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There is growing evidence that tyrosine phosphatases dis-
play an intrinsic enzymatic preference for the sequence con-
text flanking the target phosphotyrosines. On the other hand,
substrate selection in vivo is decisively guided by the enzyme-
substrate connectivity in the protein interaction network. We
describe here a system wide strategy to infer physiological sub-
strates of protein-tyrosine phosphatases. Here we integrate, by
a Bayesian model, proteome wide evidence about in vitro sub-
strate preference, as determined by a novel high-density pep-
tide chip technology, and “closeness” in the protein interac-
tion network. This allows to rank candidate substrates of the
human PTP1B phosphatase. Ultimately a variety of in vitro
and in vivo approaches were used to verify the prediction that
the tyrosine phosphorylation levels of five high-ranking sub-
strates, PLC-�1, Gab1, SHP2, EGFR, and SHP1, are indeed
specifically modulated by PTP1B. In addition, we demonstrate
that the PTP1B-mediated dephosphorylation of Gab1 nega-
tively affects its EGF-induced association with the phosphatase
SHP2. The dissociation of this signaling complex is accompa-
nied by a decrease of ERKMAP kinase phosphorylation and
activation.

Protein-tyrosine phosphatases (PTPs)4 in concert with tyro-
sine kinases contribute to themaintenance of regulated levels of
tyrosine phosphorylation inmulticellular organisms (1, 2). Evi-
dence accumulated over the past decade has now led to the rec-
ognition that PTPs play specific, active and even dominant roles
in setting the levels of tyrosine phosphorylation in cells thus par-
ticipating in the regulation of many physiological processes in-
cluding cell growth, tissue differentiation, and intercellular
communication (3–5). Disruption of PTPs activity or its dys-

regulation results in a variety of pathologies such as autoim-
munity, diabetes, or cancer (4, 6). Despite this recognized im-
portance, the identification of the mediators of the regulatory
functions of this enzyme class has been set back by the inher-
ent difficulties in identifying physiological substrates.
Several reports have indicated that the catalytic domains

of tyrosine phosphatases, when probed in vitro, display an
intrinsic, albeit somewhat weak, preference for phosphor-
ylated tyrosines embedded in specific sequence contexts
(5). On the other hand, it is also clear that not all the pep-
tides matching these weak consensi are targeted by the
phosphatases in vivo and that the enzymatic domains are
guided to their functional substrates via a network of inter-
actions contributing to position the enzyme and its targets
in physical vicinity (5). The relative importance of these
two features, enzymatic specificity and network context,
for selection of functional phosphatase targets has not been
firmly established. On the other hand, it has been shown
that the integration of contextual information in predictive
strategies can dramatically improve the ability to infer
functional targets of the members of the related tyrosine
kinase enzyme family (7).
We report here a strategy, aimed at the identification of in

vivo phosphatase substrates, by combining orthogonal infor-
mation in a statistically meaningful framework. This is based
on the Bayesian integration of two types of evidence: (i) a
broad analysis of substrate preference obtained by probing
with the phosphatase domain a large number of naturally oc-
curring phosphopeptides arrayed on a glass chip and (ii) a
distance matrix detailing the distance between any pair of
proteins in a weighted protein interaction graph. This strategy
is general and is outlined in Fig. 1. We demonstrate here its
application to the identification of new substrates of the
PTP1B phosphatase, the best studied member of the PTP su-
perfamily (8–12). Besides, we propose PTP1B as a regulator
of the Gab1 interactome.

EXPERIMENTAL PROCEDURES

Array Organization and Binding Assay—As exemplified in
supplemental Fig. S1, each glass slide (chip) is organized as
three identical replicated arrays (subarrays); each subarray
contains 6057 naturally occurring phosphorylated peptides
and several control spots (343) arranged in a grid of 6400 po-
sitions. 1604 of these are peptides from human proteins that
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were described in the literature to be phosphorylated in vivo,
as curated in the PhosphoELM data base (13). To this list, we
added 4453 naturally occurring peptides with a high probabil-
ity of containing a phosphorylated tyrosine residue according
to the NetPhos predictive algorithm (14). The list of phos-
phopeptides is in supplemental Table S1. Each peptide main-
tains the same grid position in the three subarrays. The arrays
were co-developed with Jerini Peptide Technology within a
project supported by the “Interaction Proteome” EU inte-
grated project aimed at the characterization of the recogni-
tion specificity of the human SH2 domains.5 The glass slides
were washed for 1 h at room temperature (RT) in 5 ml of
blocking buffer (PBS supplemented with 5% BSA), and incu-

bated with 1 mg/ml of GST-PTP1B trapping mutant for 1 h at
RT in 5 ml of blocking buffer. After washing three times with
5 ml of PBS, the glass slides containing the phosphopeptide
arrays were incubated for 1 h in the dark with anti-GST Cy5-
conjugated antibody (Amersham Biosciences, 1/1000 dilu-
tion) in 5 ml of blocking buffer. The chip was extensively
washed in 1� PBS and the fluorescence intensity at each array
position was measured with a ScanArray Gx Plus instrument
(PerkinElmer Life sciences).
Two Sample Logo Visualization—To produce a sequence

logo illustrating PTP1B target recognition specificity we used
the Two Sample Logo web tool. This software requires as in-
put a positive and a negative set of aligned amino acid se-
quences. We assembled the positive dataset by selecting all
the peptides with a binding intensity higher than the median
signal, plus 1 S.D. (300 peptides in total), whereas the peptides
with a signal lower by more than 1 S.D. than the median (247)
were included in the negative peptide dataset. The same phos-
phopeptide arrays used to profile the PTP1B specificity were
also employed in a recent screening carried out in our labora-
tory to characterize the interaction network mediated by a
representative set of human SH2 domains.5 We exploited the
results of this larger screening to reduce the risk of including
in the negative PTP1B set peptides that did not give a signal in
the assay because of technical reasons (e.g. poor synthesis or
low phosphorylation). To this end we eliminated from the
analysis the 194 peptides that had not been bound by any of
the SH2 domains tested or by an anti-phosphotyrosine anti-
body (4G10). The sequence logo of the nonreacting peptides
does not show any striking enrichment or bias.
Position Specific Scoring Matrix (PSSM)—To assign to each

phosphorylated tyrosine-containing peptide a value reflecting
the probability of being dephosphorylated by PTP1B, we have
assembled three amino acid frequencymatrices: the positive ma-
trix (PM), 20 rows and 13 columns, whose value at row i and
column j is the frequency of amino acid i at the jth position in the
multialignment of the positive peptide set (see previous section).
An analogous negative matrix (NM) was obtained from the
alignment of 247 “negative peptides”; finally, a total matrix (TM)
was compiled by determining the amino acid frequency at each
position in the complete list of all the peptides arrayed on the
chips (supplemental Table S3). The score assigned to each query
phosphotyrosine containing peptide was then calculated by add-
ing up the overall peptide positions,

�
j

pmij � nmij

tmtj
(Eq. 1)

where pmij, nmij, and tmij are the values for amino acid i at
position j in the positive, negative, and total matrix, respec-
tively (see supplemental Table S2).
In Vitro Dephosphorylation Assay—T-REx-293 cells were

transfected with 10 �g of SRC kinase carrying the Y527F mu-
tation. Cells were collected and lysed in RIPA as described
above. The lysate was immunoprecipitated with anti-Gab1,
anti-PLC�-1, and anti-Grb2 antibodies overnight at 4 °C, and
then protein A-Sepharose beads were added and incubated
for 2 h at 4 °C. After five washings with reaction buffer con-

5 M. Tinti, S. Costa, L. Kiemer, M. Miller, F. Sacco, J. Olsen, M. Carducci, S.
Paoluzi, C. Workman, N. Blom, K. Machida, C. Thomson, M. Schutkowski,
S. Brunak, M. Mann, B. Mayer, L. Castagnoll, and G. Cesareni, manuscript
in preparation.

