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We have characterized the binding epitopes of four
monoclonal antibodies for SHP-1, an SH2 domain con-
taining protein tyrosine phosphatase, using two phage
displayed random peptide libraries. Three of the anti-
bodies are directed against the phosphatase domain
of the molecule and the fourth is toward the NH2-ter-
minal part of the second SH2 domain. The first two
antibodies recognize the sequence NA N Y, amino acid
305 to amino acid 308, numbered in the non haemato-
poietic form of human SHP-1 sequence. The third anti-
body binds the sequence P Y W P (amino acids 365
to 368) located toward the middle of the phosphatase
domain of the enzyme. The fourth antibody is directed
against the first two amino acids, W Y (amino acids 112
and 113), of the second SH2 domain. The specificities
of these antibodies are demonstrated by ELISA and
western blot using different protein constructs ex-
pressed in bacteria. All the antibodies can detect wild
type SHP-1, expressed in 293 cells, by western blot
analysis, both under denaturing conditions as well as
following renaturation. The data presented here show
that the antibodies characterized in this study are
raised against linear epitopes and suggest that these
epitopes are accessible from the outside in the native
SHP-1 molecule.

© 1998 Academic Press

Transient phosphorylation of proteins on tyrosine
residues is an important post translational modifica-
tion which plays a central role in maintaining normal
cellular function. The phosphorylated state of proteins
is kept under a tight control by two classes of enzymes,
protein tyrosine kinases (PTKs) and protein tyrosine
phosphatases (PTPs) (1).

SHP-1 (also known as PTP1C, HCP and SHP)(2-5) is a
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cytosolic protein tyrosine phosphatase expressed in both
hematopoietic and in many nonhematopoietic and some
malignant epithelial cells (3,4,6). It is a 68kDa protein
with two src Homology-2 (SH2) domains at the amino
terminus and a single phosphatase domain at its carboxy
terminus. SHP-1 has been implicated in different func-
tions including association with several cytokine and
growth factor receptors (7-9), regulating antibody produc-
tion by inhibiting B cell signalling (10) and a role in
hematopoiesis (11,12). The crystal structure of this inter-
esting molecule is yet to be established.

We are using monoclonal antibodies to SHP-1 to gain
insight into its structure-function relationship and its
role in cell signalling. The use of antibodies in such
studies has been documented extensively for a variety
of different proteins (13-17). In our laboratory four
monaoclonal antibodies are currently available and have
been characterized in this study.

Several methods are used to characterize antibody
epitopes (18). In our study we have used the technique
of peptide phage display (19) to map the epitopes recog-
nized by our antibodies. In this approach, a peptide
library is constructed at the amino terminus of one of
the coat proteins of a filamentous phage and used to
determine the peptide involved in the interaction which
would represent the epitope against which the antibody
is raised. Epitopes of many monoclonal antibodies
(18,20-22) as well as the peptides binding to structural
domains of several proteins (23-26) have been charac-
terized using this method.

In this paper we present the characterization of four
monoclonal antibodies to SHP-1 by peptide phage dis-
play. The unique binding peptide sequences have been
deduced from the DNA sequence of the binding phages.
The specificities of these antibodies are demonstrated
by ELISA and western blot analysis using full length
SHP-1 as well as deletion constructs of the enzyme.
The ability of the antibodies to bind to renatured SHP-
1 expressed in 293 cells is also demonstrated giving
insight into the structure of the SHP-1 molecule.
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MATERIALS AND METHODS

Antibodies

Four different monoclonal antibodies, 6D41, 3E2, 3E7 and 4E®6,
generated against the full length SHP-1 molecule are characterized
in this study. Antibodies were collected from the supernatants of
hybridoma cell cultures and the immunoglobulins purified by protein
A affinity chromatography (27).

