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PTP1B is a protein tyrosine-phosphatase located on the cyto-
solic side of the endoplasmic reticulum that plays an important
role in the regulation of the insulin receptor (IR). Replacement
of the conservedAsp-181 by alanine is known to convert PTP1B
into a substrate-trapping protein that binds to but cannot
dephosphorylate its substrates. In thiswork,wehave studied the
effect of an additional mutation (Y46F) on the substrate-
trapping efficiency of PTP1B-D181A. We observed that this
mutation converts PTP1B-D181A into a highly efficient sub-
strate-trapping mutant, resulting in much higher recovery of
tyrosine-phosphorylated proteins coimmunoprecipitated with
PTP1B. Bioluminescence resonance energy transfer (BRET)
experiments were also performed to compare the dynamics of
interaction of the IR with these mutants. Basal BRET, which
mainly reflects the interaction of PTP1B with the IR precursor
during its biosynthesis in the endoplasmic reticulum,wasmark-
edly increased with the PTP1B-D181A-Y46F mutant. In con-
trast, insulin-induced BRET was markedly reduced with
PTP1B-D181A-Y46F. I125 insulin binding experiments indi-
cated that PTP1B-D181-Y46F reduced the expression of IR at
the plasma membrane. Reduced expression at the cell surface
was associated with higher amounts of the uncleaved IR precur-
sor in the cell. Moreover, we observed that substantial amounts
of the uncleaved IR precursor reached the Tris-phosphorylated,
fully activated form in an insulin independent fashion. These
results support the notion that PTP1B plays a crucial role in the
control of the activity of the IRprecursor during its biosynthesis.
In addition, this new substrate-trapping mutant may be a valu-
able tool for the identification of new PTP1B substrates.

Insulin exerts its biological effects through a plasma mem-
brane receptor that possesses a tyrosine kinase activity. Binding
of insulin to its receptor induces autophosphorylation of the
insulin receptor (IR) on tyrosine residues (1). This stimulates
the tyrosine kinase activity of the IR toward intracellular sub-

strates involved in the transmission of the signal (1, 2). Phos-
phorylation of tyrosines 1158, 1162, and 1163, located in the
kinase domain of the IR, is known to play a crucial role in the
regulation of the activity of the receptor (3–5). Termination of
the signal involves inactivation of the IR kinase by dephosphor-
ylation of these tyrosines by protein tyrosine phosphatases (6).
Several PTPases2, including PTP1B, PTP�, PTP�, leukocyte
common antigen-related, and T cell protein tyrosine phospha-
tase, have been implicated in the regulation of the IR activity
(7–10). Among them, PTP1B appears to play amajor role in the
control of insulin action. PTP1B is localized predominantly on
the cytosolic side of the endoplasmic reticulum (ER) by means
of a hydrophobic C-terminal targeting sequence (11). Involve-
ment of PTP1B in insulin signaling was initially suggested by
experiments in Xenopus oocytes (12) and in cultured cells (13,
14). Definitive evidence of the implication of PTP1B in insulin
signaling was obtained with PTP1B knockout in mice, which
resulted in a marked increase in insulin sensitivity associated
with increased tyrosine phosphorylation of the IR and insulin
receptor substrate-1 in liver and skeletalmuscle (15, 16). There-
fore, PTP1B clearly appears as a potential therapeutic target for
the treatment of insulin resistance (17). However, although
PTP1B has been shown to directly interact with the IR, the
regulation of this interaction in living cells remains poorly stud-
ied. We previously developed a procedure (18) based on the
BRET methodology that allows the study in real time, in living
cells, of the interaction of the IR with a substrate-trapping ver-
sion of PTP1B (PTP1B-D181A). We demonstrated that insulin
induced a rapid and dose-dependent increase of the interaction
between the IR and PTP1B.We also observed, in the absence of
insulin, the presence of a substantial interaction between the IR
and PTP1B (basal BRET signal). Cell fractionation experiments
indicated that this basal BRET signal could be attributed to the
interaction of PTP1B with the IR precursor during its biosyn-
thesis in the ER (18). This result was thereafter confirmed in
experiments using FRET instead of BRET (19).
Several lines of evidence indicate that tyrosine phosphoryla-