FIGURE 1. Schematic illustration of the strategy used to discover poten-
tial PTP1B substrates. A, high density peptide chip technology is used to
identify the phosphopeptides that have the capacity of binding the trap-
ping mutant catalytic domain of PTP1B. The results are used to create a
PSSM to rank the human tyrosine-phosphorylated proteins according to the
likelihood of being PTP1B substrates in vitro. B, a second feature used in the
prediction strategy is WID. We first compiled a weighted human interac-
tome by combining the interactions imported from four major protein-pro-
tein interaction databases: DIP, HPRD, IntAct, and MINT. For each protein in
the human interactome we next calculated WID, a weighted graph distance
from PTP1B. C, because the two features are largely independent we inte-
grated them by a naive Bayesian approach. The Bayesian framework ranked
each phosphorylated human protein with a score reflecting the probability
of being a physiological target of PTP1B. D, finally we used a Pathway filter
to retain only the substrates that had already been described as playing a
role in the EGF and insulin pathways.
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taining 20 mM Hepes, pH 7.4, 150 mM NaCl, and 60 mM

EDTA, the dry beads were incubated with 0.3 �g of PTP1B cata-
lytic domain or 0.3 �g of GST for 0, 5, 10, and 20min. The im-
munoprecipitates were separated by SDS-PAGE, transferred to a
nitrocellulose membrane, and immunoblotted with anti-4G10,
anti-Gab1, anti-PLC�-1, and anti-Grb2 antibodies. The catalytic
activity of the PTP1B domain was assessed using p-nitrophenyl
phosphate assay. The reaction was stopped adding 0.1 N NaOH
and the enzymatic activity was monitored bymeasuring the ab-
sorbance at 405. The enzyme activity (�mol/min/�g) was calcu-
lated applying the Lambert-Beer law.

RESULTS

PTP1B Substrate Specificity—To achieve a comprehensive
view of PTP1B target recognition, we used a strategy whereby
a domain of interest is challenged with a chip containing the
entire collection of peptides that the domain is likely to en-
counter in the cell. Phosphatases interact only transiently
with their substrates, thus making their detection difficult,
therefore, to affinity bind the substrates of PTP1B, we use the
trapping mutant of the phosphatase, which is a point muta-
tion that maintains specificity but does not allow detachment
of the phosphate. To produce the substrates, we made use of a
high-throughput technology that we recently developed. This
is based on the ability to array on a glass microscope slide
(chip) up to 20,000 peptides. For this project, we assembled a
chip containing three identical replicas of �6,000 naturally
occurring human phosphotyrosine peptides (supplemental
Fig. S1). The glass chip was incubated with the PTP1B trap-
ping mutant (12, 15) fused to GST and the interactions were
revealed with a secondary fluorescently labeled anti-GST anti-
body (Fig. 2A). A second chip was probed with GST to iden-
tify false-positive peptides that either bind to the tag or to the
antibodies used in the assay (results not shown). The signals
in the three replica arrays had a Pearson correlation coeffi-
cient of 0.89, on average. For each peptide, we used the me-
dian of the three replicas as an estimate of its affinity for the
trapping mutant. Next, we defined as “binders” (positive set)
the peptides whose signal intensity exceeded the median by
more than 1 S.D. (positive threshold). Conversely, we defined
as “non-binders” the peptides whose signal intensity was
lower by more than a standard deviation than the chip me-
dian (negative threshold). The 300 binding and the 247 non-
binding peptides were used as input for the Two Sample Logo
software to visualize the motif characterizing the peptides
preferentially recognized by the PTP1B phosphatase (Fig. 2B)
(16). Our analysis confirms and extends the findings of several
groups (17–19); namely, the sequences of peptides preferen-
tially bound by the catalytic domain of PTP1B are enriched
for negatively charged residues at the amino side of the phos-
phorylated tyrosine. Leucine is the most common residue
found at position �1 although residues containing aromatic
(Tyr, Phe) or aliphatic (Val, Leu) side chains can also be ac-
commodated at this position. A large fraction of binding pep-
tides have a methionine at �1, whereas positions from �2 to
�4 show some, albeit less pronounced, preferences. Most
importantly, the large number of peptides tested and the pos-
sibility, offered by our assay, to define a negative peptide set,

allow the unprecedented identification of statistically signifi-
cant amino acid under-representations, at different positions,
in the target peptide. The most pronounced signals are the
aversion for positively charged side chains at the amino side
of the sequence Logo and for Gly and Pro or Pro and nega-
tively charged side chain at the positions immediately preced-
ing or following the phosphotyrosine, respectively.
PTP1B Target Prediction—The phosphopeptide collection

arrayed on our chip was originally designed to contain most
of the tyrosines known to be phosphorylated in vivo. The re-
cent explosion of phosphoproteomic information (20) has
made this list incomplete. Thus, we set out to use the experi-
mental information, derived from the peptide array approach,
to train a predictive algorithm that could be used to assess the
“propensity” to be a PTP1B substrate of any newly discovered
phosphotyrosine peptide. Although we also explored an artifi-
cial neural network approach, we finally settled on a PSSM
method because of its better performance in this instance.
The PSSM score (see “Experimental Procedures”) takes into
account the residue enrichments in both the positive- and
negative-binding peptide datasets. We evaluated the perform-
ance of our PSSM-based predictor by three approaches (Fig.
2, C–E). We first assessed the potential of our predictor to
reproduce the results of the array experiment by a 10-fold
cross-validation approach (test of accuracy) and by measuring
the area under the receiver operating characteristics curve
(AUC 0.90) (test of specificity), as illustrated in Fig. 2C. As a
second independent test, we plotted our quantitative predic-
tions against the PTP1B phosphatase activity recently re-
ported by Barr and co-workers (21) for a panel of 37 phos-
phopeptides. The Pearson correlation coefficient between the
two independent measurements is 0.75 suggesting that the
PSSM scores provide a good estimate of the PTP1B activity
measured on different peptide sequences, in vitro (Fig. 2D).
Phospho-PLC-�1, -Gab1, -SHP2, -EGFR, and -SHP1 Are

