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While most receptor tyrosine kinases signal by recruiting SH2 proteins directly to phosphorylation sites on
their plasma membrane receptor, the insulin receptor phosphorylates intermediary IRS proteins that are
distributed between the cytoplasm and a state of loose association with intracellular membranes. To determine
the importance of this distribution to IRS-1-mediated signaling, we constructed a prenylated, constitutively
membrane-bound IRS-1 by adding the COOH-terminal 9 amino acids from p21™, including the CAAX motif,
to IRS-1 (IRS-CAAX) and analyzed its function in 32D cells expressing the insulin receptor. IRS-CAAX
migrated more slowly on sodium dodecyl sulfate-polyacrylamide gel electrophoresis than did IRS-1 and
demonstrated increased levels of serine/threonine phosphorylation. Insulin-stimulated tyrosyl phosphorylation
of IRS-CAAX was slightly decreased, while IRS-CAAX-mediated phosphatidylinositol 3'-kinase (PI3’-kinase)
binding and activation were decreased by approximately 75% compared to those for wild-type IRS-1. Similarly,
expression of IRS-CAAX desensitized insulin-stimulated [*H]thymidine incorporation into DNA by about an
order of magnitude compared to IRS-1. By contrast, IRS-CAAX-expressing cells demonstrated increased
signaling by mitogen-activated protein kinase, Akt, and p705° kinase in response to insulin. Hence, tight
association with the membrane increased IRS-1 serine phosphorylation and reduced coupling between the
insulin receptor, PI3'-kinase, and proliferative signaling while enhancing other signaling pathways. Thus, the
correct distribution of IRS-1 between the cytoplasm and membrane compartments is critical to the normal

balance in the network of insulin signaling.

Many growth factors regulate cellular processes through ac-
tivation of tyrosine kinases (11, 55, 58). Ligand binding to the
extracellular region of the receptor results in activation of the
intracellular tyrosine kinase domain of the receptor and recep-
tor autophosphorylation (35). In most cases, tyrosyl autophos-
phorylation of the intracellular portion of the receptor directly
recruits binding of downstream signaling partners through spe-
cialized phosphotyrosine-binding domains, e.g., SH2 domains
in signaling proteins (26). The receptor thus nucleates a sig-
naling complex containing numerous SH2 domain-containing
signaling proteins (SH2 proteins) on the plasma membrane.

The insulin receptor, like most growth factor receptors, con-
tains intrinsic tyrosine kinase activity and undergoes tyrosine
autophosphorylation during ligand stimulation (35). However,
unlike most other growth factor receptors, the insulin receptor
does not directly recruit SH2 proteins. Instead, the insulin
receptor phosphorylates intracellular substrate proteins (such
as the IRS proteins, IRS-1, IRS-2, IRS-3, and IRS-4) on mul-
tiple tyrosine residues, and these IRS proteins in turn recruit
SH2 proteins such as phosphatidylinositol 3'-kinase (PI3’-ki-
nase), GRB-2/mSos, and SHP-2 into a signaling complex (35).
Previous studies have shown that the IRS proteins are impor-
tant mediators of the numerous downstream effects of insulin,
including the activation of Akt and p705°® kinase and the stim-
ulation of glucose uptake.

Although IRS proteins are critical mediators of insulin-de-
pendent signals, they are not integral membrane proteins like
the growth factor receptor tyrosine kinases; rather, they are
present in the cytoplasm and are associated with intracellular
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membranes (20, 50, 51). Thus, IRS-protein signaling com-
plexes probably equilibrate between intracellular membrane-
bound and cytoplasmic states, in contrast to the plasma mem-
brane-bound signaling complexes generated by most growth
factor receptors.

To determine the effect and importance of IRS protein lo-
calization in insulin signaling, we have studied the effect of
membrane association on signaling by IRS-1. To do this, we
have fused the prenylation motif of p21™* to the COOH ter-
minus of IRS-1 to generate a membrane-associated form of the
IRS-1 molecule (IRS-CAAX). While insulin-stimulated ty-
rosine phosphorylation of IRS-CAAX was slightly decreased
compared to that of wild-type IRS-1, recruitment and activa-
tion of PI3’-kinase and proliferative signaling were dramati-
cally impaired. By contrast, IRS-CAAX mediated the insulin-
stimulated activation of the mitogen-activated protein (MAP),
p705°, and Akt kinases more strongly than did wild-type IRS-1.
Thus, the state of membrane association of IRS-1 is critical for
the proper balance in insulin signal transduction.

MATERIALS AND METHODS

Antibodies and growth factors. Insulin was purchased from Eli Lilly (India-
napolis, Ind.). Polyclonal anti-IRS-1 (prepared against intact rat IRS-1), anti-IR
(prepared against the 100 COOH-terminal amino acids of the human insulin
receptor expressed as a glutathione S-transferase fusion protein), anti-p85 (pre-
pared against 12 amino acids from the BCR region of the regulatory subunit of
PI3'-kinase), and anti-p70° kinase (prepared against synthetic peptides corre-
sponding to the COOH-terminal 15 amino acids of p70%° kinase) were used. All
other antibodies were prepared as previously described (36). Monoclonal an-
tiphosphotyrosine antibody (4G10) and antiserum directed against the B-subunit
of the murine interleukin-3 (IL-3) receptor (anti-mIL-3R) were purchased from
Upstate Biotechnology Inc. (Lake Placid, N.Y.). Polyclonal anti-phospho-Akt
(Ser 473) [anti-Akt(P)] and monoclonal anti-phospho-MAP kinase [anti-
MAPK(P)] antibodies were purchased from New England Biolabs (Beverly,
Mass.). Affinity-purified polyclonal antiphosphoserine/antiphosphothreonine an-
tibodies were from Zymed. Rabbit anti-TRAP antiserum was a generous gift of
K. Verhey and T. Rapoport (Harvard Medical School, Boston, Mass.).
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Growth of cell lines. 32D cell lines were grown and maintained in RPMI 1640
medium containing 10% fetal bovine serum and 5% WEHI-3 conditioned me-
dium (as a source of IL-3) (57). Cell lines expressing the human insulin receptor
(32D™) or the insulin receptor and IRS-1 (32D'™®/IRS-1) have been described
previously (57). Cells expressing IRS-1 isoforms were selected and maintained in
the presence of 5 mM histidinol (Sigma).