tion of PTP1Bmay regulate its activity (20–22). Indeed, PTP1B
was shown to be phosphorylated on tyrosines 66, 152, and/or
153 in an insulin-dependent manner, and replacement of these
tyrosines by phenylalanine appears to affect its interaction with
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the IR (20). Tyr-46, located in the catalytic cleft of PTP1B, is
highly conserved among protein tyrosine phosphatases. This
tyrosine is believed to be important to define the specificity of
the enzyme toward tyrosine-phosphorylated substrates (23). In
this work, to further evaluate the role of tyrosine 46, we
replaced this residue by a phenylalanine in the PTP1B-D181A
trapping mutant and we studied, in living cells, the interaction
of the IR with this double mutant (PTP1B-D181A-Y46F). We
found that this additional mutation converts PTP1B-D181A
into a highly efficient substrate-trapping mutant that precipi-
tates a much larger number of tyrosine-phosphorylated pro-
teins compared with the classical, widely used D181A single
mutant. Moreover, we show that this new PTP1B double
mutant traps the IR precursor in an intracellular compartment
and markedly reduces the expression of the mature receptor at
the cell surface.

EXPERIMENTAL PROCEDURES

Chemicals—All chemicals have been described previously
(18, 24). Mouse monoclonal anti-GFP (clones 7.1 and 13.1)
antibody was from Roche. The anti-IR� antibody was from
Santa Cruz Biotechnology, Inc. The antibody directed against
the Tris-phosphorylated form of the activation loop of the IR
(anti-3YP1158/62/63) was from BioSource.
Expression Vectors—Unless otherwise stated (supplemental

Figs. S3 and S4), the IRB isoform of the IR (� exon 11) was used
throughout this study. cDNAs encoding IR, IR-Rluc, IR-YFP,
and YFP-PTP1B-D181A have been described previously (18,
25). The YFP-PTP1B-D181A-Y46F mutant was generated by
site-directed mutagenesis (QuikChange, Stratagene).
Cell Culture and Transfection—Cell culture was performed

as described (26, 27). Briefly, HEK-293 cells were seeded at a
density of 2 � 105 cells per 35-mm dish. One day later, cells
were transfected with the appropriate plasmids as indicated in
the figure legends.
For BRET experiments, 1 day after transfection, cells were

transferred into 96-well microplates (CulturPlate-96, white,
PerkinElmer Life Sciences) at a density of 3� 104 cells per well.
BRET measurements were carried out in these microplates on
the following day.
BRET Measurements—BRET experiments were performed

as described previously (18). Briefly, cells were preincubated for
15 min in PBS in the presence of 2.5 �M coelenterazine. Insulin
was added, and light emission acquisition at 485 and 530 nm
was started immediately. The dynamics of the interaction
between the IR-Rluc and YFP-PTP1B mutants could be moni-
tored for more than 30 min after insulin addition. The BRET
signal was expressed in milliBRET units. The BRET unit has
beendefined previously as the ratio 530/485nm, obtainedwhen
the twopartners are present, corrected by the ratio 530/485nm,
obtained under the same experimental conditions when only
the partner fused to Renilla luciferase is present in the assay
(28–30). Each measurement corresponded to the signal emit-
ted by the whole population of cells present in a well (i.e.
approximately 40,000 cells).
Western Blotting Experiments—Precipitation of the IR on

wheat germ lectin-agarose beads were performed as described
previously (5). YFP-PTP1Bmutants and IR-YFPwere immuno-

precipitated using anti-GFP antibody and detected byWestern
blotting as described previously (31).
I125 Insulin Binding—Mono-iodinated I125 insulin (32) was

from PerkinElmer Life Sciences. HEK-293 cells transfected
with the IR-Rluc and YFP-PTP1B-WT, YFP-PTP1B-D181A, or
YFP-PTP1B-D181A-Y46F mutants were plated in 24-well cul-
ture dishes. A fraction of these cells was plated separately for
determination of luciferase and fluorescence levels in parallel to
insulin binding. For binding experiments, cells were washed
three times with phosphate-buffered saline and incubated at
4 °C for 4 h in binding buffer (33) containing I125 insulin (0.1
�Ci/well). Unbound ligand was removed by washing with ice-
cold binding buffer. Cells were then lysed with 1 N NaOH, and
the radioactivity was counted using a Berthold LB2111 counter.
Statistical Analysis—Results are expressed as mean � S.E.

Comparisons between experimental groups were made using
the t test unless otherwise specified in the figure legends.