Substrates of PTP1B—Finally, for a limited number of inferred
substrates, annotated in the EGF pathway and involved in
insulin signaling, we assessed the ability to bind PTP1B-
D181A, the substrate trapping mutant of PTP1B, in pulldown
assays from extracts of cells stimulated with EGF. We tested
seven proteins that are predicted to contain a PTP1B peptide
substrate (PLC-�1, Gab1, SHP2, EGFR, SHP1, Abl, and Hrs)
and two (Grb2 and Endophilin-1) that do not contain any
peptide with a high PSSM score. As shown in Fig. 2E, al-
though hardly any phosphorylated protein could be affinity
purified with GST alone or with the wild type PTP1B catalytic
domain (Fig. 2E), numerous bands were detected in the
PTP1B-trapping lane (lane 3). By probing the proteins that
were affinity purified with the PTP1B substrate-trapping mu-
tant with specific antibodies, five of seven predicted sub-
strates (PLC-�1, Gab1, SHP2, EGFR, and SHP1) were con-
firmed to specifically bind PTP1B-D181A (Fig. 2E, lane 3).
Because we do not know whether in these conditions the Hrs
peptide predicted to be a PTP1B substrate is phosphorylated,
we cannot conclude whether Hrs is incorrectly inferred to be
a PTP1B substrate or rather this negative result is an artifact
of the experimental conditions. Grb2 and Endophilin-1,
which do not contain phosphotyrosine peptides with a high
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FIGURE 2. PTP1B substrate prediction. A, the PTP1B substrate specificity was investigated by probing a high-density phosphopeptide chip with the sub-
strate-trapping mutant of the PTP1B catalytic domain. Corresponding subarray regions (�2 � 2 mm) are enlarged to demonstrate the reproducibility of the
signal. B, two Sample Logo representation of PTP1B specificity. The logo is divided into two parts. At each position of the top diagram the residues (one let-
ter code) that are enriched in the “positive peptide set” are represented with a font size relating to their enrichment factor. Conversely, the bottom diagram
contains the residues that are enriched in the peptide sequences of the negative set. C, the performance of the PSSM was evaluated by a 10-fold cross-vali-
dation and by plotting a ROC curve, using as positive dataset the 300 binding and as negative dataset the 247 non-binding peptides identified by probing
the phosphopeptide chip with the trapping mutant domain of PTP1B. D, correlation between PTP1B phosphatase activity and PSSM values. The phospha-
tase activity of PTP1B when assayed with 37 different peptides (21) was plotted against the peptide PSSM score. E, PLC-�1, Gab1, and SHP2 bind the sub-
strate-trapping mutant of PTP1B. Bacterially expressed GST, PTP1B trapping mutant domain (GST-PTP1B-DA), or wild type PTP1B catalytic domain (GST-
PTP1B-WT), were used in pulldown assays by mixing with 1 mg of lysate from EGF-induced HEK293 cells. The affinity-purified proteins were separated by
SDS-PAGE, transferred onto nitrocellulose membranes, and probed with anti-phosphotyrosine antibody 4G10 (left) or protein-specific antibodies (right). An
empty lane in both gel separates the input (lane 1) from lane 2, containing the GST pull down (negative control). Lane 3 displays the proteins bound to
PTP1B substrate-trapping (the putative PTP1B substrates) and lane 4 displays the proteins that remain bound to wild type PTP1B. Lane 5, in both gels, show
proteins immunoprecipitated with the anti-phosphotyrosine antibody 4G10 (to check phosphorylation level). F, quantitation of the pull down in panel E.
The bar graph on the left represents the fraction of each protein that is phosphorylated (i.e. immunoprecipitated by the anti-phosphotyrosine antibody).
The graph on the right represents the fraction of phosphorylated protein that is pulled down by the PTP1B substrate trapping mutant. G, the curves in the
figure compare the ROCs of three differently constructed predictive models: the blue and green curves refer to models built on a single feature (PSSM or
WID, respectively), whereas the red curve represents the performance of Bayesian models obtained by integrating both the PSSM and WID scores. The
curves shown have been obtained by averaging 10 independently trained classifiers of the same kind by a bootstrapping approach. The AUC distributions
of the 10 different models of the three predictors had a standard deviations of 0.02 or less.
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PSSM score, are phosphorylated but unable to bind the
PTP1B substrate-trapping mutant. Abl, although predicted to
be a substrate, is found not be phosphorylated in our experi-
mental conditions.
Inference of in Vivo Substrates—To assess the performance

of our PSSM in the inference of in vivo PTP1B substrates, we
first assembled a list of experimentally verified PTP1B part-
ners by searching the literature for evidence of enzymatic
and/or physical interactions between PTP1B and other pro-
teins of the human proteome. By a combination of automatic
text mining and manual curation, we have collected informa-
tion from 84 articles describing 18 PTP1B ligands and 33
PTP1B substrates (see supplemental Table S4). The set of ex-
perimentally verified PTP1B enzymatic substrates was dubbed
“positive gold standard.” Due to the intrinsic difficulty of es-
tablishing with certainty a set of PTP1B “non-substrate” pro-
teins in vivo, the negative golden standard set has been assem-
bled by random sampling (340 proteins) the human
phosphotyrosine proteome, under the hypothesis that the
majority of human proteins are not PTP1B substrates. The
performance of the PSSM in classifying positive and negative
examples is reported in Fig. 2G (Bayes_PSSM) as a ROC curve
where the percentage of true positive hits is plotted as a func-
tion of false positive hits at decreasing PSSM score. The AUC
of 0.82 (compare it with 0.90 in Fig. 2C) confirms that features
other then peptide substrate specificity must be considered
for a correct inference of phosphatase substrates in vivo. To
this end, we have integrated the in vitro evidence encoded in
the PSSM, with information about the protein interaction
web linking the phosphatase enzyme to its candidate
substrates.
Prediction of in Vivo PTP1B Substrates by Integration of

Recognition Specificity with Network Features—We have first
collected in the MINT database all the interactions that can
be downloaded from public databases and we have assigned to
each interaction a reliability score, ranging from 0 to 1, which
takes into consideration all the supporting experimental evi-
dence (supplemental “Materials and Methods”) (22). The re-
sulting weighted network was dubbed WINT_homo and is
available at the MINT download page. Following an analogy
between reliability and distance, we considered that proteins
connected by high-weight edges can be thought of as being
“closer” to each other than proteins connected by low-weight
edges. We could thus turn weights into distances (the higher
the weight, the lower the distance). Next, we defined the “dis-
tance” between two proteins as the length of the shortest
weighted path connecting two nodes in the protein interac-
tion graph (Fig. 1B) and we calculated the “weighted interac-
tome distance” (WID) between PTP1B and any other protein
present in WINT_homo (supplemental Table S5). The predic-
tive model trained on this feature has by itself a good per-
formance when used to classify PTP1B substrates and non-
substrates (AUC of 0.82, Fig. 2G, Bayes_WID). However, the
performance of the Bayesian classifier obtained from the inte-
gration of both PSSM, and WID conditional probabilities
clearly outperforms (AUC 0.92) the two Bayesian models con-
structed considering one feature at a time, indicating that
each of the features contributes specific information to the

