100. Basal
kinase activity, insulin-stimulated kinase activity, and auto-
phosphorylation-stimulated kinase activity were determined
as described in Fig. 3.

Internalization of Surface-Bound Insulin. Confluent mono-
layers of CHO/IR and CHO/IRFl146 cells were washed in
phosphate-buffered saline and incubated at 40C for 3 hr in
F-12 medium containing 50 mM Hepes (pH 7.4), 0.1% bovine
serum albumin (BSA), and 50,000 cpm of 1251-labeled insulin
(1251-insulin) (Amersham) per ml. After washes at 4TC, inter-
nalization was initiated by the addition at 37°C of F-12
medium containing 0.1% BSA. At time intervals, the cells
were acid washed (pH 3.5) at 0°C; the radioactivity retained
in the cells represents internalized insulin. The cells were
solubilized in 0.1% SDS/0.1 M NaOH and the 1251 was
measured in a y counter. Internalization is expressed as
percent of insulin initially bound to the cell surface.
Glycogen Synthase Assay. Confluent CHO cells were incu-

bated for 3 hr at 37°C in serum-free F-12 medium without
glucose (GIBCO) prior to insulin addition at the indicated
concentrations for 60 min at 37°C. The medium was removed;
cells were scraped from the plates in 100 mM NaF containing
10 mM EDTA and 1 ,M leupeptin, collected by centrifuga-
tion, and disrupted by sonication. Portions of the cytosol
extract were incubated at 30°C for 30 min with 0.5 M Tris (pH
7.8) containing 0.25 M NaF, 0.1 M EDTA, 100 mg ofglycogen
per ml, 36 mg of UDP-glucose per ml, and 1.6 ,Ci of
[14C]UDP-glucose (DuPont/NEN) per ml. Glycogen was
precipitated from the reaction mixture on 3MM Whatman
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paper, the paper was immersed and washed in 66% ethanol,
and 14C was measured in a scintillation counter (12). Glyco-
gen synthase extracted from CHO cells behaved as previ-
ously reported (13). Insulin stimulation is reported as the
relative activity of glycogen synthase above the basal mea-
sured in the absence of insulin and glucose-6-phosphate.
Thymidine Incorporation. CHO cells were incubated for 24

hr in F-12 medium containing 1% BSA without fetal bovine
serum. The cells were washed and incubated for an additional
16 hr with the indicated concentrations of insulin in F-12
medium containing 1% BSA and then incubated for 1 hr at
37°C in F-12 medium containing 1% BSA, 20 mM Hepes (pH
7.4), and 1.0 mCi of [3H]thymidine (New England Nuclear)
per ml. The incorporation of [3H]thymidine was determined
as described (9).

RESULTS
Expression of the Normal IR and Mutant ERF1146 in CHO

Cells. CHO/neo cells, CHO cells expressing only pSVEneo,
contained -3000 hamster insulin receptors. After transfec-
tion and selection by fluorescence-activated cell sorting,
clonal lines of CHO/IR cells and mutant CHO/IRFl146 cells
were obtained, which expressed 80,000 and 75,000 receptors
per cell, respectively (data not shown). Analysis of insulin
binding data with a two-site model indicated high-affinity
binding constants of 0.6 ± 0.3 nM (mean ± SD) and 0.4 ± 0.2
nM and low-affinity binding constants of 85 ± 40 nM and 40
± 30 nM for the IR and IRF1146, respectively. Thus, replace-
ment of Tyr-1146 with phenylalanine did not affect the
affinity of the insulin receptor.
To determine the structure of these receptors, control