Construction of IRS-CAAX. The IRS-CAAX construct was made by adding
the coding sequence for the prenylation motif-containing nine COOH-terminal
amino acids (CMSCKCVLS) of p21"* (7, 62) to the 3’ end of the human IRS-1
cDNA. Priming oligonucleotides containing a 5" exact match of IRS-1 at bp 4746
(amino acid 1242) and a 3' IRS-1 sequence fused to the p21"* sequence were
used for PCR. The PCR product was cut with SacI and Sall and subcloned into
pCMVhis containing the human IRS-1 ¢cDNA to yield pCMVhis IRS-CAAX.
Restriction analysis and DNA sequencing confirmed the correctness of the con-
struct. CsCl-purified pCMVhis IRS-CAAX DNA was introduced into 32D'R
cells by electroporation, and transformants were selected and maintained in 5
mM histidinol (Sigma) (34). Cells expressing similar amounts of IR and IRS-1
isoforms were selected by analyzing lysates from equivalent number of cells by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting with anti-IRS-1 and anti-IR.

Immunoprecipitation. 32D'™® cell lines were collected by low-speed centrifu-
gation and made quiescent by incubation in unsupplemented Dulbecco’s minimal
essential medium for 4 h at 37°C. The cells were then stimulated with various
concentrations of insulin for the indicated times before being diluted threefold in
ice-cold phosphate-buffered saline, collected by centrifugation, and lysed in ice-
cold lysis buffer containing 20 mM Tris-HCI (pH 7.5), 137 mM NaCl, 1 mM
MgCl,, 1 mM CaCl,, 1% Nonidet P-40, 10% glycerol, 10 pg of aprotinin per ml,
10 pg of leupeptin per ml, 2 mM sodium orthovanadate, and 1 mM phenylmeth-
ylsulfonyl fluoride. Insoluble material was removed by centrifugation, and su-
pernatants were incubated with antibody overnight at 4°C before being collected
with protein A-Sepharose 6 MB (Pharmacia) for 1 h at 4°C. Unless otherwise
noted, immunoprecipitates were washed three times in lysis buffer.

Immunoblotting. Cell lysates or immunoprecipitates (prepared as described
above) were denatured by boiling in Laemmli sample buffer (LSB) containing
100 mM dithiothreitol and resolved by SDS-PAGE. The gels were transferred to
nitrocellulose membranes, blocked, and probed as previously described (34).
Blots were incubated with Renaissance chemiluminescence reagents (NEN) and
exposed to Kodak X-AR film or, for '2°I-protein A-probed materials, dried and
exposed to Kodak X-AR film or detected and quantified on a Molecular Dy-
namics PhosphorImager.

Membrane association of IRS-1 isoforms. 32D'® cell lines were collected by
low-speed centrifugation, washed twice with ice-cold phosphate-buffered saline,
and homogenized with 26 strokes of a 1-ml Teflon-glass homogenizer in HES
buffer (10 mM HEPES [pH 7.4], 1 mM EDTA, 255 mM sucrose) containing 1
mM phenylmethylsulfonyl fluoride, 1.0 pg of leupeptin per ml, and 0.1 pg of
aprotinin per ml (20). After the nuclei were removed by low-speed centrifuga-
tion, the supernatant was centrifuged at 55,000 rpm for 1 h in a Ti 70.1 rotor. This
supernatant (cytosol fraction) was reserved for analysis by SDS-PAGE. The
pellet (membrane fraction) was resuspended in HES buffer; half was reserved,
and the remainder was adjusted to 0.5 M NaCl and recentrifuged at 55,000 rpm
for 1 h. The final salt-washed membrane pellet and salt wash were reserved.
Fractions were assayed for protein content, and equivalent amounts of protein
from each fraction were denatured in LSB and resolved by SDS-PAGE for
transfer to nitrocellulose and immunoblotting.

Preparation of subcellular fractions. Cells were collected and homogenized as
above for membrane association experiments, and nuclei were removed by low-
speed centrifugation. The homogenized cells were then subjected to subcellular
fractionation to isolate plasma membranes, intracellular microsomal membranes
(high-density microsomes [HDM] and low-density microsomes [LDM]), and
cytosol as described previously (20, 56). Briefly, homogenates were prepared in
HES buffer as described above and subjected to an initial low-speed centrifuga-
tion at 16,000 X g in an SS34 rotor. The pellet from this step was resuspended in
HES buffer and layered on a sucrose gradient cushion to isolate plasma mem-
branes. The original low-speed supernatant containing the intracellular micro-
somal membranes was centrifuged at 48,000 X g for 35 min to pellet the highest-
density microsomes (HDM), and the resultant supernatant was recentrifuged at
200,000 X g for 1 h to separate the cytoplasm and lower-density microsomes
(LDM). After normalizing for protein content, the fractions were denatured in
LSB and subjected to SDS-PAGE for immunoblotting.

PI3'-kinase activity. 32D'® cell lines were grown, stimulated, lysed, and im-
munoprecipitated as described above (45). Immune complexes were washed
successively in phosphate-buffered saline containing 1% Nonidet P-40 and 2 mM
Na3;VO, (three times), 100 mM Tris-HCI (pH 7.5) containing 500 mM LiCl and
2 mM Na;VO, (three times), and 10 mM Tris-HCI (pH 7.5) containing 100 mM
NaCl, 1 mM EDTA, and 2 mM Na;VO, (twice). The pellets were resuspended
in 50 pl of 10 mM Tris-HCI (pH 7.5) containing 100 mM NaCl and 1 mM EDTA
and combined with 10 wl of 100 mM MgCl, and 10 pl of 2-mg/ml PI (Avanti) in
10 mM Tris-HCI (pH 7.5) containing 1 mM EGTA. The phosphorylation reac-
tion was started by the addition of 10 pl of 440 uM ATP containing 30 wCi of
[y->?P]ATP. After 10 min at 22°C, the reaction was stopped with 20 wl of 8§ N HCI
and 160 pl of CHCl3-methanol (1:1). The samples were centrifuged, and the
lower (organic) phase was removed and applied to a silica gel thin-layer chro-
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matography plate (VWR). The thin-layer chromatography plates were developed
in CHCl;-CH;0H-H,0-NH,OH (60:47:11.3:2), dried, and visualized and quan-
titated on a Molecular Dynamics PhosphorImager.

