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ABSTRACT The substrate specificity of a recombinant
protein tyrosine phosphatase (PTPase) was probed using syn-
thetic phosphotyrosine-containing peptides corresponding to
several of the autophosphorylation sites in epidermal growth
factor receptor (EGFR). The peptide corresponding to the
autophosphorylation site, EGFR,68..,,, was chosen for further
study due to its favorable kinetic constants. The contribution of
individual amino acid side chains to the binding and catalysis
was ascertained utilizing a strategy in which each amino acid
within the undecapeptide EGFR, 9ss. (DADEpYLIPQQG)
was sequentially substituted by an Ala residue (Ala-scan). The
resulting effects due to singular Ala substitution were assessed
by kinetic analysis with two widely divergent homogeneous
PTPases. A "consensus sequence" for PTPase recognition may
be suggested from the Ala-scan data as DADEpYAAPA, and
the presence of acidic residues proximate to the NH2-terminal
side of phosphorylation is critical for high-affmity binding and
catalysis. The K. value for EGFR,85_.,, decreased as the pH
increased, suggesting that phosphate dianion is favored for
substrate binding. The results demonstrate that chemical fea-
tures in the primary structure surrounding the dephosphory-
lation site contribute to PTPase substrate specificity.

The tyrosine phosphorylation "status" ofa cell is maintained
by protein tyrosine kinases (PTKs) and protein tyrosine
phosphatases (PTPases) (1, 2). The first PTPase to be purified
and sequenced was a 35-kDa protein (PTP 1B) from human
placenta (3, 4). PTP1B was shown to share amino acid
sequence homology with the cytoplasmic domain of the
leukocyte cell surface glycoprotein CD45 (5). CD45 was
subsequently shown to have tyrosine phosphatase activity
(6). This discovery drew attention to the possible biological
role of the PTPases in controlling signal transduction within
the cell. Isolation and characterization of cDNA by low
stringency hybridization and polymerase chain reaction dem-
onstrated that PTPases constitute a large diversified family of
catalysts that can be divided into two structurally distinct
groups. One group generally has an extracellular domain,
transmembrane spanning region, as well as two duplicated
cytoplasmic PTPase domains. The other group of PTPases
corresponds to the intracellular family of enzymes that have
a single PTPase domain (2).
Many PTPases have been cloned but limited information is

available about their functions, mechanisms of catalysis, or
substrate specificities. One ofthe central questions in protein
phosphorylation is how kinases and phosphatases distinguish
the diversity of substrates that they encounter in the cell. In
the case of protein kinases, the amino acid sequence sur-
rounding the phosphorylation site plays a crucial role in
determining substrate specificity (7, 8). For example, the
cAMP-dependent protein kinase has a strong preference for

phosphorylation of Ser residues that are located two or three
residues to the COOH-terminal side of basic amino acids
(most commonly Arg). Tyrosine kinases phosphorylate ty-
rosine residues that are preceded by several acidic amino acid
residues (9, 10).

Detailed studies on the substrate specificity of PTPases
have been hampered by the lack of highly purified enzymes
and stoichiometrically phosphorylated substrates. There-
fore, artificial substrates such as p-nitrophenylphosphate,
phosphorylated lysozyme, or myelin basic protein have been
used to characterize the PTPases (11). Recent advances in
solid-phase peptide synthesis have resulted in the successful
preparation of stoichiometrically tyrosine-phosphorylated
peptides (12, 13). In general, two types of assay have been
employed for the synthetic phosphopeptides. One is to follow
the PTPase-catalyzed hydrolysis by measuring the produc-
tion of inorganic phosphate using the malachite green color-
imetric assay (14), and the other is to follow the breakdown
ofpeptide substrates by HPLC, since the phosphorylated and
dephosphorylated forms have different retention times (15).
These two techniques are discontinuous assays and the
procedures are laborious.
We have recently developed expression and purification