CHO cells (CHO/neo) orCHO cells expressing the wild-type
IR and mutant IRF1146 were labeled with [35S]methionine for
24 hr, and the Tyr(P)-containing proteins were immunopre-
cipitated with the anti-phosphotyrosine antibody (aPY) and
analyzed by SDS/PAGE. In the absence of insulin, minor
background proteins were detected in these cell lines (Fig.
L4, lanes a, c, and e). After insulin stimulation, the a and 83
subunits were detected at 135 and 95 kDa, respectively, in
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FIG. 1. Immunoprecipitation of [35S]methionine-labeled and 32P-labeled insulin receptor with aPY antibody. (A) CHO/neo cells (lanes a and
b), CHO/IR cells (lanes c and d), and CHO/IRFl146 cells (lanes e and f) were labeled with [35S]methionine for 24 hr and then incubated in the
absence (lanes a, c, and e) or presence (lanes b, d, and f) of 100 nM insulin for 1 min at 37°C. The cells were solubilized, immunoprecipitated
with aPY, and analyzed by reducing SDS/PAGE and autoradiography. The labeling was quantified by excising the a- and 3-subunit bands from
the gel and determining the [35S]methionine incorporation. No radioactivity above background was detected with the CHO/neo cells. Lane d,
a = 2543 cpm and 13 = 5178 cpm; lane f, a = 1431 cpm and 13 = 3250 cpm. (B) CHO/neo cells (lanes g and h), CHO/IR cells (lanes i and j),
and CHO/IRFl146 cells (lanes k and l) were labeled with [32P]phosphate for 2 hr and then incubated in the absence (lanes g, i, and k) or presence
(lanes h, j, and 1) of 100 nM insulin for 1 min at 37°C. The cells were then solubilized, immunoprecipitated with aPY, and analyzed by reducing
SDS/PAGE and autoradiography. The radiogram was purposely over exposed to allow detection of ppl85. The radioactivity found in the (
subunit at the 95-kDa region of each lane was measured by Cerenkov counting: lane g, 23 cpm; lane h, 174 cpm; lane i, 761 cpm; lane j, 5556
cpm; lane k, 115 cpm; lane 1, 978 cpm. Molecular size markers (in kDa) are shown at right.

Biochemistry: Wilden et al.
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CHO/IR and CHO/IRF146 cells (Fig. 1A, lanes b and d). The
radioactivity in the a subunit was 50% of that in the /3 subunit,
which is consistent with the 1:2 ratio of methionine residues
in a and /3 subunits, respectively (14).

Autophosphorylation of the Wild-Type IR and Mutant
IRF114 and the Phosphorylation of ppl85 in CHO Cells. In the
absence of insulin, tyrosine autophosphorylation of the ro-
dent insulin receptor in [32P]phosphate-labeled CHO/neo
cells was nearly undetectable by immunoprecipitation with
aPY; however, after a 1-min stimulation with insulin, auto-
phosphorylation of the f3 subunit increased 7.5-fold (Fig. 1B,
lanes g and h). Basal autophosphorylation of the /3 subunit
was increased in CHO/IR and CHO/IRFll46 cells, and insulin
stimulated autophosphorylation 7.3- and 8.5-fold, respec-
tively. During insulin stimulation, 83-subunit autophosphory-
lation was elevated more than 20-fold in CHO/IR cells when
compared to CHO/neo cells, which is consistent with the
increased number of normal human receptors in CHO/IR
cells. In contrast, insulin-stimulated phosphorylation of the
IRF1146 was decreased 80%, even though the CHO/IRF1146
cells expressed the same number of receptor molecules.
To estimate the stoichiometry of tyrosine autophosphory-

lation of the IR and IRF1146, immunoprecipitation of the /3
subunit by aPY from 32P-labeled cells and [35S]methionine-
labeled cells was compared. Immunoprecipitation of the
[35S]methionine-labeled IRF1146 from insulin-stimulated cells
decreased 46% relative to the wild-type IR (Fig. 1A, lanes d
and f), compared with the 80% decrease in 32Pi incorporation
(Fig. 1B, lanes j and 1). Therefore, the decrease in the 32Pi
incorporation into the IRF1146 was due partly to a decrease in
the level of autophosphorylation of each mutant receptor
molecule, rather than solely due to a decrease in the number
of receptors undergoing autophosphorylation.
An endogenous substrate of the insulin receptor, pp185,

was detected in [32P]phosphate-labeled CHO/IR cells after 1
min of insulin stimulation (Fig. 1B). The identity and function
of ppl85 are unknown, but it is found in nearly all cell types
immediately after insulin stimulation (2). The phosphoryla-
tion of pp185 was barely detected in CHO/neo and CHO/
IRF1146 cells, suggesting that Tyr-1146 is necessary for max-
imal phosphorylation of this cellular substrate.

Kinase Activity of the Partially Purified IR and Mutant
IRF1146. To assess autophosphorylation of IRF1146 in vitro,
equal concentrations of WGA-purified IR from CHO/IR and
CHO/IRF1146 cells were autophosphorylated for 5 min in the
absence or presence of 100 nM insulin (Fig. 2). Both the
wild-type IR (Fig. 2, lanes a and b) and mutant IRF1146 (Fig.
2, lanes c and d) showed a 3-fold stimulation in the presence
of 100 nM insulin; however, autophosphorylation of the
IRF1146 was reduced 70%. Thus, replacement of Tyr-1146
reduced the autophosphorylation cascade in the /3 subunit of
the IR both in vivo and in vitro.