RESULTS

PTP1B-D181A-Y46F Is a Highly Efficient Substrate-trapping
Mutant—Wepreviously observed that, when expressed inHEK
293 cells, YFP-PTP1B-D181A has an intracellular perinuclear
distribution that corresponded to an endoplasmic reticulum
localization (18). As shown in Fig. 1A, a similar distribution of
the fluorescence was observed with YFP-PTP1B-D181A-Y46F,
suggesting that the Y46Fmutation did not affected the localiza-
tion of the protein.
It has been shown previously that when transfected in cells,

substrate-trapping mutants of PTPases bind to tyrosine phos-
phorylated proteins and protect them from dephosphorylation
by endogenous PTPases. To evaluatewhethermutation of tyro-
sine 46 affected the efficiency of the PTP1B-D181 trapping
mutant, HEK-293 cells transfectedwith either the YFP-PTP1B-
D181A or YFP-PTP1B-D181A-Y46F mutant were incubated
for 5 min in the absence or presence of insulin. Cells were then
extracted, proteins were separated by SDS-PAGE, and the tyro-
sine phosphorylation profile was evaluated byWestern blotting
using an anti-phosphotyrosine antibody. We observed that the
level of tyrosine-phosphorylated proteins was much higher in
PTP1B-D181A-Y46F- than in PTP1B-D181A-transfected cells,
both in absence or presence of insulin (Fig. 1B). This result
suggested that the doublemutantwasmuchmore efficient than
the classical D181A mutant in protecting tyrosine-phosphory-
lated residues from the activity of endogenous PTPases. Similar
results were obtained with the untagged versions of these
PTP1B substrate-trapping mutants (data not shown).
The ability of this new double mutant to coprecipitate tyro-

sine-phosphorylated proteins was then evaluated. HEK-293
cells cotransfected with IR-Rluc and either the YFP-PTP1B-
D181A or YFP-PTP1B-D181A-Y46F mutant were incubated
for 5min in absence or presence of insulin. Cellswere extracted,
and equivalent amounts of the PTP1B-D181A and D181A-
Y46F mutants were immunoprecipitated using an anti-GFP
antibody. We observed that the amount of coimmunoprecipi-
tated tyrosine-phosphorylated proteins was much higher with
YFP-PTP1B-D181A-Y46F than with YFP-PTP1B-D181A (Fig.
1C). This suggested that replacement of tyrosine 46 by a phe-
nylalanine converts PTP1B-D181A into a much more efficient
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substrate-trapping mutant for coimmunoprecipitation of tyro-
sine-phosphorylated proteins (Fig. 1D).
Hyperphosphorylation of PTP1B-D181A-Y46F on Tyrosine

Residues by the Insulin Receptor—Previous studies have shown
that PTP1B can be phosphorylated on tyrosine residues by the
IR. As shown in Fig. 2A, immunoprecipitation with anti-GFP
antibody showed that a modest tyrosine phosphorylation of
PTP1B-D181A could be detected in HEK-293 cells cotrans-
fected with IR-Rluc and YFP-PTP1B-D181A. In contrast, a
much stronger tyrosine phosphorylation of PTP1B-D181A-
Y46F mutant could be detected under similar conditions.

To determine whether this hyperphosphorylation of the
PTP1B-D181A-Y46 mutant was achieved by the insulin recep-
tor kinase, HEK-293 cells cotransfected with IR-Rluc and YFP-
PTP1B-D181A-Y46 were preincubated for 1 h with the tyr-
phostin AG1024, which selectively inhibits the tyrosine kinase
activity of the IR (18). As shown in supplemental Fig. S1, auto-
phosphorylation of the IR was indeed markedly inhibited by
AG1024. Under these conditions, tyrosine phosphorylation of
PTP1B-D181A-Y46F was also markedly inhibited (Fig. 2B),
indicating that this phosphorylationwas indeed achieved by the
IR kinase.
Replacement of Tyrosine 46 by Phenylalanine Markedly

Increases the Basal BRET Signal—To evaluate the effect of the
Y46F mutation on the dynamics of interaction between the IR
and PTP1B, we compared basal and insulin-stimulated BRET
signals in cells expressing IR-Rluc and either YFP-PTP1B-
D181A or YFP-PTP1B-D181A-Y46F. As shown in our previous
study, in cells expressing YFP-PTP1B-D181A, a robust basal
BRET signal was observed (Fig. 3A). In agreement with our
previous work, insulin (100 nM)markedly stimulated this signal
(about 180–200 milliBRET units above basal at 20 min). Inter-
estingly, in cells expressing the YFP-PTP1B-D181A-Y46F
mutant, the basal BRET signal was much higher. Moreover,