schemes to obtain large amounts of homogeneous PTPases
(16, 17). We have also reported a sensitive continuous assay
for PTPases that utilizes phosphotyrosine-containing peptide
substrates (18). This assay is based on the differences in the
spectrum of the peptide before and after the removal of the
phosphate group. The increase in the absorbance at 282 nm or
the increase in fluorescence at 305 nm of the peptide upon the
action ofPTPase can be followed continuously and the result-
ing progress curve (time course) can be analyzed directly using
the integrated form of the Michaelis-Menten equation. This
procedure is convenient and efficient, since kct and Km values
can be obtained in a single run. To analyze the substrate
specificity of the PTPases in greater detail, we have utilized
peptides corresponding to the autophosphorylation sites of
epidermal growth factor receptor (EGFR) to address some of
the structural requirements for optimum substrate binding and
catalysis. A strategy was employed in which each amino acid
within the phosphotyrosine-containing peptide substrate
EGFRs88_sgg (DADEpYLIPQQG) (19) was sequentially sub-
stituted by Ala (Ala-scan). The resulting effects of singular
Ala substitution were evaluated kinetically. In this way,
specific contributions to the binding and catalysis by indi-
vidual residues were ascertained. Two PTPases were em-
ployed in these studies, a recombinant bacterial PTPase from
Yersinia and a recombinant mammalian PTPase originally
cloned from rat brain. We report kinetic parameters with the
Yersinia PTPase and the recombinant mammalian PTPase
and demonstrate that chemical features in the primary struc-
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ture proximate to the phosphorylated Tyr contribute to
PTPase substrate specificity.

MATERIALS AND METHODS
Enzyme Preparation. Homogeneous recombinant Yersinia

PTPase (16) and the mammalian PTPase, PTP1U323 (17),
were purified as described. Enzyme and peptide concentra-
tions were determined by amino acid analysis.

Peptide Substrate Preparation. Phosphotyrosine-contain-
ing peptides were synthesized, purified, and characterized as
described (18). EGFR1167-1175 (TAENAEpYLRV) was ob-
tained from the Biomedical Research Core Facilities of the
University of Michigan.
Enzyme Assay and Data Analysis. All enzyme assays were

performed at 30°C in pH-buffered solution with a constant
ionic strength (,u) of 0.15 M. All of the peptide substrates
were analyzed by the continuous assay (18). For standard
spectrophotometric assays, a microcuvette was used. The
reaction solution (total volume of 500 jul) containing an
appropriate amount of peptide substrate was incubated at
30°C for at least 15 min before the reaction was started by
introducing a catalytic amount of PTPase into the reaction
mixture. The entire time course of the PTPase-catalyzed
hydrolysis of tyrosine-phosphorylated peptide substrate was
recorded by monitoring the increase in absorbance at 282 nm
and the Michaelis-Menten kinetic parameters kcat and Km
were determined by analyzing the experimental data through
a nonlinear least-squares fit algorithm (20) using the inte-
grated Michaelis-Menten equation:

t = p/kcatEo + (Km/kcatEo)ln[po/(p -p)],

where kcat is the catalytic turnover number, Km is the
Michaelis constant, Eo is the enzyme concentration, and p
and p.. are the product concentration at time t and infinity,
respectively. This relationship can then be used directly to
analyze an array of experimental t-s data pairs by nonlinear
least-squares methods where the parameters k,,t and Km are
optimized through minimizing E(texp - t'.1j2.

RESULTS AND DISCUSSION
Primary Structure Contributes to PTPase Substrate Speci-

ficity. Fig. 1 shows a typical time course of the Yersinia
PTPase-catalyzed hydrolysis ofEGFR58-8_ at pH 6.6, 30°C,
monitored by the increase in absorbance at 282 nm. Data
from the progress curve were collected and fitted to the
integrated form of the Michaelis-Menten rate equation. In
most cases, two or more substrate concentrations, at >2-5
times the Km value, were used for each peptide to ensure the
validity of the analysis. kt and Km values can be obtained
simultaneously from a single run. Table 1 summarizes the
Michaelis-Menten kinetic parameters offour EGFR peptides
with the homogeneous recombinant Yersinia PTPase. For
comparison, results with six peptides corresponding to the
autophosphorylation sites in neu, Ick, and src (18) are also
included. Although kcat values for all peptide substrates are
similar, with the exception of Neu56556, the Km values vary
considerably (ca. 30-fold). It is apparent that, as with the
protein kinases, the substrate specificity of the PTPases may
also be determined, at least in part, by the nature of the
residues surrounding the target phosphotyrosine. Due to the
differences in sequence and length of the peptide substrates
examined, one can not draw any definitive conclusions
regarding the structural requirements for substrate recogni-
tion. Systematic alteration of amino acids adjacent to the
phosphotyrosine in the peptide substrates will shed light on
potential recognition elements. We chose the best substrate,
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FIG. 1. Progress curve analysis of Yersinia PTPase-catalyzed
hydrolysis of phosphotyrosine-containing peptide EGFRgsu . The
hydrolysis reaction was followed by the increase in absorbance at 282
nm at pH 6.6, 50 mM 3,3-dimethylglutarate, 1 mM EDTA, I = 0.15
M buffer, and 300C. The peptide substrate concentration was 4501M
and the enzyme concentration was 3.25 nM. The theoretical curve
(solid line) was obtained through a nonlinear least-squares fit algo-
rithm to the experimental data (o) using the integral Michaelis-
Menten equation.