Insulin stimulates the phosphotransferase activity of the
insulin receptor during in vitro assays with synthetic pep-
tides. Before insulin stimulation, both the IR and the IRF1146
catalyzed phosphorylation of the insulin receptor-related
peptide Thr-12-Lys (15). Although the basal activity of the
mutant receptor was slightly lower than that of the wild type,
the phosphorylation ofThr-12-Lys was stimulated 3- to 4-fold
when Thr-12-Lys and [_y-32P]ATP were added simultaneously
to the insulin-stimulated IR or IRF1146 (Fig. 3A). Under these
conditions, insulin stimulation, but not the ability of auto-
phosphorylation to further activate the receptor kinase, was
measured. With the wild-type IR, the phosphotransferase
activity was enhanced 12-fold by insulin-stimulated auto-
phosphorylation carried out by addition of [y-32P]ATP for 20
mn before addition of 1 mM Thr-12-Lys (Fig. 3A). In
contrast, insulin-stimulated autophosphorylation of the mu-
tant IRF1146 carried out for 1, 5, 10, or 20 min before addition
of Thr-12-Lys had no effect on the phosphorylation of the
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FIG. 2. In vitro autophosphorylation of IR and IRF1146. WGA-
purified IR (lanes a and b) and IRF1146 (lanes c and d) were adjusted
to equal insulin binding and were incubated for 30 min at 230C in
either the absence (lanes a and c) or presence (lanes b and d) of 100
nM insulin. The receptors were autophosphorylated and analyzed by
reducing SDS/PAGE and autoradiography. [32P]Phosphate incorpo-
rated into the /3 subunit was quantified by Cerenkov counting of the
excised ,8-subunit band: lane a, 504 cpm; lane b, 1146 cpm; lane c,
70 cpm; lane d, 151 cpm. Molecular size markers (in kDa) are shown
at right.

peptide (Fig. 3B). Thus, mutation of the insulin receptor by
the replacement of Tyr-1146 with phenylalanine separated
activation of the tyrosine kinase into two components: the
first is dependent on insulin binding and the second is
dependent on insulin-stimulated autophosphorylation.

Internalization of IRF1146. The insulin receptor is a mobile
tyrosine kinase that undergoes accelerated endocytosis dur-
ing insulin stimulation (16). The internalization of a single
cohort of bound insulin provides a measure of the initial
translocation rate of the occupied receptor (17). To quantitate
internalization, CHO/IR and CHO/IRFl146 cells were incu-
bated with 0.1 nM 125I-insulin at 4°C for 3 hr, after which the
unbound insulin was washed away and the cells were incu-
bated at 37°C. The CHO/IR cells internalized 35% of the
1251-insulin by 15 min, whereas the CHO/IRFl146 internalized
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FIG. 3. Activation of the wild-type and mutant insulin receptor
kinase by autophosphorylation. (A) Basal kinase activity was mea-
sured by the simultaneous addition of Thr-12-Lys peptide and
[y-32P]ATP at final concentrations of 1 mM and 50 tiM, respectively,
to the IR and IRF1146 for 5 min (No Insulin). Insulin-stimulated
activity was measured in the same way following a 30-min incubation
of the IR and IRF1146 with 100 nM insulin (Insulin). The effect of
autophosphorylation on kinase activity was measured by incubating
the insulin-stimulated IR and IRF1146 with [y-32P]ATP for 20 min
followed by 1 mM Thr-12-Lys for 5 min (Autophosphorylated). (B)
The IR and IRF1146 were stimulated with 100 nM insulin for 30 min,
incubated with 50 IAM [-y-32P]ATP for the designated time intervals,
followed by addition of 1 mM Thr-12-Lys for 5 min. IR and IRF1146
kinase activity toward Thr-12-Lys is expressed as relative stimula-
tion above the basal activity (No Insulin) shown in A.
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FIG. 4. Internalization of insulin into CHO cells expressing IR
and IRF1146. CHO/IR and CHO/IRF1146 cells were allowed to bind
0.1 nM 1251-insulin for 3 hr at 40C. Unbound insulin was washed off,
and the cells were incubated for various times at 370C. At each time
point, surface-bound external ligand was removed by washing the
cells at pH 3.5, and the cells were solubilized. The acid-resistant
radioactivity is defined as the amount of internalized insulin. Inter-
nalization is expressed as a percentage of initial binding.

about 5% of the 1251-insulin (Fig. 4). This loss of internaliza-
tion was similar to that observed with the kinase-deficient IR
in which the lysine residue in the ATP binding site was

substituted with other amino acids (data not shown). Thus,
replacement of Tyr-1146 with phenylalanine prevented the
normal interaction between the insulin-stimulated receptor
and the endocytotic machinery.

