






with oxyanions (77, 80) has revealed that an interaction be-
tween the invariant tryptophan in the WPD loop (Trp354,
equivalent to Trp179 in PTP1B) and the above-mentioned
arginine in the PTP loop (Arg409, equivalent to Arg221 in
PTP1B) plays an important role in closure of the WPD loop.
Enzyme kinetic analyses of this PTP has confirmed that muta-
tion of the hinge Trp179 disables catalysis (28, 42). Closure of
the WPD loop is critical for phosphoester hydrolysis, since it
positions Asp181 close to the scissile oxygen of the tyrosyl
substrate, allowing it to donate a proton to the phenolate
leaving group (reviewed in references 22 and 95). Consistent
with its role as a general acid catalyst, the substitution of
Asp181 for an alanine allows phosphorylated substrates to
form stable complexes with the enzyme. This “substrate-trap-
ping” mutation has been used to enable isolation and identi-
fication of PTP substrates in vitro and in vivo (20, 23, 89, 94).
The Asp181-to-alanine mutation creates a more efficient sub-
strate trap than the mutation in which the active site Cys215 is
changed to serine or alanine, possibly because the former mu-
tation promotes the hydrophobic properties of the active site
cleft and removes the potential for electrostatic repulsion be-
tween the Asp181 and the phosphate moiety of the substrate
(23, 94).

As can be seen from the alignment in Fig. 1, the WPD loop
is strictly conserved among PTP domains but not among do-
mains D2 of RPTPs. Of the RPTPs with a single PTP domain,
only PTP-IA2 and PTP-IA2� have accepted non conservative
substitutions within the WPD motif, and the substrate trapping
alanine mutation (20) occurs naturally in PTP-IA2. Since cat-
alytic activity has not been shown for IA2 in vitro, it has been
suggested that its biological function is to compete with cata-
lytically active PTPs for specific substrates preventing their
dephosphorylation (49). The protein scaffold of PTP-IA2 could
be compatible with protein binding since two point mutations
in IA2 (Ala877Asp and Asp911Ala), which in PTP1B is equiv-
alent to the restoration of the general acid Asp181 in the WPD
loop and the canonical Ala217 in the PTP loop, is sufficient to
reconstitute catalytic activity towards myelin basic protein
phosphorylated on tyrosine (49). Another intriguing variation
of the WPD loop is observed in four human PTP catalytic
domains (PTPD1, PTPS31, PTP�, and HDPTP) where a
longer glutamate residue replaces the general acid Asp181.
This is noteworthy because (i) the WPE loop variation is the
hallmark of domain D2 sequences, which usually account for
less than 0.1% of the total activity of the full-length enzyme
(24, 38, 68, 78, 90), and (ii) this replacement in PTP1B leads to

FIG. 1—Continued.
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a reduction of up to 3 orders of magnitude in catalytic effi-
ciency (20, 90). It will be interesting to see whether these four
PTPs have diminished enzyme activity compared to enzymes
containing a general acid aspartate residue. However, recon-
stitution of the WPD motif in domain D2 of RPTP� is not
sufficient to increase its catalytic activity to a level comparable
to that of domain D1, indicating that there are structural dif-
ferences other than the general acid-base among PTP domain
D1 and D2 (90) (see below).

Catalytic-water motif or Q loop (motif 10). In the
QTXXQYXF motif (M10), two glutamine residues (Gln262
and Gln266) and two conserved arginine residues (Arg254 and
Arg257) N terminal to this motif form crucial hydrogen bonds
with interacting residues of the PTP loop and its amide back-
bone. In particular, Gln262 positions and activates an active
site water molecule involved in the second hydrolysis step of
the phosphocysteine enzyme complex (61, 100). Enzyme ki-
netic analysis of the Yersinia PTP combined with site-directed
mutagenesis have revealed that Gln446 (equivalent to Gln262
in PTP1B) and, to a lesser extent, Gln450 (equivalent to
Gln266 in PTP1B) is responsible for restricting phosphoryl
transfer from the phosphoenzyme intermediate to water and
not to other nucleophile acceptors (i.e., preventing the phos-

phoenzyme intermediate from acting as a kinase phosphory-
lating undesirable substrates [100]). Notably, within this highly
variable area of the PTP structure (Fig. 5), only these arginine
and glutamine residues are invariant, consistent with their in-
volvement in catalysis (74, 100) and critical hydrogen bonding
with residues of the PTP loop (80).