Incorporation of [*H]thymidine into DNA in 32D'® cell lines. Insulin-stimu-
lated thymidine incorporation was assayed as previously described (34, 57).
Briefly, cells in log-phase growth were washed and seeded in 24-well dishes at
2 X 10° cells/ml of RPMI 1640 medium with 10% fetal bovine serum alone or
containing various concentrations of insulin or WEHI-3 conditioned medium.
The cells were incubated for 48 h at 37°C. [*H]thymidine (NEN) was added to a
final concentration of 0.5 wCi/ml, and incubation was continued for 2 h. Cells
were collected onto glass microfiber filters and lysed, and unincorporated nucle-
otides were removed by repeated washing with water. The filters were dried, and
incorporated nucleotide was quantified by radiation scintigraphy.

RESULTS

Construction and expression of IRS-CAAX. Many signaling
molecules require membrane localization for the effective
transmission of downstream signals (41, 58). On the other
hand, substrates of the insulin receptor are generally consid-
ered cytoplasmic, although they show some weak membrane
association. To determine the importance of subcellular local-
ization of IRS-1 in insulin signaling, we generated a tightly
membrane-bound IRS-1 mutant by adding the COOH-termi-
nal prenylation motif (CMSCKCVLS) of p21* (7, 62) to the
COOH terminus of IRS-1 to create a chimeric molecule that
we termed IRS-CAAX (Fig. 1A). To assess signaling by IRS-
CAAX, we expressed IRS-CAAX in 32D™® cells exogenously
expressing the human insulin receptor (32D™/IRS-CAAX)
(Fig. 1B). 32D cells express no IRS proteins, facilitating the
analysis of mutant IRS proteins in these cells (57). Analysis of
lysates from 32D, 32D™/IRS-1, and 32D"™/IRS-CAAX cells
by immunoblotting with anti-IRS-1 and subsequent quantifi-
cation on a PhosphorImager confirmed that IRS-1 and IRS-
CAAX were expressed at similar levels in the 32D™® cells.
IRS-1 migrated at its expected molecular mass of 175 to 185
kDa, whereas IRS-CAAX migrated as a broad doublet with a
higher apparent molecular mass than the wild-type IRS-1.

Membrane association of IRS-1 and IRS-CAAX. To assess
the membrane association of IRS-1 and IRS-CAAX, 32D'R
cell lines were homogenized in hypotonic solution and the
resultant lysates were separated into membrane-bound and
cytoplasmic fractions by ultracentrifugation (20). The mem-
brane fractions were then washed with 0.5 M NaCl to remove
nonintegral proteins and re-collected. After normalization for
protein content, the various fractions were denatured and re-
solved by SDS-PAGE for immunoblotting with anti-IRS-1 and
anti-IR (Fig. 2A). Wild-type IRS-1 was distributed between the
cytoplasmic and membrane fractions during the initial frac-
tionation. While the cytoplasmic concentration of IRS-1 ap-
pears relatively low compared to the membrane concentration
in immunoblots with equal amounts of protein, in the intact
cell the amount of cytoplasmic protein is 20- to 50-fold that of
membrane-associated proteins, so that more IRS-1 is cytoplas-
mic than membrane associated. IRS-CAAX also associated
with the membrane during the initial fractionation, and no
IRS-CAAX was detected in the cytoplasm. Following high-salt
washing, the wild-type IRS-1 was removed from the mem-
branes whereas IRS-CAAX remained membrane bound, sim-
ilar to integral membrane proteins such as the insulin receptor
(compare lanes MW in Fig. 2A, top and bottom). Since high-
salt washing removes many membrane-associated proteins,
proteins that are tightly associated with the membrane are
relatively concentrated per unit of protein remaining in the
washed membrane; hence, the amounts of the insulin receptor
and IRS-CAAX detected increased slightly in the washed
membranes compared to the prewashed membranes. These
data suggested that wild-type IRS-1 was initially distributed
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FIG. 1. Construction and expression of IRS-CAAX in 32D/IR cells. (A) Schematic diagram of IRS-1 and IRS-CAAX. Shown are linear diagrams of IRS-1 and
IRS-CAAX, including the NH,-terminal PH and PTB domains and the multiple tyrosine (Y) phosphorylation sites in the COOH terminus. IRS-CAAX was generated
by the addition of the nine COOH-terminal amino acids of p21"** to the COOH terminus of IRS-1. This p21"**-derived sequence (CMSCKCVLS) contains a prenylation
motif that should direct the addition of a lipid moiety to the COOH terminus of human IRS-1 (zigzag line). (B) Expression of IRS-1 isoforms in 32D'® cell lines. Lysates
of 32D'R cells were resolved by SDS-PAGE (7.5% polyacrylamide), transferred to nitrocellulose, and immunoblotted with anti-IRS-1. IRS-CAAX migrated as a broad
band with a higher apparent molecular weight than that of wild-type IRS-1. The arrow on the right of the panel indicates the migration of IRS-1 isoforms.

between the cytoplasm and a loose association with the mem-
brane whereas IRS-CAAX was appropriately prenylated and
was consequently tightly and almost entirely membrane bound.

Subcellular distribution of IRS-1 and IRS-CAAX. To deter-
mine the specific membrane compartment(s) to which IRS-1
and IRS-CAAX are targeted, homogenized cells were sub-
jected to repeated ultracentrifugation to separate plasma
membranes, internal microsomal membranes LDM and HDM,
and cytosol (Fig. 2B) (20). To confirm the proper separation of
membranes, we used the 130-kDa IL-3RB as a marker of the
plasma membranes and TRAP« as a marker for internal mem-
branes (Fig. 2B). The insulin receptor was distributed between
the plasma membrane and HDM fractions, while both IRS-1
and IRS-CAAX partitioned primarily to the HDM fraction.
This result is similar to the distribution of endogenous mem-
brane-associated IRS-1 in 3T3-L1 adipocytes and rat adipo-
cytes (20). While it is clear from Fig. 2A that a significant
fraction of wild-type IRS-1 resides in the cytoplasm, this cyto-
plasmic IRS-1 is poorly detected in Fig. 2B, since the dilution
of the cytoplasmic fraction resulted in the loading of a very
small fraction of the cytoplasmic protein (chart, Fig. 2B). Thus,
both wild-type IRS-1 and lipid-modified IRS-CAAX parti-
tioned primarily to HDM in 32D™ cells, although from the
data in Fig. 2A, the association of IRS-CAAX with this mem-
brane fraction is permanent while for wild-type IRS-1 the
association is weaker and incomplete.