Biological Activity of the IRF1146. The insulin sensitivity of
CHO/IR and CHO/IRFl146 cells was compared to the sen-
sitivity of CHO/neo cells. Insulin stimulation of glycogen
synthase was used to measure the metabolic response, and
thymidine incorporation into DNA was used to measure

growth regulation. Insulin stimulated glycogen synthase with
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FIG. 5. Insulin stimulation of glycogen synthase and DNA syn-

thesis in CHO cells expressing IR and IRF1146. The glycogen synthase

activity (A) in transfected CHO cells was measured after 1 hr of
insulin stimulation, and the incorporation of thymidine into DNA (B)
was measured after 16 hr of insulin stimulation. The results are

expressed as the percent stimulation above basal. Glycogen synthase
activity and thymidine incorporation were measured in three inde-
pendent experiments with similar results each time; the error bars
represent the standard deviation when it is larger than the data
points. For glycogen synthase, the basal activity was 375 cpm (0.35
nmol of UDP-glucose mg-l'min-1), 481 cpm (0.44 nmol of UDP-
glucose mg-'-min'-), and 458 cpm (0.42 nmol of UDP-glucose'mg-'1
min-') for CHO/IR, CHO/IRFl146 and CHO/neo cells, respectively.
Each point represents an average of six determinations. For thymi-
dine incorporation, the basal incorporation was 1762 cpm, 2712 cpm,
and 2561 cpm for CHO/IR, CHO/IRFl146, and CHO/neo cells,
respectively. Each point represents an average of three determina-
tions.

an ED50 of =3 nM in CHO/neo cells (Fig. 5A). CHO/IR and
CHO/IRFl146 cells, expressing about 25 times more recep-
tors, were -100-fold more sensitive to insulin. Thus the
ability of the IRF146 to stimulate glycogen synthase was
identical to the wild-type IR and was correlated with the
increase in receptor number.
The effect of insulin on the incorporation of [3H]thymidine

into DNA of CHO/neo, CHO/IR, and CHO/IRFl146 cells
was assessed as a measure of growth response. Insulin
stimulated the incorporation of thymidine into CHO/neo
cells 3-fold over basal, with an ED50 between 3 and 10 mM
(Fig. 5B). The maximum responsiveness of CHO/IR cells to
insulin was 4-fold the basal incorporation, and the ED50 was
between 1 and 3 nM (Fig. 5B). However, the CHO/IRFl146
cells were less responsive to insulin than the CHO/neo cells,
and the ED50 was between 3 and 10 nM. These data suggest
that replacement of Tyr-1146 impaired the activation of the
mitogenic signal transduction pathway regulated by insulin.

DISCUSSION
The tyrosine kinase activity of the IR is critical for insulin
action. The kinase-deficient IR is biologically inactive (18,
19), and mutations that alter kinase activity cause some forms
of human diabetes (20, 21). However, the molecular connec-
tions between the IR and cellular enzymes regulating metab-
olism and growth are undefined.

Immediately after insulin binding, the 3 subunit of the IR
undergoes autophosphorylation on at least five tyrosine
residues in the ,8 subunit: Tyr-1146, Tyr-1150, and Tyr-1151
in the so-called regulatory region and Tyr-1316 and Tyr-1322
in the C terminus (6). Autophosphorylation of the regulatory
region causes conformational changes in the 3 subunit (22)
and activates the tyrosine kinase (6, 22-24). Transmission of
the insulin signal may occur by tyrosine phosphorylation of
cellular proteins by the activated insulin receptor (9). There-
fore, we predicted that replacement of Tyr-1146 with phen-
ylalanine would diminish autophosphorylation and phospho-
transferase activity of the IR and alter biological activity.
Indeed, with this mutant, insulin-stimulated DNA synthesis
and receptor endocytosis are reduced; however, we were
surprised to find that insulin stimulated glycogen synthase
normally through this mutant receptor. Thus, at least two
signal transduction pathways branching from the IR, one
leading to glycogen synthase activation and one leading to the
DNA synthesis, are implicated in the mechanism of insulin
action.
Our previous work demonstrated that insulin-stimulated