Library Construction

Peptide phage display libraries were prepared essentially by the
method of Christian et. al. (28). Two decapeptide libraries, one random
(PDL-10R), for which the sequence (NNK); (where K=G/T) was used
as the degenerate oligonucleotide sequence, and the second (PDL-10Y)
was biased, containing a tyrosine (TAT) at the third position of the
insert sequence were constructed in fUSE-5 vector (kindly provided by
Dr. George Smith, University of Missouri, Columbia, MO).

Affinity Panning

The panning method used was essentially as outlined by Sparks
and co workers (25). Antibodies (10ug/ml) were immobilized in indi-
vidual wells of a microtitre plate and panned against both PDL-10R
and PDL-10Y libraries. After 3 rounds of panning, specifically bound
phages were chosen for DNA sequencing. Phage DNA was sequenced
using aS*-dATP and T7 sequencing kit from Pharmacia Biotechnolo-
gies (Baie d'Urfe, Quebec, Canada).

Phage ELISA

Individual microtitre wells were coated with the monoclonal anti-
bodies (1ug/ml) followed by blocking of the uncoated surfaces with
1% BSA. Phages eluted from round three of panning were used in
this study. Specifically bound phages were detected using polyclonal
anti-M13 antibody followed by goat anti rabbit 1gG antibody cross-
linked to horse radish peroxidase (HRP). Bound HRP was quanti-
tated using tetra methyl benzidine (TMB) and hydrogen peroxide.

Preparation of SHP-1 Constructs

Several deletion constructs of SHP-1 were used in this study.
The preparation of these constructs is outlined in an earlier publi-
cation (29). The portion of SHP-1 present in the various constructs
is given below: SHP-1 - amino acids 1-597; SHP-1 ANSH2 (amino
acids 107-597); SHP-1 ACSH2 (amino acids 1-109, 210-597) and
SHP-1 ANSH2 ACSH2 (amino acids 209-597). The proteins were
expressed in E.coli and purified as outlined in the above mentioned
publication (29).

For expression in mammalian cells, a construct for expressing wild
type SHP-1 was prepared in a vector containing the cytomegalovirus
promoter as outlined earlier (30). Plasmid DNA was transfected into
293 cells by the calcium phosphate method and clones stably express-
ing wild type SHP-1 were selected as described earlier (31).

Western Blot

The various protein constructs of SHP-1 were resolved on a dena-
turing 10% polyacrylamide gel and transferred to a nitrocellulose
membrane according to standard protocols. Individual antibodies
were used at a concentration of 1ug/ml and the bound antibody was
detected using goat anti mouse 1gG antibody-HRP conjugate followed
by the ECL system from Amersham.

In the case of SHP-1 expressed in 293 cells, the cellular proteins
were solubilized in lysis buffer as outlined earlier (30), centrifuged
at 14,000 rpm for 10 min in a microfuge at 4°C and the supernatant
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collected. An aliquot was taken in SDS sample buffer, the proteins
resolved by SDS-PAGE and used for western blot analysis both under
standard western blot conditions (as outlined earlier) as well as fol-
lowing renaturation of the proteins on the blot. For renaturation
studies, the blot was renatured essentially as outlined by Horiuchi
et. al. (32). In brief, the nitrocellulose membrane was incubated in
renaturation buffer [50mM HEPES/KOH pH 7.2, 5mM magnesium
acetate, 100mM potassium acetate, 3mM dithiothreitol, 30 mg/ml
BSA, 0.1% Triton X-100 and 0.3% Tween-20] for 2 days at 4°C on a
rocking platform with one change of buffer in-between. The blot was
washed 2 times with TBS-T and incubated with the first and second
antibodies as outlined above. The bound antibody was detected using
the ECL system from Amersham.

RESULTS

Two decapeptide libraries were constructed in the
M13 filamentous phage derived vector, fUSE-5. Trans-
formation of these libraries into E.coli by electropora-
tion gave 6x10° independent transformants. Sequenc-
ing of the library pool did not show any bias in the
libraries. The diversity of the libraries were checked
by sequencing several (=50) clones from each library.
All the clones had complete inserts and each of these
inserts had a different sequence confirming the diver-
sity of these libraries.