Increased serine/threonine phosphorylation of IRS-CAAX.
The retarded migration of IRS-CAAX compared to IRS-1 on
SDS-PAGE suggested that IRS-CAAX might be more highly
serine phosphorylated than the wild-type protein is, since
serine/threonine phosphorylation of IRS-1 is known to de-
crease the mobility of the molecule on SDS-PAGE (40). To
determine whether this was the case, we immunoprecipitated

IRS-1 and IRS-CAAX from control, tetradecanoyl phorbol
acetate (TPA)-treated, or insulin-treated 32D™ cell lines and
immunoblotted the collected proteins with anti-IRS-1 and an-
tiphosphoserine/antiphosphothreonine antibody (Fig. 3). By
anti-IRS-1 analysis, similar amounts of IRS-1 and IRS-CAAX
were recovered from the immunoprecipitates, but antiphos-
phoserine/antiphosphothreonine antibodies failed to detect
phosphorylation on wild-type IRS-1, while IRS-CAAX was
heavily serine/threonine phosphorylated in the basal state; this
serine/threonine phosphorylation of IRS-CAAX increased
with TPA treatment. Antibodies directed against phospho-
serine/phosphothreonine in general (as opposed to those di-
rected against phosphorylation sites within the context of spe-
cific amino acid sequences) are unfortunately notoriously
weak. Thus, very high levels of serine/threonine phosphoryla-
tion are required to generate a detectable signal. Conse-
quently, Ser/Thr phosphorylation of IRS-1 is not observed.
Consistent with the hypothesis that the retarded migration of
IRS-CAAX results from increased serine/threonine phosphor-
ylation of IRS-CAAX, the portion of IRS-CAAX detected by
antiphosphoserine/antiphosphothreonine antibodies was the
most slowly migrating. Furthermore, TPA treatment resulted
in decreased migration of IRS-CAAX and more intense reac-
tivity of the antiphosphoserine/antiphosphothreonine antibody
with the highly retarded portion of IRS-CAAX. Thus, the
tethering of IRS-CAAX to the membrane resulted in in-
creased serine/threonine phosphorylation of IRS-CAAX, per-
haps due to its increased availability as a substrate for mem-
brane-bound serine/threonine kinases.

Insulin-stimulated tyrosine phosphorylation of IRS-1 and
IRS-CAAX. To determine whether lipid modification of IRS-
CAAX affected IRS-1-mediated signaling, we assessed its abil-
ity to serve as a substrate for the insulin receptor and mediate
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FIG. 2. Membrane association and subcellular distribution of IRS-1 iso-
forms. (A) Membrane association of IRS-1 isoforms. Quiescent 32D'™® cell lines
were lysed by homogenization in hypotonic buffer; membranes (M) and cytosol
(C) were separated by centrifugation. The membranes were then washed with
buffer containing 0.5 M NaCl and re-collected by centrifugation (MW). The
different fractions were normalized for protein content, resolved by SDS-PAGE,
and immunoblotted with anti-IR (aIR) and anti-IRS-1 (aIRS-1) as indicated.
Arrows on the right of the panel indicate the migration of IR and IRS-1 isoforms.
(B) Subcellular distribution of IRS-1 isoforms. 32D'R cells were harvested, ho-
mogenized in HES buffer, and separated into internal microsomal membranes
(HDM [H], LDM [L], plasma membrane [P], and cytoplasmic [C] fractions) as
described in Materials and Methods. Equal amounts of protein from each frac-
tion (summarized in the chart at the bottom) were then resolved by SDS-PAGE
and analyzed by immunoblotting with anti-aIRS-1, anti-IR, anti-IL-3R (a plasma
membrane marker), or anti-TRAP (an LDM marker).
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a number of downstream signals. To assess tyrosine phosphor-
ylation of IRS-1 and IRS-CAAX, lysates of 32D'® cell lines
that had been stimulated with various concentrations of insulin
were resolved by SDS-PAGE and analyzed by immunoblotting

32D/IR 32D/IR 32D/IR IP:
- IRS-1 CAAX -
T "o 1 0" - 1 1 9RSA
IB:
alRS-1
IB:
aoSer/Thr(P)

FIG. 3. Serine/threonine phosphorylation of IRS-1 and IRS-CAAX. 32D'®
cell lines matched for IR and IRS isoform expression were starved for 4 h and
then incubated for 5 min in the presence or absence of TPA (1 pg/ml) or 100 nM
insulin. The cells were lysed, and lysates were immunoprecipitated (IP) with
anti-IRS-1. Immunoprecipitated proteins were resolved by SDS-PAGE, trans-
ferred to nitrocellulose, and immunoblotted with anti-IRS-1 (top panel) or
antiphosphoserine/antiphosphothreonine (bottom panel). The results shown are
typical of multiple independent experiments. Molecular weights are given on the
left in thousands.

with antiphosphotyrosine antibody (Fig. 4, top panel). The
immunoblots demonstrated similar amounts of tyrosine-phos-
phorylated insulin receptor and Shc in the various cell lines
(34), while tyrosine phosphorylation of IRS-CAAX was de-
creased compared to that of wild-type IRS-1. Even the degra-
dation products of wild-type IRS-1, which migrated between
intact IRS-1 and the B-subunit of the insulin receptor, ap-
peared to be more highly tyrosine phosphorylated than were
the degradation products of IRS-CAAX. The tyrosine-phos-
phorylated IRS-1 and IRS-CAAX were quantitated using a
PhosphorImager, and the data were normalized to expression
levels from anti-IRS-1 immunoblots (Fig. 4, bottom panel). In
multiple experiments, the insulin-stimulated tyrosine phos-
phorylation of IRS-CAAX was reduced by 10 to 25% com-
pared to wild-type IRS-1 at all insulin concentrations; this
difference was only statistically significant at 100 nM insulin.
When assayed in anti-IRS-1 immunoprecipitates, there was no
significant difference in tyrosine phosphorylation between
IRS-1 and IRS-CAAX when normalized for the level of pro-
tein expression (Fig. 5); this probably reflects the small differ-
ence in tyrosine phosphorylation between IRS-1 and IRS-
CAAX but may also reflect some slight immunoprecipitation
difference by the anti-IRS-1. Since serine phosphorylation of
IRS-1 has been shown to inhibit insulin receptor-mediated
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FIG. 4. Tyrosine phosphorylation of IRS-1 and IRS-CAAX. (Top) 32D'® cell lines matched for IR and IRS isoform expression were starved for 4 h and then
incubated for 5 min in the presence of 0 to 100 nM insulin. Lysates were resolved by SDS-PAGE, transferred to nitrocellulose, and analyzed for tyrosine phosphorylation
by immunoblotting with antiphosphotyrosine antibody («PY). (Bottom) Quantitation of the tyrosine phosphorylation dose-response experiment. Data have been
normalized for amount of IRS-1 expressed in each cell line. Data are expressed as means * standard errors of the mean from four experiments.