model (Fig. 2G, Bayes_all). We next used the Bayesian classi-
fier to rank all proteins either containing a tyrosine phosphor-
ylation site, as reported in the PhosphoSite and PhosphoELM
databases, or connected to PTP1B by at least one path of fi-
nite length in the human interactome (supplemental Table
S6). By setting an arbitrary threshold on the Bayesian score,
we selected a total of 236 putative phosphatase targets, 17 of
which were among the 33 substrates already described in the
literature. This corresponds to a sensitivity of 50% at a speci-
ficity of 98% (F score � 0.66). Among the proteins predicted
to be PTP1B enzymatic targets, we focused on those known to
be involved in both EGFR and insulin signaling pathways
(supplemental Table S7). In particular, we decided to further
investigate the two predicted targets with the highest score,
Gab1 and PLC-�1, and another high scoring interactor, SHP2,
because of a specific interest of our group in this protein.
Ectopic Expression of PTP1B Specifically Decreases Tyrosine

Phosphorylation of Its Inferred Substrates—To determine
whether the PLC-�1, Gab1, and SHP2 tyrosine phosphoryla-
tion levels are altered by PTP1B expression, we ectopically
expressed in HEK293 cells the full-length phosphatase (Fig. 3,
A and B) and we monitored the phosphorylation levels of the
inferred targets upon insulin stimulation. Similar results were
obtained after EGF stimulation (results not shown). Aliquots
of the cell lysates, transfected with a vector directing the ex-
pression of PTP1B or with a control empty vector, were im-
munoprecipitated with antibodies recognizing PLC-�1, Gab1,
and SHP2, after separation by gel electrophoresis, the levels of
tyrosine phosphorylation were revealed with the anti-4G10
antibody (Fig. 3C). Fig. 3C reports the ratio of the phosphory-
lated to unphosphorylated forms for each protein analyzed, as
a function of time, upon insulin induction. In this experimen-
tal setup we have not been able to detect any signal with the
4G10 anti-phosphotyrosine antibody when cell extracts are
first immunoprecipitated with an anti-SHP2 antibody, proba-
bly as a consequence of the low concentration of phosphory-
lated SHP2. On the contrary, upon PTP1B overexpression,
phosphorylation of PLC-�1 and Gab1 sharply decreases when
compared with controls where PLC-�1 and Gab1 phosphory-
lations peak at 5 min, after addition of insulin and markedly
decline after 20 min.
Likewise, if we first affinity purify the phosphorylated pro-

teins with an anti-phosphotyrosine antibody and then we
monitor, by Western blot, the levels of the inferred targets
(Fig. 3D), we observe a consistent drop in the phosphorylation
of all the three substrates of PTP1B, upon its overexpression.
In these conditions, it could be proven also that the SHP2
phosphorylation level is indeed affected by PTP1B. The ob-
served reduction in the phosphorylation levels is specific for
the inferred PTP1B targets because, despite PTP1B overex-
pression, the cell phosphorylation profile does not change
appreciably (Fig. 3A) and, in addition, a protein, which re-
ceived a low score in our predictive algorithm, such as the
adapter Grb2, does not show any phosphorylation reduction
contingent on PTP1B expression (Fig. 3D). Similar results
were obtained when phosphorylation was triggered by the
expression of a constitutively active form of the kinase Src,
thus supporting the conclusion that the observed reduction in
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the phosphorylation of the inferred targets was due to a direct
effect on the targets themselves, rather than a secondary con-
sequence of PTP1B dephosphorylation and inactivation of the
insulin or EGF receptor kinases (supplemental Fig. S2).
Depletion of PTP1B Augments PLC-�1, Gab1, and SHP2

Tyrosine Phosphorylation—A reduction in the expression of
PTP1B should result in an increment in the phosphorylation
levels of its specific substrates. Hence, we generated stable cell
lines expressing a short hairpin RNA targeting the phospha-
tase transcript (supplemental Fig. S4) and we knocked PTP1B
expression levels down to 20% (Fig. 4A, lanes 3 and 4). To
increase tyrosine phosphorylation, we transfected HEK293
with the constitutively active kinase Src Y527F (Fig. 4A, lanes
2 and 4). A fraction of the cell lysates were used to immuno-
precipitate the tyrosine-phosphorylated proteins with the

anti-phosphotyrosine antibody 4G10. The samples were sepa-
rated by gel electrophoresis and revealed with antibodies
against PLC-�1, Gab1, SHP2, and Grb2 (Fig. 4B). After nor-
malization of the signal of the immunoprecipitated proteins
with the intensity of the immunoglobulin band (IgG), the
phosphorylation level in the different conditions was calcu-
lated and plotted as a bar diagram. The reduced expression of
PTP1B results in a significant increase in PLC-�1, SHP2, and
Gab1 phosphorylation, when compared with the control
cell line expressing the scrambled siRNA (Fig. 4B, compare
lanes 2 and 4), whereas consistently with the results in Fig.
3 and supplemental Fig. S2, Grb2 phosphorylation is not
affected by PTP1B down-regulation. A similar increase in
tyrosine phosphorylation of the inferred targets was ob-
served also after knocking down the expression of PTB1B
with independent siRNAs (supplemental Fig. S3). These
results indicate that a decrease of PTP1B expression is ac-
companied by an increase in the phosphorylation of PLC-

FIGURE 3. PLC-�1, Gab1, and SHP2 are dephosphorylated by PTP1B
upon insulin stimulation. HEK293 cells were transiently transfected with
FLAG-tagged PTP1B (lanes 4 – 6) and FLAG vector as negative control (lanes
1–3). After serum starvation for 18 h, cells were stimulated with 100 ng/ml
of insulin for 5 (lanes 2 and 5) and 20 min (lanes 3 and 6). As control we used
unstimulated cells (lanes 1 and 4). A, total extracts were revealed with anti-
4G10 antibody to monitor tyrosine phosphorylation after insulin induction
(WB: anti-4G10) and with PTP1B specific antibody (WB: anti-PTP1B) to con-
firm phosphatase overexpression in lanes 4 – 6. WB, Western blot. B, the ly-
sates were also revealed with antibodies against PLC-�1, Gab1, SHP2, Grb2,
and tubulin to detect protein levels in the cell extract. C, cell lysates were
immunoprecipitated with anti-PLC-�1, Gab1, and SHP2 antibodies. The
blots were incubated with protein-specific (upper panels) or with anti-phos-
photyrosine antibodies (WB: 4G10) to monitor the phosphorylation levels of
the immunoprecipitated proteins (lower panels). After normalization of the
immunoprecipitated proteins, phosphorylation levels were quantified and
plotted. D, cell extracts were immunoprecipitated with anti-4G10 and re-
vealed with anti-PLC-�1, anti-Gab1, anti-SHP2, and anti-Grb2 antibodies.