EGFR988.m, as a template to ascertain specific contributions
from individual residues to the binding and catalysis.

Substrate Specificity of the Yersinia PTPase. Table 2 sum-
marizes the Michaelis-Menten kinetic parameters of 10 pep-
tides corresponding to EGFR9ft_m. The contribution of
specific amino acid side chains to binding and catalysis were
determined by systematically replacing each amino acid in
the EGFR988.-S sequence with Ala (Ala-scan). Kinetic con-
stants were initially obtained with the homogeneous recom-
binant Yersinia PTPase. To simplify the discussion, a no-
menclature similar to that used by Kennelly and Krebs (7)
will be adopted-i.e., the phosphoacceptor Tyr residue is
designated to be at the zero position in the peptide sequence
and the adjacent NH2-terminal and COOH-terminal amino
acids will be designated by the numbers NH2-. .. , -3, -2,
-1, 0, + 1, +2, +3, .. .-COOH,etc. As shown in Table 2, kt
values of the Ala-scan series of EGFR9ss ss are relatively
constant with the exception of EGFRWSAm (replacement of
E991 with Ala), whereas Km values vary markedly. The
kcat/Km ratio for EGFR9g8_9% of 2.23 x 107 M-1ls-I at 30°C
and pH 6.6 reflects a near diffusion-controlled efficiency for
the Yersinia PTPase. Substitution of Asp-988 to Ala and
Asp-990 to Ala each modestly increased the Km (2-fold and
5-fold relative to the wild-type peptide, respectively). A more
striking effect is observed when Glu-991, which is immedi-
ately adjacent to the target tyrosine phosphate, is replaced by
Ala (i.e., position -1). This single substitution increases the
Km of the peptide by 63-fold while at the same time reducing
its kct by 2-fold, thus causing a drop of 126-fold in terms of
kcat/Km value (a kinetic parameter of substrate specificity)
compared to the wild-type peptide. The importance of the
acidic residues as positive regulation elements increases as a
function of their proximity to the phosphotyrosine. On the
COOH-terminal side of the tyrosine phosphate, substitution
of Leu-993 or Gln-996 by Ala has a very modest effect on
binding and catalysis, increasing the Km 1.5- and 2-fold,
respectively. Interestingly, the Pro-995 to Ala change in-
creases the Km by 4-fold (position +3). Finally, replacement
of Ile-994, Gln-997, or Gly-998 by Ala has minimal effect on
their kinetic behavior. Thus, it is apparent from the Ala-scan
that an acidic residue at -1 position is critical for the Yersinia
PTPase catalysis since its replacement by Ala decreases the
substrate specificity by 126-fold. Other important positions
are -2 and +3, which are Asp and Pro, respectively. These
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Table 1. Kinetic constants for the hydrolysis of phosphorylated peptides by Yersinia PTPase at
pH 6.6, 30°C

10-7 X kcat/Km,
Substrate Km, ,LM kcat, s- M-l s-

DADEpYLIPQQG EGFR988-998 59.0 ± 4.8 1314 ± 18 2.23
LPVPEpYINASV* EGFR1063-1073 959 ± 50 1349 ± 58 0.141
AEpYLRVAPQS EGFR1171-118o 1990 ± 180 1155 ± 80 0.0580
TAENAEpYLRV EGFR1167-1176 367 ± 24 1146 ± 26 0.312
DAEEpYLVPQQGt Neu347-357 78.4 ± 1.6 1348 ± 8.3 1.72
DNLYpYWDQNSSt Neu546-556 103 ± 28 446 ± 42 0.433
ENPEpYLGLDVPVt Neu572583 392 ± 20 1414 ± 41 0.361
EDNEpYTAREt p5613910-398 2240 ± 450 1676 ± 240 0.0748
TEPQpYQPGEt p6O-531 390 ± 6.0 1287 ± 9 0.330
AcRRLIEDAEpYAARGt (RR-src) 189 ± 24 1178 ± 100 0.623
*This peptide corresponds to EGFR1063_1073, except that residue 1071 Q is replaced with A.
tResults from Zhang et al. (18).

conclusions are supported by the fact that Neu347-357
(DAEEpYLYPQQG), which incorporates similar residues at
the critical positions noted above (residues that are different
from EGFR988_998 are underlined), has a similar kcat/Km value
(1.72 x 107 M-1s-1) under identical conditions (Table 1).