tyrosine phosphorylation of IRS-1 (9, 37, 39, 52, 54), the slight Insulin-stimulated recruitment and activation of PI3’-ki-
decrease in tyrosine phosphorylation of IRS-CAAX compared nase by IRS-1 and IRS-CAAX. We next examined the ability of
to IRS-1 may be secondary to the increased serine/threonine IRS-1 and IRS-CAAX to bind PI3'-kinase, an early down-
phosphorylation of IRS-CAAX. stream IRS-1-dependent signaling event. Quiescent 32D'® cell
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g
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FIG. 5. Binding of p85 by IRS-1 and IRS-CAAX. 32D'® cell lines matched for IR and IRS isoform expression were starved for 4 h and incubated for 5 min in the
absence (—) or presence (+) of insulin before being lysed. Lysates were clarified, normalized for protein content, immunoprecipitated (IP) with anti-IRS-1, and resolved
by SDS-PAGE for immunoblotting with anti-IRS-1 (top panel), antiphosphotyrosine («PY) (middle panel), or anti-p85 (bottom panel). The amount and tyrosine
phosphorylation of IRS proteins and the amount of associated p85 were quantified on a PhosphorImager. Differences between amounts of tyrosine phosphorylation
of IRS-1 and IRS-CAAX were not statistically significant when normalized for protein mass (results not shown). The relative amounts of p85 bound per amount of
IRS-protein are plotted in the graph on the right; these data are representative of two separate experiments such as the one shown in the left panels, and the error
bar indicates standard error of the mean.
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FIG. 6. Binding and activation of PI3'-kinase by IRS-1 and IRS-CAAX. 32D'R cell lines matched for IR and IRS isoform expression were starved for 4 h and
incubated for 5 min in the presence of various concentrations of insulin before being lysed. Lysates were clarified, normalized for protein content, and immunopre-
cipitated with anti-IRS-1 (left panel) or anti-p85 (right panel). Immunoprecipitates were collected on protein A-Sepharose and subjected to in vitro PI3’-kinase assays.
The lipid product was resolved by thin-layer chromatography and quantified on a PhosphorImager. All assay points were performed in duplicate, and the average is

plotted. These results are representative of at least two similar assays.

lines were stimulated with various concentrations of insulin for
5 min, lysed, and immunoprecipitated with anti-IRS-1. Immu-
noprecipitated proteins were assayed for associated PI3'-ki-
nase activity in an in vitro assay. As previously shown (33),
there was no PI3’-kinase activity associated with IRS-1 in cells
not exogenously expressing IRS-1 (Fig. 6, left panel). In cells
expressing wild-type IRS-1, there was a sensitive and robust
stimulation of IRS-1-associated PI3’-kinase activity. By com-
parison, the amount of PI3’-kinase activity that associated with
IRS-CAAX was reduced at all insulin concentrations. At max-
imal insulin concentrations, IRS-CAAX-associated PI3’-ki-
nase activity was only about 20% of that associated with wild-
type IRS-1. Similar results were observed when PI3’-kinase
activation was assayed in anti-p85 immunoprecipitates from
the 32D™ cell lines following incubation with insulin (Fig. 6,
right panel).

To determine whether the observed difference in PI3'-ki-
nase activity reflected altered association with p85 or some
difference in the activation of the enzyme, we quantified p85,
IRS-1, and IRS-CAAX in immunoprecipitates from insulin-
stimulated cells (Fig. 5). As in previous figures, insulin stimu-
lation increased the amount of IRS-1 and IRS-CAAX recov-
ered in the immunoprecipitates, suggesting that IRS proteins
may form multimolecular complexes during insulin stimula-
tion. Again, no IRS-1 or associated p85 was recovered from
32D cells not ectopically expressing IRS-1 or IRS-CAAX.
While the differences in tyrosine phosphorylation of IRS-1 and
IRS-CAAX were not statistically significant when normalized
for recovered protein, the amount of p85 recovered (also nor-
malized for IRS protein content) was reduced approximately
85% in IRS-CAAX complexes compared to IRS-1 immune
complexes. Thus, while tyrosine phosphorylation of IRS-
CAAX was decreased only slightly, the association of the p85
subunit of PI3'-kinase with IRS-CAAX was severely impaired.
This may indicate that increased serine/threonine phosphory-
lation of IRS-1 may act to block PI3’-kinase binding more
strongly than it alters tyrosine phosphorylation (19, 31).

Activation of p705® kinase and Akt by IRS-1 and IRS-CAAX.
The activation of PI3’-kinase by insulin is an upstream step in
stimulation of several serine/threonine kinases, including the
proto-oncogene product Akt (also known as protein kinase B)
(2, 3, 12, 14), and p70%° kinase (5, 6, 35). Activation of these
kinases by insulin in the 32D cells requires exogenous expres-

sion of PI3’-kinase-binding IRS proteins (33, 34, 61). To de-
termine whether signaling to these kinases by IRS-CAAX was
impaired in a manner similar to impaired PI3’-kinase signaling,
we assessed the ability of IRS-1 and IRS-CAAX to mediate
insulin-stimulated activation of these kinases in the 32D'® cell
lines (Fig. 7).

Activation of p70%© kinase is mediated by multisite serine/
threonine phosphorylation (16), and this may be monitored by
assaying retardation in the mobility of p705® kinase during
SDS-PAGE analysis. As previously reported (33), expression
of the insulin receptor in the absence of IRS proteins was
insufficient to mediate the retardation of p70%° kinase on SDS-
PAGE in response to insulin in the 32D'™® cells (Fig. 7A). In
contrast, both IRS-1 and IRS-CAAX mediated the insulin-
stimulated retardation of p705® kinase.

To assess the activation of Akt, lysates from insulin-stimu-
lated 32D™ cell lines were immunoblotted with antiserum
specific for the phosphorylated form of Akt [anti-Akt(P)] (Fig.
7B, top panel) and exposed to a PhosphorImager for quanti-
tation (graph). In contrast to the effects on PI3’-kinase activa-
tion, IRS-CAAX activated Akt phosphorylation more sensi-
tively and at a level about four times higher than wild-type
IRS-1 did. Thus, although a poor binder and activator of PI3'-
kinase, IRS-CAAX activated two PI3’-kinase-requiring events
(phosphorylation of p705® kinase and Akt) as well as or better
than wild-type IRS-1 did.