FIGURE 4. Knock down of PTP1B expression by siRNA results in an in-
crease in the level of tyrosine phosphorylation of PLC-�1, Gab1, and
SHP2. HEK293 stably expressing PTP1B siRNA (lanes 3 and 4) or a scrambled
control (lanes 1 and 2) were transiently transfected with a plasmid encoding
the constitutively active Src Y527F (lanes 2 and 4) or with the empty vector
(lanes 1 and 3). A, protein extracts were immunoblotted with the 4G10 anti-
body, to monitor the phosphotyrosine profile of HEK293 cells, with an anti-
body against the Src kinase to verify ectopic expression of the constitutively
active mutant (lanes 2 and 4), with an anti-PTP1B antibody, to monitor the
endogenous PTP1B expression levels and antitubulin, as a loading control.
B, 1 mg of protein extract was immunoprecipitated with the anti-phospho-
tyrosine antibody 4G10 (IP: anti-4G10). The input cell extracts and the IP
material were immunoblotted (WB) with antibodies against PLC-�1, Gab1,
SHP2, and Grb2. The amount of IgG was used as loading control. The phos-
phorylation levels of the indicated proteins were normalized and plotted as
a bar diagram.
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�1, Gab1, and SHP2 when the phosphorylation is triggered
by an activated Src kinase.
PTP1B Directly Dephosphorylates Gab1 and PLC-�1—To

prove the direct dephosphorylation of the putative PTP1B
substrates, Gab1, PLC-�1, and Grb2, as a negative control,
were immunoprecipitated from cells ectopically expressing a
constitutive active Src kinase, to induce tyrosine phosphoryla-
tion. When the putative substrates are incubated with puri-
fied PTP1B (Fig. 5), the phosphorylation levels of Gab1 and
PLC-�1 decrease, at increasing incubation times. By contrast,
the Grb2 phosphorylation level remains stable after 20 min of
incubation with the PTP1B phosphatase.
PTP1B Specificity: the Related Phosphatase TC-PTP Does

Not Dephosphorylate PLC-�1, Gab1, and SHP2 Proteins—To
evaluate PTP1B substrate specificity we used inducible Flp-In
T-REx-293 cell lines expressing either PTP1B or TC-PTP
under the control of doxycycline. PTP1B and TC-PTP are
closely related phosphatases displaying a similar domain
organization and sharing 70% amino acid sequence identity
within their catalytic domains. However, they differ func-
tionally (23) and their substrate specificity, described so
far, shows only a limited overlap. The relative expression of
PTP1B and TC-PTP was monitored, by probing with an
anti-FLAG antibody. TC-PTP is expressed twice as much
as PTP1B in these conditions (Fig. 6A). T-REx-293 cells,
inducible for either PTP1B (Fig. 6B) or TC-PTP (Fig. 6C),
were treated with doxycycline for 24 h, to induce phospha-
tase expression and stimulated for 5 min with EGF. Affinity
purified phosphorylated proteins were immunoblotted
with antibodies against PLC-�1, Gab1, SHP2, and Grb2
(Fig. 6, B and C). Because the phosphorylation level of
Grb2 does not change if either of the two phosphatases are
overexpressed, we used the intensity of its signal for nor-
malization of the phosphorylation of the putative substrate
proteins (Fig. 6, B and C). Consistent with the results of the
experiments so far, as illustrated in the bar diagrams in Fig.
6, we could confirm that PTP1B overexpression causes a
decrease of the EGF-induced phosphorylation of PLC-�1,
Gab1, and SHP2. Conversely, overexpression of the related
phosphatase TC-PTP, whereas appreciably reducing the
phosphorylation of its validated target Shc (24), has hardly
any effect on the inferred PTP1B substrates. These results
further confirm the specific role played by PTP1B in de-
phosphorylation of the predicted substrates.
PTP1B Specifically Interferes with SHP2 Recruitment by

Gab1 and with ERK1/2 Activation—It has been suggested
that Gab1 mediates ERK1/2 activation through phosphoty-
rosine-dependent binding and consequent activation of SHP2
in EGF-stimulated cells (25, 26). We have demonstrated here
that PTP1B dephosphorylates Gab1. Thus, to lend functional
support to our findings, we entertained the hypothesis that
the observed modulation of Gab1 phosphorylation levels by
PTP1B overexpression could affect the binding of SHP2 to
Gab1 and consequently attenuate ERK signaling. To support
this hypothesis we transfected HEK293 cells with PTP1B and
stimulated them with EGF for 5 min. A fraction of the protein
extract was immunoprecipitated with an antibody against
Gab1 and, after electrophoresis, it was revealed with antibod-

ies against Gab1 and SHP2, to monitor formation of a Gab1-
SHP2 complex (Fig. 7A). Gab1 phosphorylation after EGF
induction was tracked with an anti-phosphotyrosine antibody
(4G10) and by far Western with the two SH2 domains of
SHP2 (Fig. 7A, left panel) (27). EGF stimulation (lane 3) re-
sults in tyrosine phosphorylation of Gab1 and, as a conse-
quence, in formation of a Gab1-SHP2 complex (28). PTP1B
overexpression (lane 4) causes a substantial decrease of the
amount of SHP2 associated to Gab1, a decrease that parallels
a reduction in Gab1 phosphorylation and in SHP2-SH2 bind-
ing (Fig. 7A, compare lanes 3 and 4). Concurrently, we ob-
served that ERK activation following EGF induction is mark-
edly reduced when PTP1B is overexpressed (Fig. 7A, central
panel, compare lanes 3 and 4). To further investigate the in-
teraction between PTP1B and Gab1, we modulated the levels
of PTP1B in a doxycycline inducible 293 cell line where, after
induction, the concentration of PTP1B is only three times as
high as the endogenous. After 24 h of PTP1B expression, we
confirm the dephosphorylation of Gab1 and the decrease of
the Gab1-SHP2 complex (Fig. 7B). The observed impact of
PTP1B on formation of the Gab1-SHP2 complex is specific
because it is not detected in inducible cell lines expressing the
related phosphatase TC-PTP (supplemental Fig. S5). Consis-
tently, incubation with a specific dibromohydroxybenzoyl
PTP1B inhibitor (29) results in an increase of Gab1 phosphor-
ylation and consequently in an increment of the Gab1-SHP2
complex and MAPK activation (Fig. 7D, compare lanes 3 and
4). At the same time, we observe the formation of an EGF-de-
pendent complex between Gab1 and PTP1B (Fig. 7, C and D,
lanes 3 and 4). This latter complex is probably mediated by
interaction with the adaptor protein Grb2, which is stably
associated with PTP1B via its SH3 domains (Fig. 7C). Several
authors reported the formation of a ternary complex between
PTP1B and substrates mediated by adaptor proteins such as
Grb2 (30) and p130cas (31). This ternary complex probably
promotes the dephosphorylation of PTP1B substrates by
bridging the enzyme to its targets. Taken together these re-
sults establish a strong correlation between the concentration
and the activity of PTP1B, its ability to bind (indirectly) and
de-phosphorylate Gab1, the dissociation of a complex be-
tween Gab1 and SHP2, and the concomitant inactivation of
ERK1/2.