EGFR1062_1073 (Table 1) has Glu at its -1 position, but the
other two important positions-i.e., -2 (Asp or Glu) and +3
(Pro)-have been changed to Pro and Ala, respectively. The
consequence was reflected by a Km of959 ,uM for the Yersinia
PTPase, which agrees well with what would be predicted
from the combination of the two in the Ala-scan. Thus the
importance of acidic residues NH2-terminal to the tyrosine
phosphate, as well as the individual side chain contributions
to the binding and catalysis, are clearly illustrated from the
results described above. The sensitivity of PTPase action to
the linear sequence surrounding the tyrosine phosphorylation
site is also demonstrated by results from kinetic analyses of
other physiological relevant peptide substrates correspond-
ing to the phosphorylation sites present within the neu,
p561ck, p60src, EGFR, and insulin receptor (14, 18).
The positioning of phosphotyrosine within the peptide

sequence is also important for PTPase action. This conclu-
sion can be illustrated by results from another pair of peptide
substrates, EGFR1171_1180 (AEpYLRVAPQS) and EGFR1167.
1176 (TAENAEpYLRV) (Table 1). By extending the NH2-
terminus ofthe target tyrosine from -2 to -6, and at the same
time shortening the COOH-terminus from +7 to +3, we
actually observed a >5-fold increase in the kcat/Km value.
Interestingly, a similar observation has been made by Cho et

al. (14) on the catalytic domain of LAR. In that case,
increasing the hexapeptide EGFR1171n1176 (AEpYLRV; kcat =
69 s-1 and Km = 4.1 mM) to the undecapeptide EGFR1167_1177
(TAENAEpYLRVA; kcat = 45 s-1 and Km = 0.48 mM)

enhances the catalytic efficacy by 5.5-fold. EGFR1167-1116
lacks the -2 position acidic side chain and the Km value of367
,M is compatible with that of EGFRr88_9A98. Therefore,
greater than two residues NH2-terminal and three or more
residues COOH-terminal to the target tyrosine residue are

required for optimal substrate recognition.
The pH dependence of the Yersinia PTPase-catalyzed

hydrolysis of EGFR988-998 is shown in Table 3. The kcat/Km
vs. pH curve is bell-shaped, with the optimal efficiency at pH
6.6, indicating that the phosphate dianion is the preferred
substrate. This is similar to the finding that a -2 charge on
phosphotyrosine residue is necessary for high-affinity inter-
action with basic residues within the src-homology 2 (SH2)
domain (21, 22). One of the invariant Arg residues present
within all PTPases from bacteria to man is a good candidate
for binding ofthe phosphate dianion [i.e., Arg-216, -228, -409,
or -437 in the Yersinia PTPase amino acid sequence (23)].

Substrate Specificity of the Mammalian PTPase. The mam-
malian PTPase (PTP1U323; see Materials and Methods for
details) corresponds to the catalytic domain of PTP1 (17),
which shows amino acid sequence identity to intracellular
and receptor-like PTPases. Table 2 summarizes kinetic con-
stants for the recombinant PTPase with the same set ofEGFR
substrates. The kcat values are similar for all of the peptide
substrates, whereas their Km values vary moderately. PTP1
is also a very efficient catalyst since its kcat/Km ratio of 2.88
x 107 M-1-s-1 against EGFR9g8-998 at 300C and pH 6.6 is
approaching the efficiency limited by diffusion events. The
Ala-scan on the EGFR988_9% does not produce as dramatic an
effect on Km as was observed with the Yersinia PTPase. The
largest effect due to the Ala substitution is again at position
-1 (Glu-991), which decreases the catalytic efficacy by
6.5-fold. Substitution at position +4 (Gln-996) or _+6 (Gly-

Table 2. Kinetic constants for the hydrolysis of EGFR988-998 Ala-scan peptides by Yersinia PTPase and mammalian
PTP1 at pH 6.6, 30°C

Yersinia PTPase Mammalian PTP1

EGFR988-998 10-7 X kcat/Km, 10-7 X kcat/Km,
Ala-scan Kn, ,MM kcats -1 M-l s-1 K., ,uM kcat, s- M-l s-