Purified antibodies were immobilized in microtitre
plates and panned against phages from the two librar-
ies. With every round of panning there was an enrich-
ment of sequences that bound to these antibodies. The
specificity of this interaction was monitored by de-
termining the number of phages that bound to BSA
coated wells, which would represent the non-specific
binding component of this interaction. The progress of
specific binding was also followed by ELISA using anti-
phage antibody. By round 3 considerable enrichment
was observed and hence individual clones were chosen
for sequencing.

Several binding clones were sequenced for each of
these proteins. Figure 1a lists the amino acid sequence
of peptides that are expressed on phages binding to
monoclonal antibody 6D41. All the sequences have
been aligned and yield a consensus motif N A X Y. At
position +2, amino acid alanine was the most frequent
with serine and glycine being present occasionally. All
numbers presented in this paper are with reference to
the primary structure of the non hematopoietic form of
SHP-1. The amino acid at position +3 was variable.
Identical results were obtained using either the ran-
dom peptide library (PDL-10R) or the decapeptide li-
brary biased for a tyrosine at the third position (PDL-
10Y). A sequence motif N A N Y is found from amino
acid 305 to amino acid 308 of SHP-1. This region is in
the phosphatase domain of SHP-1 (Figure la) sug-
gesting that antibody 6D41 is raised against this por-
tion of the molecule. In all the phages isolated from
both libraries, a hydrophobic amino acid is present at
position —1. Similarly an isoleucine is present at this
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FIG. 1. Alignment of the deduced amino acid sequences of peptides displayed on the phages that bind to monoclonal antibodies 6D41
(a), 3E7 (b) and 4E6 (c). An exact match to a contact residue in SHP-1 molecule is denoted by bold letters. A conservative substitution for
a contact residue in the SHP-1 sequence is italicised. The sequence of SHP-1 around this reactive region is also shown in the figure (the
numbers refer to the position of the amino acids in the non hematopoietic form of SHP-1 molecule).

position in SHP-1, suggesting the importance of a hy-
drophobic amino acid at this location in antibody recog-
nition. Similar results were obtained with antibody
3E2 (data not shown).

Peptide sequences that bind to the third monoclonal
antibody, 3E7, are shown in Figure 1b. A consensus
sequence P X W P was obtained using the random
decapeptide library with the amino acid at position +2
being hydrophobic in a majority of the clones. Using
the PDL-10Y library however, the consensus sequence
obtained was P Y W P. This sequence is identical to
that found from amino acid 365 to amino acid 368 in
the phosphatase domain of SHP-1 (Figure 1b). This
data suggests that antibody 3E7 is raised against the
middle portion of the phosphatase domain of SHP-1.

Figure 1c shows the peptide sequences of clones bind-
ing to monoclonal antibody 4E6. Only two amino acids
W Y were consistently found in all the clones se-
guenced. A third amino acid glycine was present at
position +3 in most of the clones binding to this anti-
body. Identical consensus sequences were obtained us-
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ing both the PDL-10R and PDL-10Y libraries. These
conserved amino acids, W'Y, represent amino acids 112
and 113 in the SHP-1 sequence and are the first two
amino acids of the C-SH2 domain of this molecule (Fig-
ure 1c). A hydrophobic amino acid is present at amino
acid +6 of all the clones. Similarly, a hydrophobic
amino acid, methionine, is present at this position in
SHP1. These data show that antibody 4E®6 is directed
against the first part of the C-SH2 domain of the mole-
cule.

To demonstrate the specificity of binding, ELISA ex-
periments were carried out. Microtitre plates were
coated with each of the four antibodies being studied.
Background binding was determined by coating wells
with BSA instead of the antibodies. Phages isolated
after 3 rounds of affinity panning on each of these anti-
bodies were used in the experiments. Phages isolated
by the panning process bound very efficiently to the
respective antibodies with negligible background bind-
ing to BSA alone (data not shown).