DISCUSSION

Post-translational modifications play a crucial role in most
biological processes. Regulated addition and removal of
chemical groups such as phosphates, methyl, or acetyl groups
etc. may change protein activity and modulate their integra-
tion in the protein interaction web. The enzymes that modify
proteins (e.g. kinases) often show an intrinsic substrate prefer-
ence. However, the enzymatic selectivity that can be mea-
sured in vitro cannot account for the substrate specificity ob-
served in vivo. Although conserved sequence motifs can be
recognized in kinase targets (32), these motifs are not suffi-
ciently informative to confidently identify in vivo substrates.
Other factors, like protein co-expression, co-localization, and
substrate capture by the formation of complexes via non-cata-
lytic domains, may play an important or even a dominant role.
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Exploiting this contextual information in predictive strategies
can dramatically improve the ability to infer functional targets
(7). These considerations are even more important when ap-
plied to enzymes such as phosphatases whose sequence selec-

tivity is less pronounced than the one observed in kinases. In
this work we have challenged our ability to predict protein-
tyrosine phosphatase substrates by a combined experimental
and informatic approach.

FIGURE 5. PTP1B directly dephosphorylates Gab1 and PLC-�1 but not GRB2 in vitro. A, the PTP1B catalytic domain was expressed in bacteria, purified,
and incubated with p-nitrophenyl phosphate substrate in assay buffer to demonstrate phosphatase activity. The increase in the absorbance at 405 was
plotted as a function of time, and the specific activity was calculated by applying the Lambert-Beer law. B, D, and F, T-REx-293 cells were transiently trans-
fected with 10 �g of a plasmid directing the synthesis of the Src mutant Y527F, a constitutively active mutant of SRC kinase. After cell lysis the protein ex-
tracts were immunoprecipitated with anti-Gab1, anti-PLC�-1, or anti-Grb2 antibodies. The immunopurified proteins were incubated with 0.3 �g of GST-
PTP1B catalytic domain or GST alone, for the indicated times, at 30 °C, in reaction buffer. The tyrosine phosphorylation levels and the immunoprecipitated
proteins were revealed, respectively, with anti-4G10 and anti-Gab1, PLC�-1, and Grb2 antibodies (C, E, and G). The band intensities were quantitated and
the ratios of phosphoproteins (p-Gab1, p-PLC�-1, and p-Grb2) versus total proteins (Gab1, PLC�-1, and Grb2) are represented as bar graphs.
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PTPs participate in maintaining the steady state balance of
protein tyrosyl phosphorylation, thereby regulating most bio-
logical processes. Thus a complete characterization of physio-
logical phosphatase substrates is the key to understanding the
molecular mechanisms modulated by this enzyme class. Over
the past decades several focused studies have contributed to
shed light on the basis of substrate selection. Until recently,
no general proteome wide approach aimed at the description
of most of the substrates of a given phosphatase was pro-
posed. While our project was in progress, Mertins and co-
workers (33) reported a new strategy taking advantage of high
resolution LC-MS and differential labeling to identify ty-
rosines that are hyperphosphorylated in fibroblasts knocked
out in the PTP1B gene. This approach led to the identification
of 17 PTP1B targets. However, perturbation of the phospho-
tyrosine network by removal of an enzyme as central as
PTP1B could also indirectly enhance or down-regulate phos-
photyrosine-mediated signaling downstream of direct sub-
strates. In addition, false negatives could arise because of low
signal in the MS spectrum or compensatory mechanisms
upon PTP1B knock-out, such as up-regulation of functionally
related phosphatases complementing the PTP1B defects.

Here we have described a different and complementary ap-
proach that combines, in a statistically meaningful model, two
features impinging on substrate choice.
PTP1B Substrate Specificity—Although PTPs are consid-

ered rather promiscuous enzymes with little preference for
specific residues flanking the phosphorylated tyrosine, several
approaches have contributed to identify motifs in aligned sub-
strate sequences. A practical strategy to investigate the in
vitro substrate specificity of PTP enzymes makes use of a mu-
tant form of this enzyme class, dubbed “substrate trapping
mutant” (12). These mutants represent a practical tool be-
cause they allow conversion of a relatively laborious enzy-
matic assay into a convenient binding assay that has a high-
throughput potential. Here we have combined the versatility
of trapping mutants with a new approach that permits to
probe protein binding on high density peptide arrays to deter-
mine the recognition specificity of PTP1B, one of the best
studied members of this enzyme class. The results of this ap-
proach confirm, at a much higher resolution, and extend pre-
vious observations attesting that the new technology is not
introducing major artifacts (18, 34, 35). In addition, the large
number of peptides tested has permitted to compute mean-
ingful residue frequencies in peptides that either do or do not
bind. We have used these positive and negative datasets to
build a PSSM that combines the positional amino acid fre-
quencies in both the positive and negative sets and we have
used it to rank any candidate tyrosine-containing peptide ac-
cording to the probability of being a phosphatase substrate.
The resulting PSSM benefits from the unique characteristics
of our experimental approach that returns both a list of posi-
tive and negative peptide substrates. To assess the impact of
taking into account also non-interacting peptides, we evalu-
ated the performance of a PSSM that uses a random selection
of peptides as negative dataset or does not use any “negative”
information at all. In both cases the AUC was much lower
(0.81/0.69) than that of the PSSM that takes into account both
positive and negative information (0.91). We also assessed the
performance of our predictor by measuring the AUC of the
ROC curve obtained using the 15 substrates proposed by the
approach of Mertins et al. (33) as a source of true positives. In
this case the AUC was found to be 0.85.
The PSSM derived from the chip approach has a high reso-

lution and permits substrate inference down to single residue
detail. In fact the potential of our PSSM is also attested by the
substantial correlation between the PSSM score and the enzy-
matic (i.e. dephosphorylation) activity measured in vitro by an
independent assay (21) (Fig. 2D). It remains to be established
to what extent this correlation would extend to in vivo activ-
ity. However, given the lack of suitable reagents or methodol-
ogy to experimentally probe in a quantitative manner each
phosphotyrosine peptide, in the Bayesian inference, we have
not exploited this opportunity and our predictions are at the
protein level.
Bayesian Integration of Orthogonal Features—The “in vitro”

PTPs substrate recognition specificity, as determined by the
peptide chip profiling experiment and encoded in the PSSM,
only captures the preference of the enzymatic pocket for spe-
cific sequence motifs and as such it may turn out to be insuffi-