FIGURE 1. The PTP1B-D181A-Y46F mutant is a much more efficient sub-
strate-trapping mutant than PTP1B-D181A. A, localization of the YFP-
tagged mutants of PTP1B was observed by fluorescent microscopy. B, HEK-
293 cells transfected with the IR and either YFP-PTP1B-D181A or YFP-PTP1B-
D181A-Y46F were incubated for 5 min in the absence (�) or presence (�) of
100 nM insulin. 50 �g of proteins was loaded on a gel and submitted to West-
ern blotting using an anti-phosphotyrosine antibody (4G10). C, HEK-293 cells
transfected with IR-Rluc and either YFP-PTP1B-D181A or YFP-PTP1B-D181A-
Y46F were stimulated for 5 min with 100 nM insulin (Ins). Cells were extracted,
and the YFP fluorescence was evaluated on an aliquot of the extract by meas-
uring light emission at 530 nm after illumination at 485 nm. Equivalent
amounts of fluorescent PTP1B were then immunoprecipitated using an anti-
GFP antibody. Tyrosine phosphorylation of proteins coimmunoprecipitated
with PTP1B was evaluated by immunoblotting using an anti-phosphoty-
rosine antibody (4G10). The amount of PTP1B loaded in each lane was then
controlled by reprobing the membrane using an anti-GFP antibody. D, den-
sitometric analysis of the total tyrosine phosphorylation level of immunopre-
cipitated proteins. The signal corresponding to the total level of tyrosine-
phosphorylated proteins detected in each lane was corrected by the amount
of PTP1B in the same lane as evaluated by using the anti-GFP antibody.
Results are the mean � S.E. of four independent experiments. *, p � 0.05
when compared with the unstimulated D181A control condition using anal-
ysis of variance followed by Dunnett’s multiple comparison test.

FIGURE 2. Hyperphosphorylation of the PTP1B-D181A-Y46F mutant on
tyrosine residues by the insulin receptor. A, HEK-293 cells transfected with
IR-Rluc and either YFP-PTP1B-D181A or YFP-PTP1B-D181AY46F were incu-
bated for 5 min in the absence (�) or presence (�) of 100 nM insulin (Ins).
Proteins were extracted, and PTP1B was immunoprecipitated using an anti-
GFP antibody. Tyrosine phosphorylation of PTP1B was evaluated by immu-
noblotting using an anti-phosphotyrosine antibody (4G10). The amount of
PTP1B loaded in each lane was evaluated by reprobing the membrane using
an anti-GFP antibody. Results are representative of five independent experi-
ments. B, HEK-293 cells transfected with IR-Rluc and YFP-PTP1B-D181A-Y46F
were preincubated for 1 h in the absence or presence of 100 �M AG1024 and
incubated with 100 nM insulin for 5 min. Cells were then lysed, and PTP1B was
immunoprecipitated and analyzed by Western blotting using an anti-phos-
photyrosine antibody (4G10). The amount of PTP1B loaded in each lane was
controlled using an anti-GFP antibody. Results are representative of three
independent experiments.
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insulin had only a modest effect on this signal (Fig. 3A). Fig. 3B
shows the mean � S.E. of the basal and the insulin-induced
BRET signal at 20 min in five independent experiments. We
observed that the basal BRET signalwasmuchhigherwithYFP-
D181A-Y46F than with YFP-PTP1B-D181A, despite similar
levels of expression of the two tyrosine phosphatases (deter-
mined bymeasuringYFP fluorescence). In contrast, the insulin-
induced BRET signal (increase in BRET signal above basal at 20
min) was markedly lower with the Y46F mutant.
Effect of the Tyrphostin AG1024 on BRET between IR and

PTP1B-D181A-Y46F—To determine whether this high basal
BRET signal was dependent on the tyrosine kinase activity of
the IR, we investigated the effect of the tyrphostin AG1024 on
BRET between IR and PTP1B-D181-Y46F. Cells cotransfected
with IR-Rluc and YFP-PTP1B-D181A-Y46Fwere preincubated
for 1 h in the absence or presence of AG1024. BRET experi-
ments were then performed as described previously. We
observed that the basal and the insulin-stimulatedBRET signals
were markedly decreased by AG1024 (Fig. 4). This indicates
that the high-constitutive BRET signal observed with this
mutant is at least in part dependent on the kinase activity of
the IR.