The specificity of each of these antibodies was further
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FIG. 2. Recognition of the various fragments of SHP-1 by the
different antibodies characterised in this study. Different protein
fragments were run on a denaturing polyacrylamide gel, transferred
to a nitrocellulose membrane and probed with the various antibodies
as outlined in the materials and methods section. The proteins loaded
in the various lanes are: lane 1, SHP-1; lane 2, SHP-1ANSH2; lane
3, SHP-1ACSH2 and lane 4, SHP-1ANSH2 ACSH2. The different
antibodies used are (a) 6D41, and (b) 4E®6.

established by western blot analysis using truncated
SHP-1 proteins. The various constructs used here were:
(1) SHP-1, full length (SHP-1), (2) SHP-1 minus N-
SH2 (SHP-1ANSH2), (3) SHP-1 minus C-SH2 (SHP-
1ACSH2) and (4) SHP-1 minus both SH2 domains
(SHP-1ANSH2ACSH?2). The results obtained with an-
tibodies 6D41 and 3E2 are shown in Fig.2a. Using
these antibodies which are directed against the same
motif of the SHP-1 molecule (located in the phospha-
tase domain), all four protein constructs could be de-
tected. Identical results were observed with antibody
3E7 which is raised against the middle portion of the
phosphatase domain of the molecule (data not shown).
Antibody 4E6 on the other hand recognises only two
constructs, the full length molecule and the one con-
taining the C-SH2 domain of SHP-1 (Fig.2b). This
agrees well with the results from affinity panning
which showed that this antibody is directed against
the first two amino acids of the C-SH2 domain. The
antibody does not bind to either of the other two protein
constructs which lack this domain. These results
clearly establish the specificity of these antibodies to-
wards the different portions of the SHP-1 molecule.
To evaluate if the epitopes identified by these mono-
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clonal antibodies were exposed to the outside, western
blot analysis was done using SHP-1 expressed in mam-
malian cells both directly after SDS-PAGE (protein in
denatured state) as well as after renaturing the pro-
teins on the blot. SHP-1 was expressed in 293 cells, the
solubilized proteins subjected to SDS-PAGE and the
proteins transfered to a nitrocellulose membrane. One
blot was probed with the antibodies directly and the
second was probed after incubating the blot in renatu-
ration buffer for 2 days (proteins renatured on the blot).
The results are shown in Fig.3. Only three of the four
antibodies characterized here were used for the renatu-
ration study. Since two of these antibodies, 6D41 and
3E2, recognize the same epitope (N A N Y), only anti-
body 6D41 was used for all further work. Wild type
SHP-1 could be detected by all three antibodies under
standard western blot conditions (proteins in a dena-
tured state) (data not shown) as well as after renatu-
ration of the proteins on the blot (Fig 3). In addition to
SHP-1, antibody 6D41 crossreacts weakly with a
55kDa protein present in the 293 cell lysate (Fig3. lane
1). This band is observed under both denaturing and
renaturing conditions. The other two antibodies, 3E7
and 4E6, are very specific and recognize only SHP-1
(Fig. 3, lanes 2 and 3).

DISCUSSION

Peptide phage libraries are now being widely used
for characterizing binding epitopes of antibodies. Using
this approach has the advantage of providing several
sequences with different binding affinities which will
help understand the nature of the interaction. Data
obtained from these studies also help in studying the
importance of different amino acids in the interaction.

Two peptide libraries (PDL-10R and PDL-10Y) were
constructed for this study. Both the libraries had a titre
of 6x10® independent clones. This titre is well within
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FIG. 3. Recognition of SHP-1 expressed in 293 cells by the differ-
ent antibodies following renaturation. SHP-1 was expressed in 293
cells, the proteins solubilized in lysis buffer and resolved by SDS-
PAGE. The proteins were transfered to nitrocellulose membrane and
probed with various antibodies after renaturation of the proteins on
the blot as outlined in materials and methods. The antibodies used
are: lane 1, 6D41; lane 2, 3E7 and lane 3, 4EG6.
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the range reported for peptide libraries by several
groups (23, 25, 28). The complexity of the libraries was
confirmed by sequencing a humber of random clones
from both preparations.