Activation of MAP kinase by insulin in 32D'™® cell lines.
Unlike Akt and p705° kinase, activation of MAP kinases by
insulin requires neither PI3’-kinase nor IRS proteins in the
32D cells. Indeed, in 32D™® cells, the insulin receptor is able
to phosphorylate the alternate substrate Shc in the absence of
IRS proteins, and this serves to activate the GRB-2/mSOS —
p21"** — MAP kinase pathway (33). IRS-1 also recruits GRB-
2/mSOS and increases the activation of the MAP kinase path-
way beyond what is seen with the insulin receptor — Shc
pathway alone. To determine the effect of lipid modification of
IRS-1 on the IRS-mediated enhancement of MAP kinase ac-
tivation, we assayed the activation of MAP kinase by various
concentrations of insulin in the 32D™ cells lines by immuno-
blotting cell lysates with anti-MAPK(P), which recognizes the
active, phosphorylated form of MAP kinase (Fig. 8, top panel).
As previously shown, the insulin receptor alone mediated in-
sulin-stimulated MAP kinase activation in the 32D'® cells, and
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FIG. 7. Activation of p70%® kinase and Akt by IRS-1 and IRS-CAAX during insulin stimulation. (A) Phosphorylation of p705° kinase in 32D™® cell lines. Quiescent
32D'R cells were stimulated with 100 nM insulin for 30 min and lysed. The lysates were resolved by SDS-PAGE (10% polyacrylamide) and immunoblotted with
anti-p705° kinase antibodies. The migration of unphosphorylated p705° kinase and its phosphorylated, active form (p705°*) is indicated by arrows on the right of the
figure. (B) Phosphorylation of Akt in 32D'™® cell lines. (Top panel) Quiescent 32D'® cell lines were incubated with the indicated concentrations of insulin (INS) for
30 min and lysed. The lysates were resolved by SDS-PAGE, transferred to nitrocellulose, and analyzed by Western blotting using anti-Akt(P). (Bottom panel)
Anti-Akt(P) immunoblots were exposed on a PhosphorImager, and immunoreactive phosphorylated Akt was quantified. The average of data from two independent

experiments is plotted in the graph.

this activation was increased by coexpression of IRS-1 in the
32D™/IRS-1 cell (34). Interestingly, the lipid-modified IRS-
CAAX markedly increased the amount of phosphorylated (ac-
tive) MAP kinase at all insulin concentrations in the 32D'®/
IRS-CAAX cells by about twofold compared to 32D™/IRS-1
cells and threefold compared to 32D™ cells (Fig. 8, bottom).
Thus, lipid modification and membrane association of IRS-
CAAX increased the ability of IRS-1 to mediate the activation
of MAP kinase.

Mediation of insulin-stimulated proliferation by IRS-1 and
IRS-CAAX. To determine the effect that lipid modification of
IRS-CAAX would have on insulin-stimulated proliferation, we
assayed insulin-stimulated [*H]thymidine incorporation into
DNA in the 32D™ cell lines (Fig. 9). As previously shown,
expression of the insulin receptor is insufficient to mediate
insulin-stimulated [*H]thymidine incorporation in these cells
but coexpression of IRS-1 with the insulin receptor enables
DNA synthesis and cell proliferation in response to insulin (33,

57). IRS-CAAX was also able to mediate some insulin-stimu-
lated [*H]thymidine incorporation, but the dose-response
curve was shifted to the right by about 10-fold compared with
that for cells expressing wild-type IRS-1. Thus, the lipid-mod-
ifled IRS-CAAX, although mediating the activation of Akt,
p705° kinase, and MAP kinase as well as or more effectively
than wild-type IRS-1 does, mediates proliferative signaling
only poorly.

DISCUSSION

Most tyrosine kinase growth factor receptors reside on the
membrane and, following activation, recruit downstream sig-
naling molecules to phosphorylated tyrosine residues in the
intracellular tail of the receptors. Although membrane local-
ization is not required for enzymatic activity, most tyrosine
kinases and other intracellular signaling molecules require
plasma membrane localization for signaling function (41, 58).
In contrast, the insulin receptor and a few related receptors
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FIG. 8. Potentiation of insulin-stimulated MAP kinase activation by IRS-1 and IRS-CAAX. (Top panel) Quiescent 32D'™® cell lines were incubated with the
indicated concentrations of insulin (INS) for 5 min and lysed. The lysates were normalized for protein content, resolved by SDS-PAGE, and immunoblotted with
anti-MAPK(P). (Bottom panel) Anti-MAPK(P) immunoblots were exposed on a PhosphorImager, and immunoreactive phosphorylated MAP kinase was quantified.

Similar results were observed in four independent experiments.

employ IRS proteins, which are distributed between the cyto-
plasm and a state of loose membrane association, to nucleate
SH2 protein-containing signaling complexes (35).

In this study, we have examined the effect of IRS-1 localiza-
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FIG. 9. Insulin-stimulated incorporation of [°H]thymidine into DNA. The
indicated 32D'R cell lines were washed and seeded into medium containing the
indicated concentrations of insulin or IL-3 and returned to the incubator for 48 h.
[*H]thymidine was added to the medium, and incubation was continued for 3 h.
The cells were lysed, and DNA was collected and washed on glass microfiber
filters. Data are the averages of triplicate determinations and are expressed as a
percentage of IL-3 (positive-control) stimulation. Similar results were observed
in two separate experiments.