YFP-PTP1B-D181A-Y46FReduces Insulin Binding at theCell
Surface and Impairs Maturation of the Insulin Receptor
Precursor—Our previous work (18, 34) had indicated that an
important part of the basal BRET signal could be attributed to
an interaction between PTP1B and the insulin receptor precur-
sor during its biosynthesis. In this study, mutation of PTP1B-
D181A on Tyr-46 resulted in a further increase in the basal
BRET signal, associatedwith amarked decrease in insulin effect
above basal (insulin-induced BRET, Fig. 3B). This suggested
that the double mutant may have trapped the IR precursor and
reduced the expression of the mature receptor at the cell sur-
face. In agreement with this notion, decreasing the amount of
PTP-1B-D181A-Y46F transfected in cells (from 600 ng to 150
ng of cDNA/well) partially restored insulin-induced BRET sig-
nal (supplemental Fig. S2).
To determine whether the expression of the Y46F mutant

indeed impaired the expression of the mature receptor at the
plasmamembrane, cell surface I125 insulin binding experiments
were performed (Fig. 5A). In cells expressing the PTPB-D181A

FIGURE 3. Interaction between the IR and PTP1B mutants in intact living
cells. A, HEK-293 cells were transfected with IR-Rluc and either YFP-PTP1B-
D181A or YFP-PTP1B-D181A-Y46F expression vectors. BRET measurements
were performed in real time after addition of either 100 nM insulin (Ins) or
vehicle. Results are representative of five independent experiments.
B, basal BRET, insulin-induced (increased above basal at 20 min) BRET, and
YFP fluorescence levels in cells expressing YFP-PTP1B-D181A or YFP-
PTP1B-D181A-Y46F. Results are the mean � S.E. of five independent
experiments. **, p � 0.01; ***, p � 0.001 when compared with D181A
mutant under similar conditions.

FIGURE 4. Effect of tyrphostin AG1024 on BRET between IR and PTP1B-
D181A-Y46F. A, HEK-293 cells were transfected with IR-Rluc and YFP-PTP1B-
D181A-Y46F. 48 h after transfection, cells were preincubated for 1 h in the
absence (�) or presence (�) of 100 �M AG1024. BRET measurements were
performed in real time, after addition of either 100 nM insulin (Ins) or vehicle.
Results are representative of five independent experiments. B, graphic repre-
sentation of BRET signals measured 20 min after addition of 100 nM insulin.
Results are the mean � S.E. of five independent experiments. ***, p � 0.001
when compared with cells not treated with AG1024.
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mutant, cell surface insulin binding was decreased by about
25% when compared with cells expressing PTP1B-WT, sug-
gesting that the interaction of the IR precursor with PTP1B-
D181A resulted in a significant reduction of the expression of
the mature receptor at the cell surface. In cells expressing
PTP1B-D181A-Y46F, insulinbindingwasmarkedly reducedcom-
pared with cells expressingWTor PTP1B-D181A, despite a simi-
lar level of total IRexpression, as evaluatedbymeasuring luciferase
activity (Fig. 5A). This result strongly suggested that in PTP1B-

D181A-Y46F-transfected cells, substantial amounts of insulin
receptors remained trapped in an intracellular compartment.
Wheat germ lectin purification of the insulin receptor from

HEK-293 cells cotransfected with IR-Rluc and either the wild-
type ormutant versions of PTP1Bwas then performed (Fig. 5,B
and C). Blotting with an anti-phosphotyrosine antibody
revealed a band of about 260 kDa in PTP1B-D181A-Y46F-
transfected cells. This band was hardly detectable in PTP1B-
D181-transfected cells and was absent in WT-PTP1B-trans-