Three of the four antibodies characterized are di-
rected against the phosphatase domain and one against
the first part of the C-SH2 domain of SHP-1. The speci-
ficity of these interactions is clearly demonstrated by
both ELISA and by Western Blot analysis. In ELISA
these antibodies showed negligible binding to BSA. As
determined by Western Blot using deletion constructs
of SHP-1, these antibodies recognized only fragments
of the protein containing the motifs identified by pep-
tide phage display.

To understand the location of the epitopes recognized
by these monoclonal antibodies with respect to the sec-
ondary structure of SHP-1, western blot analysis was
done after renaturation of the proteins. SHP-1 was ex-
pressed in 293 cells and used in these studies. The
protocol used for protein renaturation on the nitrocellu-
lose membrane was identical to that used earlier by
Horiuchi and co-workers (32) for the identification of
proteins interacting with GTPase Rab5. In the above
study, cellular proteins from HeLa cells separated by
SDS-PAGE were renatured on the blot and interacting
proteins identified by protein overlay with Rab5 (32).
Under these renaturation conditions, all the antibodies
recognized SHP-1 suggesting that the three epitopes
identified by these antibodies are on the outer surface
of the molecule.

Since antibodies are generated against accessible re-
gions of a protein molecule, mapping the binding epi-
topes gives us an insight into the secondary structure
of the protein. Even though the crystal structure of
SHP-1 has yet to be worked out, the data from this
study could be compared to the crystal structure of
other related proteins—the phosphatase domain of
PTP1B (33) and the SH2 domains of SHPTP2 (34, 35).
Antibodies 6D41 and 3E2 are directed against a se-
quence N AN Y (amino acids 305-308), which is located
at the beginning of the phosphatase domain. Based on
the crystal structure of PTP1B this corresponds to the
region located in the first part of the g strand (52) just
after loop 2 (12). The amino acids N and A are conserved
between these proteins. In the PTP1B structure this
region would be buried with only the last tyrosine being
exposed to the solvent. The antibody mapping data pre-
sented here would therefore suggest that the secondary
structure of the phosphatase domains of SHP-1 and
PTP1B are slightly different in this region.

Antibody 3E7 binds the sequence P Y W P (amino
acids 365-368) present in the middle portion of the
phosphatase domain of SHP-1. Amino acids Y W P are
conserved even in PTP1B and amino acids Y W are
conserved among many PTPs. In the crystal structure
of PTP1B these amino acids are located in loop 8 (18)
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between beta sheets 6 and 57, which is located on the
outer surface of the molecule. The data with antibody
3E7 suggests that the secondary structure of SHP-1 is
similar to that of PTP1B in this region.

Antibody 4E6 recognizes two amino acids W Y
(amino acids 112, 113) located at the beginning of the
C-SH2 domain of SHP-1. This corresponds to the region
W F (amino acids 112, 113) of SHP-2 which is located
in the first part of a g strand, SA. This region appears
in a groove between the two SH2 domains in the SHP-
2 crystal structure and is exposed to the solvent. The
monoclonal antibody data suggests that the structure
of the SH2 domains of SHP-1 and SHP-2 are similar in
this region. However these comparisons can be verified
only when the crystal structure of SHP-1 is solved.

In conclusion, we have characterized the binding epi-
topes of 4 monoclonal antibodies of SHP-1. Three of
these antibodies are directed against the phosphatase
domain and the fourth against the first two amino acids
of the C-SH2 domain. The data also suggest that these
antibodies are raised against linear epitopes that are
located on the outer surface of the native SHP-1 mole-
cule and could shed some light on the secondary struc-
ture of this protein.
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