tion on insulin signaling. 32D cells provide an excellent system
for the study of insulin signaling via IRS proteins, since they
contain few endogenous insulin receptors and none of the four
described IRS proteins (33, 57). Thus, the transmission of
insulin signals in insulin receptor-expressing 32D (32D'®) cells
requires the expression of exogenous IRS proteins, allowing
the effect of mutant IRS proteins to be assessed in the absence
of confounding signals mediated by endogenous IRS proteins.
Although lacking any apparent membrane-localizing motifs,
transfected wild-type IRS-1 is distributed between the cyto-
plasm and the membrane fractions of the 32D™ cells, similar
to endogenous IRS-1 in adipocytes and 3T3-L1 cells (20, 50,
51). In 32D'® cells, this membrane-associated IRS-1 is localized
predominantly to internal microsomal membranes (HDM) and
is loosely associated with these membranes, since it is almost
completely removed by washing with 0.5 M NaCl. The endog-
enous IRS-1 in adipocytes is similarly loosely membrane
bound, being removed from the membrane by high-salt wash-
ing or insulin stimulation (20). The motif or motifs on IRS-1
that are responsible for this association with the microsomal
membranes are not known. Since IRS-1 associates with the
membrane fraction in the absence of tyrosine phosphorylation,
some phosphotyrosine-independent mechanism must function
to target IRS proteins in this manner; indeed, insulin-stimu-
lated tyrosine phosphorylation of IRS-1 in adipocytes results in
the dissociation of IRS-1 from the membrane (20). The NH,-
terminal pleckstrin homology (PH) domain may prove a rea-
sonable candidate to function in membrane targeting; we have
previously shown that the PH domain enhances insulin recep-
tor-IRS-1 coupling, although it does not directly bind to the
insulin receptor (32, 60). Furthermore, the PH domain on
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other proteins has been shown to function in part by binding
certain phospholipids and directing membrane association or
targeting (15, 18, 23, 24, 46, 63). The phosphotyrosine binding
domain may also participate in insulin-stimulated cells since it
binds directly to the tyrosine-phosphorylated activated insulin
receptor at the plasma membrane (17, 38).

We reasoned that the distribution of IRS-1 between the
membrane and cytosol must impact insulin receptor signaling.
We thus generated an IRS-1 molecule containing the COOH-
terminal prenylation motif from p21™* (IRS-CAAX) (7) to test
the effect of membrane association on IRS protein signaling.
IRS-CAAX, like wild-type IRS-1, associates with the internal
microsomal fraction. Unlike native IRS-1, however, IRS-
CAAX is tightly associated with the membrane and is not
removed by washing with 0.5 M NaCl. Similarly, IRS-CAAX
partitions into the lipid phase during TX-114 fractionation
while wild-type IRS-1 partitions into the aqueous phase (data
not shown).

Signaling by IRS-CAAX is dramatically altered compared to
that by wild-type IRS-1. IRS-CAAX is only slightly reduced in
its ability to be tyrosine phosphorylated by the insulin receptor
but binds and activates PI3’-kinase very weakly and is signifi-
cantly less effective in mediating DNA synthesis than is wild-
type IRS-1. In contrast, IRS-CAAX mediates increased acti-
vation of MAP kinase, as well as increased activation of two
PI3’-kinase-dependent enzymes, Akt and p705® kinase. Thus,
the lipid modification and consequent tight membrane associ-
ation of IRS-CAAX alter the signaling pattern of the molecule
compared to that of wild-type IRS-1. These data suggest that
the state of IRS-1 membrane association is critical for proper
signaling. Although it is possible that the phenotype of IRS-
CAAX results from some alteration in conformation or tar-
geting to different subdomains of the internal microsome frac-
tion, these explanations seem unlikely, since deletions of 100 to
600 amino acids from IRS-1, which would be expected to
dramatically alter the conformation of the molecule, have less
effect on signaling than this lipid modification does (M. G.
Myers, Jr., unpublished observations).

The migration of IRS-CAAX on SDS-PAGE is retarded
compared to that of wild-type IRS-1, suggesting increased
serine/threonine phosphorylation of IRS-CAAX. This was
confirmed by the results of direct immunoblots with antiphos-
phoserine/antiphosphothreonine antibodies. Thus, the tight
membrane association of IRS-CAAX appears to increase its
levels of serine/threonine phosphorylation compared to that of
wild-type IRS-1. The slight decrease in insulin receptor-medi-
ated tyrosine phosphorylation could be the combined result of
alterations in trafficking of IRS-CAAX and the increased
serine phosphorylation of IRS-CAAX. Treatment of cells with
phorbol esters, tumor necrosis factor alpha, or activators of
stress kinases increases the serine phosphorylation of IRS-1,
inhibiting receptor-mediated IRS-1 tyrosine phosphorylation
(19, 31). Similar increases in IRS-1 serine phosphorylation and
uncoupling of IRS-1 from the insulin receptor have been noted
following treatment of cells with serine phosphatase inhibitors
such as okadaic acid (39, 53). Since tyrosine phosphorylation of
IRS-CAAX is only slightly reduced compared to that of the
wild type, increased association with the membrane and con-
sequent increased availability of IRS-CAAX to the insulin
receptor might rescue much of the tyrosine phosphorylation
that we might otherwise expect to be inhibited by serine/thre-
onine phosphorylation.

While the decreased binding of p85 and PI3’-kinase by IRS-
CAAX compared to IRS-1 may be due in part to the decreased
level of tyrosine phosphorylation of IRS-CAAX (35), the great
disparity between the small decrease in tyrosine phosphoryla-
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tion and the severe impairment of p85-PI3’-kinase binding
suggest that the increased level of serine phosphorylation of
IRS-CAAX and/or its altered location block the majority of
p85-PI3’-kinase binding independently of tyrosine phosphor-
ylation. It is interesting that while the sensitivity (as measured
by the 50% effective dose) of the insulin response for PI3’-
kinase association with IRS-CAAX is not altered, the maximal
activation of PI3’-kinase in anti-p85 immunoprecipitates by
IRS-CAAX is approximately 50-fold less sensitive to insulin
than is the activation by IRS-1. The decreased sensitivity of
activation could reflect an inhibition of second-site phosphor-
ylation/p85 binding on IRS-CAAX, since activation of PI3'-
kinase by IRS-1 requires binding of both SH2 domains of the
p85-regulatory subunit of PI3'-kinase by phosphotyrosine res-
idues on IRS-1 (44). Since the majority of PI3’-kinase resides
in the LDM (20), localization of IRS-CAAX to the HDM
membrane could also decrease the ability of PI3’-kinase and
IRS-CAAX to interact.

Since PI3'-kinase is an upstream activator of Akt and p705°
kinase, it might be expected that IRS-CAAX, which weakly
mediates PI3'-kinase activation, would activate Akt and p705°
kinase poorly (3). Furthermore, although PI3’-kinase activa-
tion is not required for MAP kinase signaling, the mild de-
crease in tyrosine phosphorylation of IRS-CAAX might be
thought to mediate unchanged or decreased MAP kinase sig-
naling by IRS-CAAX. Surprisingly, however, IRS-CAAX me-
diates the activation of MAP kinase, Akt, and p70%° kinase as
well as or more strongly than wild-type IRS-1 does. This en-
hanced signaling to downstream serine kinases by IRS-CAAX
must result from its tight membrane association rather than
from altered phosphorylation or recruitment of SH2 proteins.