Conservation of surface-exposed amino acids in vicinity of
active site: comparison between cytoplasmic PTPs and RPTP
domains D1 and D2. In an attempt to reveal novel structure-
function relationships, we performed the C�-regiovariation
score analysis on three subsets of PTP domains: (i) nontrans-
membrane PTPs, (ii) receptor-like D1, and (iii) receptor-like
D2 (Fig. 7A, B, and C). The crystal structure of PTP1B was
used as a template for the intracellular PTPs, whereas the
molecular surface conservation among the aligned RPTP do-
main D1 and D2 sequences was illustrated using the X-ray
crystal structure of PTP� domain D1 (50). The interchange-
able use of the PTP catalytic domains of PTP1B and PTP� for
the calculation of the C�-regiovariation score values is justified
by the excellent overlay of their tertiary structure, with a root
mean square (RMS) deviation of 1.35 Å between the two
domains (the RMS deviations between other PTP domain ter-
tiary structures are given in the legend to Fig. 4). Although

FIG. 1—Continued.
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FIG. 2 Classification of family of PTPs into 17 subtypes. Shown is an unrooted tree derived from the alignment of 113 vertebrate PTP domain
sequences (residue positions 1 to 279 in human PTP1B). The tree was drawn by the neighbor-joining method (73). The horizontal distance indicates
the degree of sequence divergence, and the scale at the top corner represents the number of substitution events (10 per 100 amino acids).
Seventeen PTP domain subtypes were identified from the phylogram: nine nontransmembrane subtypes (NT1 to NT9), five tandem receptor-like
subtypes (R1/R6, R2A, R2B, R4, and R5), and three single-domain RPTP subtypes (R3, R7, and R8 [subtype R8 is believed to be catalytically
inactive]). As a statistical test of the significance of sequence similarity within PTP subtypes, bootstrap values were calculated (values are at the
dendogram node). With the exception of the RPTP�-like subtype (R3) and the tandem PTP domain supertype, all subdivisions were assigned
based on maximal bootstrap values (1,000). (A tree including the PTP domain D2 sequences can be viewed [http://science.novonordisk.com/ptp],
and the raw data files can also be retrieved in several standard GCG formats).
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conserved residues converged around the active site for the
intracellular PTPs and for domain D1 of RPTPs (Fig. 7A and
B, respectively), the domain D2 sequences exhibited a much
greater variation in the vicinity of the active site (Fig. 7C).

Our analysis of domain D2 sequences revealed several in-
triguing aspects of tandem domain RPTPs. Thus, the domains
D2 align extremely well with the catalytically active PTP se-
quences (with CD45 accommodating an acidic insert of 20
amino acids; Fig. 1), yet all the domains D2 are phylogeneti-
cally distinct from domains D1 (i.e., D2 sequences do not
cluster together with D1 sequences in the phylogenetic tree but
define a separate subfamily of PTP domains (data available at
http://science.novonordisk.com/ptp). In fact, the sequence sim-
ilarity between domains D2 of LAR, RPTP�, and RPTP

(subtype R2B) is even higher than that between the corre-
sponding domain D1 sequences (45). Since phylogenetic anal-
yses have shown that PTP domain duplication (occurring in
five out of nine RPTP subfamilies) happened very early in

evolution (59) it can be argued that there must be a separate
function of the membrane distal domain in order for these
amino acids to be conserved at the present level. Noticeably,
both regulatory (38) and substrate-binding (78) functions have
been proposed for these domains.

Most of the invariant amino acids in domain D1, which show
considerable substitution in domains D2, converge around the
active site. Therefore, it is noteworthy that only two point
mutations (which restore the equivalent of Tyr46 within the
NXXKNRY motif) and the general acid equivalent of Asp181
(within the WPD loop) are sufficient to confer a robust PTP
activity back to domain D2 of some RPTPs, including PTPs
(48), PTP� (9, 47), and LAR (56). However, domains D2 of
other RPTPs, such as CD45, PTP�, and RPTP�, have addi-
tional critical substitutions in several amino acids in the PTP
signature motif and, therefore, are most likely to be truly
inactive (48) (Fig. 1). Nevertheless, the structural architecture
of the active site signature motif of domains D2 may still be