autophosphorylation occurs by an ordered reaction, which
begins in the regulatory region of the P subunit (6). aPY
inhibits this cascade by binding to Tyr(P)-1146 and either
Tyr(P)-1150 or Tyr(P)-1151 immediately after bisphosphor-
ylation (6). Autophosphorylation of Tyr-1150 and Tyr-1151
appears to be random in the presence ofaPY, suggesting that
Tyr-1146 is the first autophosphorylation site in the IR 8
subunit (6). Replacement of Tyr-1146 with phenylalanine
reduced insulin-stimulated autophosphorylation 70-80%,
supporting the theory that Tyr-1146 plays an important role
in the autophosphorylation cascade. Although autophosphor-
ylation is reduced 80% in the CHO/IRFl146 cells, more than
50% of the [35S]methionine-labeled IRF146 molecules are
immunoprecipitated with the aPY from insulin-stimulated
cells. This discordant result may be due to a decrease in
serine and threonine phosphorylation of the IRF146; how-
ever, the important point is that most of the mutant receptors
are still phosphorylated on at least one tyrosine residue that
can be recognized by aPY. The location of the remaining
phosphorylation site(s) is unknown. The fact that insulin
stimulates autophosphorylation indicates that normal com-
munication exists between the a and mutant / subunits.

Biochemistry: Wilden et al.
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Insulin binding partially activates the phosphotransferase
in the mutant IRF1146; however, the absence of the full
autophosphorylation cascade apparently prevents further
activation that ordinarily occurs during autophosphorylation
(6, 23). Partial activation is apparently insufficient to stimu-
late the phosphorylation of ppl85, an endogenous substrate
of the IR. Insulin binding to the IRF146 stimulates glycogen
synthase normally in CHO cells, whereas it has no effect on
thymidine incorporation. Thus, phosphorylation of pp185 is
not required to activate glycogen synthase, but it may be
needed for DNA synthesis.

Internalization ofthe IRF146 is significantly reduced during
insulin stimulation even though the (3 subunit undergoes
autophosphorylation on at least one tyrosine residue and the
IRF1146 shows some insulin-stimulated phosphotransferase
activity. Internalization is thought to require autophosphor-
ylation, as endocytosis of the kinase-deficient receptor is not
stimulated by insulin (19, 25). However, Backer et al. (26)
demonstrated that the IR in Fao hepatoma cells internalizes
normally when autophosphorylation is reduced 90% by low-
ering the cellular concentration ofATP 90% with dinitrophe-
nol. Thus, insulin-stimulated receptor internalization re-
quires a signal that is blocked in both the kinase-deficient IR
and the IRF146 but not by reduced autophosphorylation ofthe
wild-type receptor.
The function of the IRF146 contrasts with the function of

the mutant IR molecules that contain phenylalanine substi-
tutions at the adjacent vicinal tyrosine residues 1150 and
1151. The IRF115o and the double mutant IRF1L50,F1151 show
3-fold elevated basal autophosphorylation during in vitro
assays and little if any insulin stimulation (27). In contrast,
basal autophosphorylation of the IRF146 in our experiments
is inhibited 6-fold, and autophosphorylation is stimulated
4-fold. These differences may reflect the different role(s) that
these residues play in the autophosphorylation cascade. The
IRF1L50 does not stimulate 2-deoxyglucose uptake into CHO
cells. Moreover, the mutant IRF115oF1151 does not support
insulin stimulation of either 2-deoxyglucose uptake or gly-
cogen synthase, whereas it stimulates normally thymidine
incorporation (28). Thus the role of Tyr-1150 and Tyr-1151 in
insulin signal transmission is strikingly different from the role
of Tyr-1146.

In conclusion, mutation of the IR by replacement of
Tyr-1146 with phenylalanine has induced a series of changes
in the behavior of the insulin receptor. The IRF146 retains a
low level of insulin-stimulated tyrosyl kinase activity but
lacks the ability to undergo full activation ordinarily attrib-
uted to autophosphorylation and the ability to catalyze phos-
phorylation of ppl85. This absence of full activation and
substrate phosphorylation correlates with the loss of insulin-
stimulated internalization and stimulation of thymidine in-
corporation but not with the stimulation of glycogen syn-
thase. These data suggest that several signal transduction
pathways branch directly from the insulin receptor to regu-
late these and other biological responses. Mutation in the (8
subunit of the insulin receptor appears to alter selectively the
interaction of the IR with these pathways.
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