The membrane association of many signaling molecules is
required for the transmission of downstream signals (1, 4, 8,
41-43). p21"* requires lipid modification and membrane local-
ization for signaling, as does the src family of tyrosine kinases.
Furthermore, membrane localization of certain enzymes, in-
cluding Akt and PI3’-kinase, functionally activates these sig-
naling proteins (25, 27, 28). The requirement for membrane
localization may be important because signaling begins in the
extracellular space and must be transmitted to the inner leaflet
of the plasma membrane or because membrane localization
increases the effective concentrations of the signaling mole-
cules by concentrating them in a two-dimensional plane in-
stead of a three-dimensional space. Thus, although IRS-
CAAX only poorly recruits SH2 proteins such as PI3’-kinase,
IRS-CAAX resides permanently on the membrane in close
proximity to p21™*, membrane phospholipids, Akt, and other
downstream signaling molecules. Hence, it seems likely that
localization of IRS-CAAX to the membrane enhances the
otherwise weak signals mediated by this protein. Since the
activation of Akt results from the direct recruitment of Akt and
its upstream activator, PDK1, by the phospholipid products of
PI3’-kinase in the membrane, the enhanced activation of Akt
by IRS-CAAX may be a consequence of increased efficiency of
lipid phosphorylation by the PI3’-kinase associated with the
membrane-anchored IRS-CAAX or may be due to the local-
ization of this complex to membrane regions more efficient at
the generation of this signal. Similarly, increased activation of
MAP kinase by IRS-CAAX could reflect increased signaling
efficiency secondary to membrane tethering or to localization
of IRS-CAAX to a site at which downstream signaling proteins
are abundant. While we would have liked to address this issue
directly by measurement of phosphatidylinositol 3-phosphate
levels, we have been unable to find a method to reliably assay
these lipids which works in these cells. Since IRS-CAAX frac-
tionates similarly to IRS-1, however, we favor the hypothesis
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that while IRS-CAAX is targeted to the same membranes as
IRS-1, its inability to dissociate from the membrane allows the
more efficient transmission of downstream signals by mem-
brane-associated second messengers.

Since MAP kinase, Akt, and p70%°® kinase are critical medi-
ators of the proliferative response, why does IRS-CAAX,
which mediates these signals more effectively than wild-type
IRS-1, mediate proliferation relatively poorly? Feedback inhi-
bition of signals mediated by an overactive IRS-CAAX is un-
likely, since the activation of downstream signaling pathways
remains enhanced in cells expressing IRS-CAAX and since
IL-3-mediated proliferation is not inhibited.

We have previously shown that enhancement of MAP kinase
signaling by IRS-1 does not alter proliferative signaling, since
the insulin receptor alone activates MAP kinase sufficiently to
mediate proliferation. Therefore, we do not expect enhanced
proliferative signaling on the basis of enhanced MAP kinase
signaling, although we also do not expect impaired prolifera-
tive signaling, since some level of MAP kinase activation is
required for proliferative signaling by insulin.

Our previous analyses of mutant IRS-1 molecules lacking
specific SH2 protein-binding tyrosine residues has shown that
the ability of IRS-1 to mediate PI3’-kinase, p705°® kinase, and
Akt activation is required for IRS-1 to mediate proliferation
(36). Since activation of p705° kinase and Akt by IRS-CAAX is
supranormal, the weak mediation of proliferation by IRS-
CAAX could theoretically reflect the poor transmission of
another PI3'-kinase-mediated signal. This is unlikely, however,
since the increased activation of Akt and p70%° kinase by IRS-
CAAX probably reflects increased levels of some PI3’-kinase
products in IRS-CAAX-expressing cells (13, 24, 49). Similarly,
the tight association of PI3’-kinase with the membrane in IRS-
CAAX-expressing cells is unlikely to inhibit PI3'-kinase signal-
ing, since the tight direct association of PI3’-kinase with the
membrane-bound receptor is in fact required for proliferative
signaling by most receptor tyrosine kinases, such as the plate-
let-derived growth factor receptor (10, 21, 22, 47).

Perhaps the most consistent explanation for all of the data is
that IRS proteins appear to mediate an as yet undefined,
PI3’-kinase-independent signal required for insulin-stimulated
proliferation in 32D™® cells. Some mutant IRS proteins, which
are unable to activate PI3’-kinase, mediate insulin-stimulated
proliferation, whereas other mutant IRS-1 molecules can acti-
vate Akt and p70%°® kinase but fail to mediate insulin-stimu-
lated proliferative signaling (36, 59, 61). Indeed, an altered
IRS-1 molecule mutated for the binding of the SHP-2 tyrosine
phosphatase displays increase PI3’-kinase-dependent signaling
and increased insulin-stimulated protein synthesis but unal-
tered proliferative signaling; this suggests that while general-
ized protein synthesis may be directly controlled by the PI3’-
kinase signal amplitude, proliferative signaling depends on a
certain basal level of PI3’-kinase signaling but requires another
signal in addition. Altered trafficking of IRS-CAAX may result
in the incorrect or poor activation of this IRS-dependent pro-
liferative signal.

Interestingly, in a similar fashion, PI3’-kinase activation is
required, but not sufficient, for insulin-stimulated glucose
transport (5, 29, 30, 48; S. J. Isakoff, C. Taha, E. Rose, A. Klip,
and E. Y. Skolnik, Abstract, Diabetes 14:18A, 1995). Thus,
while PI3’-kinase inhibitors block Glut4 movement induced by
insulin, other growth factors that activate PI3’-kinase (such as
platelet-derived growth factor) fail to stimulate Glut4 move-
ment. Thus, some PI3’-kinase-independent, IRS-1-dependent
signal may also be required for insulin-stimulated Glut4 trans-
location and glucose transport.

In conclusion, although IRS-1 normally associates loosely
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with intracellular membranes, tight association of IRS-1 with
the membrane dramatically alters the pattern of insulin signal-
ing. This tight membrane association slightly decreases insulin
receptor-mediated tyrosine phosphorylation of IRS-1 and dra-
matically impairs binding to PI3’-kinase. At the same time, this
enhanced state of membrane association increases many sig-
nals mediated by the IRS-CAAX but inhibits some critical
IRS-1-mediated proliferative signal. Thus, while it is unclear
exactly why the insulin receptor transmits signals via substrate/
docking proteins like the IRS proteins, it is clear that unique
signaling processes mediated by the IRS proteins and their
loose state of membrane association are critical for the correct
transmission of the insulin signal.
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