FIGURE 5. Effect of the PTP1B-D181A-Y46F mutant on cell surface expression of the insulin receptor. A, cell surface I125 insulin binding was measured 48 h
after transfection of HEK-293 cells with IR-Rluc and YFP-PTP1B-WT, YFP-PTP1B-D181A, or YFP-PTP1B-D181A-Y46F. Luciferase activity and YFP fluorescence
levels were measured in parallel for evaluation of total IR-Rluc and YFP-PTP1B expression on the same cells. Results are the mean � S.E. of four to nine
independent experiments. B, 48 h after transfection, cells were incubated in absence (�) or presence (�) of 100 nM insulin (Ins) for 5 min. After cell
extraction, the IR was partially purified on wheat germ lectin-agarose beads and submitted to Western blotting. The tyrosine phosphorylation level of
the receptor was evaluated using an anti-phosphotyrosine antibody (4G10). The amounts of uncleaved IR precursor (��-Rluc) and mature cleaved
receptor (�-Rluc) were evaluated using an anti-receptor �-subunit antibody. C, densitometric analysis of the autoradiograms. Results are the mean �
S.E. of five independent experiments. AU, arbitrary units. *, p � 0.05; **, p � 0.01; ***, p � 0.001 using analysis of variance followed by Tukeys’s multiple
comparison test.
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fected cells. Reprobing the membrane with an anti-IR�
antibody revealed that this band indeed corresponded to the
uncleaved ��-Rluc precursor. Together with insulin binding
experiments, these results indicated that the double mutant
version of PTP1B trapped the IR precursor and reduced the
expression of the mature IR at the cell surface.
The Immature Insulin Receptor Precursor Can Reach the

Fully Activated Tris-phosphorylated Form—The insulin recep-
tor possesses a number of tyrosines that are phosphorylated
upon insulin stimulation. Tyrosines 1158, 1162, and 1163,
located in the activation loop of the � subunit, appear to be
crucial for the activation of the receptor, the fully active form
being the Tris-phosphorylated form, whereas the mono- and
bis-phosphorylated forms are much less active (4, 5, 35).
To determinewhether the tyrosine phosphorylation of the IR

precursor observed with the PTP1B-D181A-Y46F mutant
occurred in the activation loop, YFP-tagged insulin receptors
were cotransfected with untagged versions of WT-PTP1B,
PTP1B-D181A, or PTP1B-D181A-Y46F (Fig. 6). 48 h after
transfection, cells were stimulated with insulin for 5 min. After
cell lysis, insulin receptors were immunoprecipitated using an
anti-GFP antibody and submitted toWestern blotting. Hybrid-
ization with an antibody that specifically recognizes the Tris-
phosphorylated form of the activation loop of the IR (Fig. 6)
indicated that a substantial amount of the IR precursor had
indeed reached the maximally activated Tris-phosphorylated
form when trapped by PTP1B-D181A-Y46. No tyrosine phos-
phorylation signal could be detected at the level of the IR pre-
cursor in cells transfected with the WT-PTP1B or PTP1B-
D181A mutant. Reprobing the membrane with an anti-GFP
antibody confirmed that the amount of uncleaved precursor
was higher in cell expressing the PTP1B-D181A-Y46F mutant
than in cells expressing wild-type or PTP1B-D181A mutant.
Interaction with PTP1B Is Similar for IRA (- Exon 11) and IRB

(� Exon 11) Isoforms of the Insulin Receptor—In insulin target
cells, the insulin receptor is expressed as two isoforms, resulting
from alternative splicing of exon 11, that code for 12 amino
acids localized at the C-terminal end of the �-chain. Previous
studies have suggested that the tyrosine kinase activity of the IR
precursor may be different depending on the presence or

absence of exon 11 (36). To determine whether these isoforms
differ for their interaction with PTP1B, we have evaluated the
basal and the insulin-stimulated BRET signals in cells trans-
fected with either IRA or IRB (supplemental Fig. S3). We
observed that upon insulin stimulation, the dynamics of inter-
action of IRA with PTP1Bmutants closely resemble that of IRB.
Moreover, the basal BRET signals were also very similar for
both IR isoforms. These results suggested that there are no
major differences between the two IR isoforms in their interac-
tion with PTP1B, neither during their biosynthesis nor after
insulin stimulation (supplemental Fig. S3). This result was fur-
ther confirmed by immunoprecipitation experiments, which
indicated that similar amounts of fully activated uncleaved pre-
cursor were recovered with both IR isoforms in cells expressing
the D181A-Y46F mutant (supplemental Fig. S4).