FIGURE 6. The TC-PTP phosphatase does not dephosphorylate PTP1B
substrates. T-REx-293 cells were incubated for 24 h with doxycycline to
induce the expression of PTP1B (A and B) and TC-PTP (A and C) phospha-
tases. A, different amounts of total extract expressing both PTP1B and TC-
PTP were loaded onto the gel and the blot was revealed with anti-FLAG
antibody. B and C, cells were stimulated with EGF for 5 min before cell lysis.
1 mg of the protein extract of each sample was immunoprecipitated with
4G10 antibody. The input material (Input) and the phosphorylated proteins
(IP anti-4G10) were immunoblotted with antibodies against the indicated
proteins. The phosphorylation levels of the proteins were normalized with
the phospho-Grb2 signal and plotted as a bar diagram.
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cient for the discovery of new substrates of potential physio-
logical relevance. Contextual information, such as protein
localization and expression, or the coordinated operation of
adapter proteins mediating the formation of molecular com-
plexes may come into play to direct the phosphatase toward

its enzymatic targets (32). For this reason, we sought to com-
bine our experimentally derived PSSM with network context
information encoded in the WID matrix as the shortest graph
distance between any two proteins. Given the orthogonality of
the two pieces of evidence, we adopted a naive Bayes ap-

FIGURE 7. PTP1B negatively affects SHP2 recruitment by phosphorylated Gab1 and ERK phosphorylation. A, HEK293 cells were transiently transfected
with FLAG-tagged PTP1B (lanes 2 and 4) or with the corresponding amount of empty FLAG vector (lanes 1 and 3) and stimulated with EGF for 5 min (lanes 3
and 4). 1 mg of protein extract was immunoprecipitated with anti-Gab1 antibody. The IP material was immunoblotted with antibodies against Gab1 (to
control Gab1 immunoprecipitation), 4G10 (to monitor Gab1 phosphorylation level), SHP2 (to verify its interaction with Gab1), and the purified SH2 domains
of SHP2 (to verify the interaction with the phosphotyrosines of Gab1). The amount of immunoprecipitated Gab1 was used as a reference to quantify the
fraction of Gab1 phosphorylated in the four different experimental conditions. In the bar diagram in A, we have quantified the amount of phospho-Gab1 (to
verify EGF dependent phosphorylation), the amounts of SHP2 and SH2 domains bound to Gab1 (to quantify the amount of SHP2 bound to phospho-Gab1
in lane 3 and the decrease of interaction due to Gab1 dephosphorylation by PTP1B in lane 4). The input was revealed with antibodies against Gab1, SHP2,
PTP1B, and tubulin. The anti-�-tubulin antibody was used as a loading control and the anti-PTP1B antibody was used to verify PTP1B transfection. The pro-
tein extracts were revealed also with anti-phospho-p42– 44 MAPK-ERK1/2, to control the EGF-induced activation of ERK1/2 (lane 3) and the decreased ERK
phosphorylation subsequent to PTP1B expression (lane 4). The ratio of phosphorylated p42– 44 MAPK to total ERK1/2 protein is plotted. B, T-REx-293 cells
were incubated for 24 h with doxycycline to induce the expression of PTP1B phosphatase (lanes 3). Cells were induced 5 min with EGF (lanes 2 and 3). 1 mg
of the protein extracts was immunoprecipitated with Gab1 antibody. The input and the Gab1-bound proteins (IP material) were immunoblotted with anti-
bodies against Gab1, SHP2, and 4G10 (left). The expression of PTP1B was revealed with anti-FLAG antibody (lane 3). Bar diagram in B, the amount of immu-
noprecipitated Gab1 was used as a reference to quantify the SHP2 fraction bound to phosphorylated Gab1 (lane 2) to compare with the SHP2 bound to
Gab1 in PTP1B overexpression conditions (lane 3). C, to check the co-immunoprecipitation of phospho-Gab1 when SHP2 is immunoprecipitated in the pres-
ence of low level of PTP1B, T-REx-293 cells were incubated for 24 h with doxycycline to induce expression of PTP1B (lanes 1 and 2). Five minutes before cell
lysis, cells were stimulated with EGF (lanes 2 and 3). 1 mg of the protein extract of each sample was immunoprecipitated with anti-FLAG antibody (for
PTP1B) and 1 mg was used to immunoprecipitate Gab1 protein. The input material (Input) as well as the IP with anti-FLAG (PTP1B) antibody were immuno-
blotted with antibodies against FLAG, Gab1, and Grb2. The IP with anti-Gab1 antibody were revealed with 4G10 antibody to detect the phosphorylation
level of Gab1. D, inhibition of PTP1B activity increases ERK phosphorylation and improves co-immunoprecipitation of Gab1 with SHP2, although not affect-
ing its co-immunoprecipitation with Grb2. T-REx-293 cells were incubated for 24 h with doxycycline to induce the expression of PTP1B (lanes 3 and 4) and
serum starved for 20 h. An aliquot of 293 cells were treated with 250 �M of the PTP1B inhibitor (Calbiochem compound N0539741) for 1 h (lane 4) and in-
duced with EGF for 5 min (lanes 2– 4). Protein extracts were revealed with antibodies against the indicated proteins. The protein extracts were also immuno-
blotted with anti-phospho-p42– 44 MAPK-ERK1/2, to monitor the activation of ERK1/2. 1 mg of protein extract was immunoprecipitated with an anti-Gab1
antibody and revealed with 4G10 antibodies (to monitor Gab1 phosphorylation levels), anti-Gab1 (to control Gab1 immunoprecipitation), and anti-SHP2, to
verify its interaction with Gab1. The fractions of phosphorylated p42– 44 MAPK and phosphorylated Gab1 are plotted as bar diagrams together with the
fraction of SHP2 bound to Gab1.
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proach to build an integrated model combining the two fea-
tures. The combined model outperforms both models con-
structed by singling out one feature at a time, thus
establishing that the information contained in the PSSM and
WID matrix complement each other and both contribute to
increase predictions reliability. A third feature that we consid-
ered in our Bayesian model is protein co-expression, as in-
ferred from a gene coexpression table obtained by compiling
the results of a large collection of gene chips experiments (36).
We eventually did not consider this feature because it per-
formed only slightly better than random in classifying the
PTB1B substrates in the golden standard list (AUC � 0.61)
and it did not contribute to improve the model based on the
PSSM and the WID matrix.
Despite the good performance of our approach, caution is

recommended. Both the collection of naturally occurring hu-
man tyrosine phosphorylation sites and the human protein-
protein interaction network are largely incomplete. Thus,
substrates may be missed because no experimental evidence
has been produced to accurately integrate them in the protein
interaction network or their phosphorylation has not been
reported. In addition, the AUC of the ROC evaluating the
predictive power of WID might be overestimated. Although
we took the precaution of removing from the WID matrix all
the information reporting direct interactions between PTP1B
and the proteins in our substrate golden standard, we still feel
that this feature could be affected by a “social bias.” Once an
interesting substrate is reported in the literature, the commu-
nity is motivated to analyze possible interactions with pro-
teins that are in the functional/physical neighborhood. This
attitude could influence the density of the (indirect) connec-
tions linking PTP1B and its described substrates, thereby de-
creasing their graph distance in the network as compared
with substrates yet to be discovered. Conversely, a poorly
characterized phosphatase will not benefit from this feature
because of its limited integration in WINT_homo. Notwith-
standing these caveats, our results indicate that the approach
that we have reported here can lead to the discovery of new
PTP1B substrates and may be extended to other
phosphatases.
The PTP1B Network—Because of its involvement in modu-