DADEpYLIPQQG 59.0 ± 4.8 1314 ± 18 2.23 2.63 ± 0.37 75.7 ± 1.0 2.88
AADEpYLIPQQG 132 ± 7.4 1334 ± 12 1.01 4.94 ± 0.68 74.2 ± 0.77 1.50
DAAEpYLIPQQG 298 ± 9.8 1452 ± 36 0.487 5.65 ± 0.74 65.8 ± 1.2 1.16
DADApYLIPQQG 3773 ± 314 697 ± 76 0.0185 12.4 ± 3.5 54.8 ± 2.2 0.442
DADEpYAIPQQG 91.5 ± 5.2 1492 ± 32 1.63 4.05 ± 0.63 57.8 ± 0.67 1.43
DADEpYLAPQQG 76.4 ± 2.8 1863 ± 26 2.44 4.39 ± 0.51 73.8 ± 0.90 1.68
DADEpYLIAQQG 250 ± 14 1424 ± 55 0.570 5.78 ± 0.50 73.4 ± 0.78 1.27
DADEpYLIPAQG 124 ± 2.8 1565 ± 14 1.26 3.46 ± 0.35 79.9 ± 2.95 2.31
DADEpYLIPQAG 70.4 ± 3.4 1264 ± 18 1.80 3.88 ± 0.70 53.4 ± 0.61 1.38
DADEpYLIPQQA 55.5 ± 3.0 1256 ± 24 2.26 2.38 ± 0.31 61.4 ± 1.65 2.58
The Ala-scan, in which the individual amino acid is replaced sequentially by an Ala residue, is highlighted in bold type.
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Table 3. pH dependence of the Yersinia PTPase-catalyzed
hydrolysis of EGFR988-998

10-7 X kcat/Km,
pH kcat,s - Knm, IAM M-1.s-
5.0 2010 ± 120 483 ± 40 0.416
5.5 2200 ± 51 151 ± 12 1.46
6.0 1950 ± 36 101 ± 4.5 1.93
6.6 1314 ± 14 59 ± 4.8 2.23
7.0 975 ± 19 64 ± 5.1 1.52
7.6 412 ± 16 58.2 ± 4.5 0.789
8.0 205 ± 6.5 44.4 ± 2.5 0.462
8.7 58.0 + 1.6 27.7 ± 1.0 0.209

998) does not have any noticeable influence on the kinetic
properties. Replacement of the additional amino acids in
EGFR988-998 individually by Ala decreases their kcat/Km
values by %2-fold.
PTP1 displays similar stringent requirements in terms of

the positioning of phosphotyrosine within the peptide sub-
strates (data not shown) as was noted for the Yersinia
PTPase-i.e., greater than two residues NH2-terminal to the
target tyrosine residue and three or more residues COOH-
terminal to it are required for PTP1 action. The primary
structural features surrounding the target tyrosine dephos-
phorylation site only show a moderate selectivity when PTP1
is used as a catalyst against the same set of peptides used to
monitor the Yersinia PTPases activity. In an earlier study,
three dodecaphosphopeptides corresponding to insulin re-
ceptor autophosphorylation sites at pY1146, pY1150, and
pY1151 were shown to have approximately equal affinity to
PTP1B (Km = 1.3-2.5 ,iM), suggesting that PTP1B shows no
distinct preference for the site of dephosphorylation in these
peptides (15). PTP1B from placental membranes shows a Km
of 2 ,uM for the src peptide (RRLIEDAEpYAARG) (24). The
reason that PTP1 does not display a wider range of substrate
selectivity against the peptide substrates is unclear.

Perspective and Implication. Aside from important under-
standings in terms of substrate specificity gained from the
kinetic analysis of phosphotyrosine-containing peptide, one
other valuable mechanistic implication is apparent. The kcat
values for all of the peptide substrates examined are amaz-
ingly similar (Tables 1 and 2) for Yersinia PTPase and PTP1.
This observation is consistent with both enzymes forming a
covalent phosphoenzyme intermediate that is on the catalytic
pathway and the breakdown of the intermediate is rate-
limiting under the described conditions. In fact, a covalent
phosphoenzyme intermediate has been trapped using 32p_
labeled substrates for soluble (25) and receptor-like (26)
PTPases. The phosphoenzyme intermediate was then dem-
onstrated to be kinetically competent by fast quench tech-
niques (27) and shown to have a thiophosphate linkage from
its chemical characteristics (25) as well as its 31P NMR
chemical shift (27).