DISCUSSION

All members of the PTPase family are characterized by the
presence of a signature motif containing a cysteinyl residue
(Cys-215 in PTP1B) that is involved in the catalysis of the
dephosphorylation reaction. The signature motif, which forms
the phosphate recognition site, is located at the base of a cleft.
The sides of the cleft are formed by three motifs: the Q loop,
which contains Gln-262, the WDP loop, which contains the
invariant Asp residue (Asp-181), and the pTyr loop, which con-
tains the conserved Tyr-46. Tyr-46 is believed to define the
depth of the catalytic cleft and to contribute to the absolute
specificity of PTP1B for phosphotyrosine-containing sub-
strates because the smaller phosphoserine and phosphothreo-
nine residues would not reach down to the phosphate binding
site (23). Several lines of evidence indicate that upon insulin or
growth factor treatment, the production of reactive oxygen spe-
cies such as H2O2 induces transient inactivation of PTPases by
reversible oxidation of the active site cysteine (37). Structural
studies have shown that following PTP1B oxidation by H2O2, a
covalent bound is formed between the sulfur atom of Cys-215
and the main chain nitrogen of the adjacent residue, Ser-216,
resulting in the formation of a new sulfenyl-amide species. This
is accompanied by a profound modification of the architecture
of the active site, involving displacement of Tyr-46 to a solvent-
exposed position, and results in inhibition of substrate binding.
This mechanism is believed to protect PTP1B from the forma-
tion of irreversibly oxidized sulfenic acid and to facilitate reac-
tivation of PTP1B by biological thiols (38, 39).
To evaluate the effect of Tyr-46 on the interaction between

the IR and PTP1B in living cells, we have mutated this tyrosine
into phenylalanine. We observed that this mutation converts
PTP1B-D181A into a much more efficient substrate-trapping
mutant, as demonstrated by themarked increase in the amount
of tyrosine-phosphorylated proteins that could be coprecipi-
tated with PTP1B-D181A-Y46F, both in the absence and pres-
ence of insulin (Fig. 1C). The IR is biosynthesized in the endo-
plasmic reticulum as an uncleaved ��-precursor, with the
kinase domain of the�-chain located on the cytosolic side of the
ER, i.e. in the vicinity of the catalytic domain of PTP1B. In a
previous study (18), we have demonstrated that PTP1B-D181A
interacted with the insulin receptor precursor during its bio-
synthesis in the ER, resulting in a high basal, insulin-indepen-

FIGURE 6. The insulin receptor precursor can reach the fully activated
Tris-phospohorylated form in an insulin-independent manner. HEK-293
cells were transfected with IR-YFP and untagged versions of WT-PTP1B,
PTP1B-D181A, or PTP1B-D181A-Y46F. 48 h after transfection, cells were incu-
bated for 5 min in presence (�) of 100 nM insulin (Ins) and lysed. The IR was
immunoprecipitated using an anti-GFP antibody and immunoblotted with
an antibody directed against the Tris-phosphorylated form of the activation
loop of the kinase domain. The membranes were then reprobed with an anti-
GFP antibody. Results are representative of four independent experiments.
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dent BRET signal. In this study, we show that the mutation
Y46F on PTP1B-D181A markedly increases the efficiency of
the interaction of PTP1B with the IR precursor and thereby
reduces the expression of the mature receptor at the plasma
membrane. This view is supported by results obtained with
cells expressing the PTP1B-D181A-Y46F mutant which dis-
plays 1) an increased basal BRET signal, 2) a decreased insulin-
inducedBRET signal, 3) decreased cell surface I125 insulin bind-
ing, and 4) an increased amount of uncleaved IR precursor. In
addition, our results demonstrate that the IR precursor can
reach the fully active, Tris-phosphorylated form in the absence
of insulin. This strongly supports the notion that PTP1B may
play a crucial role in the regulation of the activity of the imma-
ture IR precursor by precluding uncontrolled autoactivation of
the precursor and subsequent activation of intracellular insulin
signaling pathways in an autonomous way (18, 34).
It may at first sight appear surprising that in cells transfected

with PTP1B-D181A-Y46F, a substantial effect of insulin on
tyrosine phosphorylation of the mature IR-� was observed
(Figs. 5B and 6), whereas the insulin effect on BRET was mark-
edly reduced in these conditions (Figs. 3, A and B). However, it
must be kept in mind that the BRET technique only detects
receptors that interact with PTP1B, both in the basal state and
upon insulin stimulation. In contrast, in wheat germ lectin (Fig.
5B) or immunoprecipitation (Fig. 6) experiments, all receptors,
including those that are not engaged in an interaction with
PTP1B, will be detected with anti-phosphotyrosine antibodies.
Therefore, although significant amounts of IR precursor inter-
actwith the PTP1B-D181A-Y46Fmutant (thereby reducing the
expression of themature receptor at the plasmamembrane, Fig.
5A), Fig. 5B and Fig. 6 demonstrate that substantial amounts of
mature receptors are still present at the cell surface and are
capable of undergoing insulin-induced autophosphorylation.
Interestingly, PTP1B-D181A-Y46F appeared to be hyper-