lating the outcome of numerous human disorders, PTP1B is
the most intensively studied tyrosine phosphatase. Despite
the wealth of available information, the network of interac-
tions, and enzymatic substrates that have been assembled
over the years is not sufficient to fully explain the physiologi-
cal outcome of modulating the levels of this phosphatase in
cells or living organisms. A variety of reports are consistent
with the notion that the main role of PTP1B is to act as a
brake for proliferative and metabolic signals (37, 38). How-
ever, more recent data indicate that this simple model is
somewhat limited. In fibroblast, PTP1B is required for the
activation of the small GTPase Ras, an enzyme that is gener-
ally associated with increased cell proliferation and motility
(39). Consistent with a positive role in signaling, PTP1B has
been identified as the major tyrosine phosphatase that posi-
tively regulates the activity of endogenous Src kinase by re-
ducing phosphorylation at Tyr-527 both in colon (40) and in

breast cancer (41, 42). These and other somewhat contradic-
tory reports indicate that we are far from a system level un-
derstanding of the PTP1B network. Because the best charac-
terized role of PTP1B is in the regulation of proliferative
pathways, our in vivo validation experiments focused on pro-
teins that are involved in modulating the response to receptor
tyrosine kinase stimulation: PLC-�1, SHP2, Gab1, EGFR, and
SHP1.
Using the substrate-trapping approach, we demonstrate

a specific and direct binding of the inferred substrate pro-
teins to the catalytic domain of PTP1B (Fig. 2). Consis-
tently PTP1B overexpression down-regulates the phos-
phorylation of PLC-�1, Gab1, and SHP2, after insulin or
EGF stimulation (Fig. 3). Because it has been reported that
PTP1B can act as a negative regulator of these pathways by
directly de-phosphorylating the receptors (43), we have
also monitored substrate phosphorylation levels under
phosphorylation conditions that are independent from
growth factor receptor activity. By making use of a consti-
tutively active, and PTP1B-insensitive form of the Src ki-
nase, we lend further support to a direct dephosphory-
lation mechanism and exclude an indirect effect due to the
inactivation of upstream kinases (i.e. the receptor). The
results obtained by knocking down the PTP1B concentra-
tion by an siRNA approach or by abating its enzymatic ac-
tivity with a specific inhibitor are consistent with these
conclusions (Figs. 4 and 7). The observed de-phosphoryla-
tion of PLC-�1, SHP2, and Gab1 is specific because the
phosphorylation level of the adaptor protein Grb2 is found
to be independent of PTP1B concentration. At the same
time, increasing the concentration of TC-PTP, the closest
PTP1B homologue, does not affect the phosphorylation
levels of the proposed PTP1B substrates, thus confirming
some level of specificity in PTP1B substrate selection (Fig.
6 and supplemental Fig. S5). Direct dephosphorylation of
Gab1 and PLC-�1 by PTP1B is proved by an in vitro pro-
tein-tyrosine phosphatase assay with purified enzyme and
immunoprecipitated substrates (Fig. 5). PLC-�1 and SHP2
were also in a list of putative PTP1B substrates recently
reported by Mertins et al. (33), whereas Gab1 is proposed
and validated as a PTP1B substrate for the first time here,
to our knowledge. Gab1 is a member of a family of dock-
ing/scaffolding proteins acting downstream of tyrosine ki-
nase receptors. After EGFR stimulation, Gab1 is phosphor-
ylated on several tyrosines that in turn work as docking
sites for SH2 domain-containing signaling molecules, such
as SHP2, PI3K regulatory subunit p85, Crk, Ras GTPase-
activating protein, and PLC-�1 (some of these interactions
are shown in Fig. 8). We asked whether the PTP1B-depen-
dent modulation of Gab1 tyrosine phosphorylation de-
scribed here could affect its ability to form signaling com-
plexes. Among the many Gab1 binding partners, we
focused on SHP2, a ubiquitously expressed protein-tyro-
sine phosphatase, which, in association with Gab1, has a
crucial role in the receptor tyrosine kinase-dependent acti-
vation of ERK1/2 (25). Here we have shown that PTP1B
can down-regulate the formation of the SHP2-Gab1 com-
plex by dephosphorylating Gab1 (Fig. 7). We also provide
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evidence of a physical association between Gab1, PTP1B,
and the docking protein Grb2 to form a ternary complex.
PTP1B has been shown to have the potential to interact
directly with Grb2 via a proline-rich motif that docks into
the Grb2 SH3 domains (31). We confirmed this interaction
demonstrating a considerable co-immunoprecipitation of
these two proteins. More specifically we showed a consti-
tutive interaction between PTP1B and Grb2 both in non-
stimulated and EGF-stimulated cells, whereas the associa-
tion of PTP1B with Gab1 was observed only after EGF
induction. As mentioned before, the interaction between
Grb2 and PTP1B and the functional effects on Gab1 de-
phosphorylation described in the present work have impli-
cations for the regulation of proliferation. The role of
PTP1B in the Ras/MAP kinase pathway is controversial.
Most studies have been performed in immortalized fibro-
blast cell lines derived from wild type and PTP1B knock-
out embryos stimulated with PDGF. Although many stud-
ies point to the role of PTP1B as a growth suppressor, Haj
and co-workers (10) reported that PDGF-stimulated ERK
and AKT activation is not substantially altered in PTP1B-
deficient mouse embryonic fibroblasts. However, in the
same cellular system under lower levels of PDGF stimula-
tion (10–20 ng/ml), the absence of PTP1B was shown to
attenuate ERK activation (39). In our work we used a
HEK293 cell line under stimulation at high EGF concentra-
tion and we observed that overexpression of PTP1B re-

duces ERK activation, whereas inhibition of the PTP1B en-
zymatic activity has an opposite effect. Taken together,
these results point to a subtle control mechanism heavily
dependent on the cellular and genetic context. Our results
lend support to a new mechanism whereby PTP1B inter-
feres with the association of Gab1 with SHP2 in response
to EGF treatment (Fig. 8). The PTP1B-triggered dissocia-
tion of SHP2 mimics the Leopard syndrome mutants in
SHP2 (44), whereas favoring the membrane recruitment of
p120Ras GAP, mediated by the attachment of its SH2 do-
main to the phosphorylated Tyr-317 of Gab1. Consistently,
we observe that this rearrangement of the Gab1 complex
parallels a drastic decrease in ERK activation. Given the
intricacy of the network, this does not conclusively prove
that dissociation of the SHP2-Gab1 complex is the only
main route leading to the PTP1B-mediated ERK inactiva-
tion. In conclusion, these data suggest that PTP1B may
play an important role in regulating receptor tyrosine ki-
nase signaling pathways, by modulating the ability of Gab1
to form complexes with SH2 domain-containing proteins
such as the phosphatase SHP2 and, consequently, with
RasGAP and p85 PI3K.
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