Analysis of the kinetic parameters, kcat, Km, and kcat/Km,
for the 20 phosphopeptides with the two PTPases represents
a start at understanding the "consensus sequence" that
characterizes the substrate recognition for the PTPase. A
suggested consensus sequence for the Yersinia PTPase de-
rived from the Ala-scan and other peptide analyses is
DADEpYAAPA. A similar, but less pronounced, trend is
also evident for PTP1. The importance of the acidic residues
(E or D) at -1 and -2 has been noted along with the proline
(P) residue at position +3. Ala residues have been placed at
other positions in the consensus amino acid sequence. This
is meant to imply that substitution of the naturally occurring
amino acid with Ala had little effect on catalysis. Substitution
of residues other than Ala at these positions could have an
effect. Obviously it will be necessary to examine additional

PTPases to determine if the consensus for the Yersinia
enzyme applies to the entire family of tyrosine phosphatases.
Consensus sequences for kinases have been used to identify

autoinhibitory domains involved in the regulation of a number
of protein kinases (7). It is interesting to point out that two
major phosphoproteins were dephosphorylated by the Yer-
sinia PTPase in infected macrophages (35). A PTPase consen-
sus sequence may be extrapolated to identify physiological
substrate(s) or inhibitor(s) as well as provide a rational basis
for the design of improved substrates for the PTPases. The
identification of a consensus sequence for PTPase may also
facilitate the design and development of tight-binding inhibi-
tors. Novel, tight-binding PTPase inhibitors will be of impor-
tance in the investigation of the regulation of phosphorylation
as well as the "cross-talk" mechanism in signal transduction
pathways. There may be relevance to the fact that PTKs prefer
to phosphorylate Tyr residues located in the vicinity of acidic
residues and PTPases prefer to dephosphorylate phosphoty-
rosines located at similar sites.

It is important to note that the sequences surrounding the
sites of phosphorylation-dephosphorylation are only one
parameter governing the regulation of PTPases. Evidence
suggests that the subcellular localization ofPTPases will play
a critical role in controlling their substrate specificity. It is
clear that many of the PTPases have, in addition to the
catalytic domain, a "localization" or targeting domain that
directs these catalysts to specific subcellular locations. By
definition, this will limit the potential substrates that the
PTPase may encounter. We, and others, have described
localization domains that target the PTPase to the endoplas-
mic reticulum (28, 29), the nucleus (30), as well as potential
cytoskeletal locations (31). Although the subcellular local-
ization may play a major role in defining the availability of
substrate for specific phosphatases, it is likely that it is not the
only factor regulating substrate specificity.

Finally, the presence of proteins with SH2 domains is
likely to be important in governing the "substrate specifici-
ty" and availability of substrates that the PTPases may
encounter. SH2-containing proteins show high-affinity bind-
ing with phosphotyrosine-containing proteins (21, 32, 33). It
has been shown that a linear sequence surrounding a phos-
phorylated tyrosine is sufficient for SH2 domain recognition
(17, 21, 34). These SH2-containing proteins may have an
important role in governing the "lifetime" of the phospho-
tyrosine-containing proteins. Several investigators have
noted that the catalytic efficiency ofthe PTPases exceeds that
ofthe kinases by as much as one to three orders ofmagnitude
(2, 11). One of the roles of an SH2 domain may be to
"lengthen" the lifetime of the phosphotyrosine by selective
binding and thus preventing dephosphorylation by PTPases
(19). Recently, Saltiel and his colleagues (K. Milarski, G.
Zhu, and A. Saltiel, personal communication) quantitatively
measured the binding of SH2 domains to the phosphorylated
EGFR. Interestingly, SH2 domains from a variety ofproteins
bind to the receptor with varying affinities. The catalytically
inactive mammalian PTPase (C215S mutant) (25) also binds
very effectively to the phosphorylated receptor. In addition,
the binding of PTP1 (C215S) and SH2 domain in the phos-
phorylated EGFR are mutually exclusive, indicating that
they bind to the same site. The series of peptides used in the
Ala-scan are capable of competitively displaying the SH2-
containing proteins as well as the catalytically inactive phos-
phatase from the phosphorylated receptor. Sequencing sur-
rounding the site of phosphorylation, localization, or "posi-
tional" information dictated by sequences outside of the
active site as well as SH2-containing proteins are all likely to
contribute to the regulation of PTPases.
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