phosphorylated on tyrosine residues. This hyperphosphoryla-
tion is largely due to the kinase of the IR, as demonstrated by its
inhibition by AG1024 (Fig. 2B). Several publications have indi-
cated that PTP1B is phosphorylated on tyrosines 66, 152, and
153 by the IR and other tyrosine kinases (20–22). Interestingly,
phosphorylation of PTP1B on tyrosine 66 appeared to increase
its catalytic activity (21, 40). This insulin-induced tyrosine
phosphorylation of PTP1B by stimulating its catalytic activity
may be part of a negative feedback loop in insulin signaling (40,
41). Because mutation Y46F increases the substrate-trapping
efficiency of PTP1B-D181A, it is conceivable that the resulting
prolonged interaction of PTP1Bwith the IR leads to hyperphos-
phorylation of the D181A-Y46F double mutant. Moreover, it
has been shown previously both in vitro and in intact cells that
PTP1B catalyzes its own dephosphorylation through an inter-
molecular reaction (40), and dimerization of PTP1B was more
recently demonstrated using a fluorescent complementation
assay (42). Therefore, a highly efficient substrate-trapping
mutant may also protect PTP1B from autodephosphorylation.
PTP1B has recently emerged as a major therapeutic target.

Indeed, a large number of data now indicate that PTP1B not
only plays a negative role in the regulation of insulin and leptin
signaling (15, 16, 43) but also has a positive effect on cancer cell
growth and migration (44–47). Identification of PTP1B sub-

strates constitutes an important challenge for the treatment of
these pathologies. Several substrate-trapping mutants have
been developed to identify and study PTP1B substrates bymod-
ifying invariant residues in the catalytic domain. Among them,
cysteine 215 in PTP1B is positioned to act as a nucleophile to
attack the phosphorus atom of the phosphotyrosyl residue of
the substrate (23). A first generation of substrate-trapping
mutants in which the catalytic cysteine was replaced by an ala-
nine has been largely used for the study of PTP1B and other
PTPases substrates (48–50). Mutation of the invariant aspartic
acid 181, also involved in the catalysis, was then developed by
the group of Tonks (51) as a more efficient substrate-trapping
mutant of PTP1B. This observation was then extended to other
PTPases inwhichmutation of the equivalent aspartic residue in
the catalytic site also resulted in substrate-trapping enzymes
(26). Additional efforts to develop an improved substrate-trap-
ping mutant have been performed by Xie et al. (52). It was
shown that mutation of glutamine 262 into an alanine resulted
in some improvement of the efficiency of the PTP1B-D181A-
Q262Adoublemutant comparedwith the conventional D181A
single mutant for trapping of the EGF receptor (52). However,
trapping of other additional phosphotyrosine-containing pro-
teins was hardly detectable byWestern blotting in these exper-
iments (52). Moreover, in a quantitative proteomics approach
using the D181A and D181A-Q262A mutants to pull down
PTP1B substrates, Mertins et al. (53) found that these mutants
interacted with a similar number of tyrosine-phosphorylated
proteins. In contrast, our new double mutant turned out to be
much more efficient than PTP1B-D181A, as demonstrated by
the much larger number and higher intensity of the bands of
tyrosine-phosphorylated proteins precipitated by the D181A-
Y46Fmutant (Fig. 1C). Therefore, theD181A-Y46Fmutantwill
constitute a valuable tool for the identification of new PTP1B
substrates using proteomic approaches. In addition, because
both Asp-181 and Tyr-46 are highly conserved throughout the
PTPase family, our work should permit the development of
new, highly efficient trapping mutants for most PTPases.
In summary, ourwork strongly supports the view that PTP1B

not only regulates the activation state of the mature IR but also
plays an important role in controlling the autonomous activity
of the IR precursor during its biosynthesis. Moreover, we pro-
vide a highly efficient tool to isolate new PTP1B substrates.
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