FIG. 3. Schematic representation of PTP family members. Determination of sequence similarity among PTP catalytic domains (Fig. 2) was used
to classify the PTP family of enzymes into nine nontransmembrane PTP subtypes (NT) and eight RPTP subtypes (R). Only the human PTPs are
listed, and a representative member of each subtype is shown. Synonyms and classifications of all vertebrate PTPs are given in Table 1. PTPs having
closely related catalytic domains also tend to be similar in overall structural topology.
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TABLE 3. Proposed roles of conserved residues in vertebrate PTP domainsa

Motif
(residues in PTP1B) Conservation Conservation

in 3D Proposed roles of residues

Motif 1
40–46 NXXKNRY

Medium pTyr-recognition loop: restricts substrate specificity to pTyr (Asn44, coordinates
Asn68 which links Arg257; Arg45, putative substrate binding site, electrostatic
attraction of ligand; Tyr46, hydrophobic packing with phosphotyrosine residue
of substrate)

40–46 NXX(K/R)NRY

Motif 2
53–59 DXXRVXL

Low Conserved secondary structure (�1 sheet), surface exposed (Arg56, H bonds to
Asp65; Ile57, hydrophobic core cluster [residues 57, 67, 69, 82, 98]; Leu59,
hydrophobic core)

53–59 DXXR(V/I)XL

Motif 3
65–69 DYINA

Medium Core structure (Tyr66, coordinates Asn44 through hydrogen bonding; Ile67, hy-
drophobic core cluster [residues 57, 67, 69, 82, 98]; Asn68, H bonds with
Arg257; Ala69, hydrophobic core cluster [residues 57, 67, 69, 82, 98])

65–70 DYINA(N/S)

Motif 4
82–87 IAXQGP

High Core structure surrounding PTP loop (Ile82, hydrophobic core cluster [residues
57, 67, 69, 82, 98]; Ala83, packs or surrounds the PTP loop; Gln85, H bonds
with highly buried water molecule; Gly86, packs or surrounds the PTP loop;
Pro87, packs or surrounds PTP loop)

81–87 (F/Y)(I/V)AXQGP

Motif 5
91–100 TXXDFWXMXW

Medium Conserved secondary structure (�2 helix) (Asp94, contributes to conserved sub-
domain at the “back side”; Phe95, energetically favored T-stacking arrange-
ment with invariant Trp96; Trp96, H bonds to backbone of invariant Tyr124;
Met98, hydrophobic core cluster [residues 57, 67, 69, 82, 98]; Trp100, contrib-
utes to conserved subdomain at the back side)

91–101 TXXDFWX(M/L/V)X(W)(E/Q)

Motif 6
107–111 IVMXT

Medium Hydrophobic core structure (Ile107, hydrophobic core structure packs with in-
variant Trp96; Val108, hydrophobic core structure packs with invariant Trp96;
Met109, packs with invariant Trp125; Thr111, packs with PTP loop)

107–111 (I/L/V)(V/I)MXT

Motif 7
120–126 KCXXYWP

Low Hydrophobic core structure (Lys120, interacts with Asp181 [ligand induced];
Tyr124, H bonds with His214, stabilizing T-stacking arrangement with
Trp125; Trp125, favored T arrangement of aromatic ring system with Tyr124)

120–126 KCXXYWP

Motif 8
179–185 WPDXGXP

Low WPD loop, surface exposed, movable, contains general acid (Trp179, center of
movable WPD loop, mediating motion of loop; Pro180, H bonds to NH2 of
Arg221, mediating motion of loop; Asp181, general acid catalyst; Gly183, en-
ergetically favorable in loop motion [acts as hinge]; Pro185, energetically fa-
vorable in loop movement [no backbone H bonding])

176–185 (Y/F)XXWPDXGXP

Motif 9
210–223 PXXVHCSAGXGRTG

High PTP loop surrounding active site Cys where seven successive main-chain nitro-
gens coordinate three phosphate oxyanions (Pro210, structural hydrophobic
core; His214, lowers pKa of Cys215; Cys215, nucleophile; Ser216, H bonds
with Tyr46 stabilizing its interaction with substrate; Ala217, phosphotyrosine
binding, nonpolar interaction with substrate phenyl; Gly218, phosphotyrosine
binding; Gly220, phosphotyrosine binding; Arg221, H bonds with phosphate
oxygens [transition-state stabilization]; Thr222, lower pKa of Cys215)

210–223 PXX(V/I)HCSAGXGR(T/S)G

Motif 10
262–269 QTXXQYXF

Low The Q loop: interaction with active site water molecule (Gln262, H bonds with
scissile oxygen and active site water molecule; Gln266, H bonds with active
site water molecule; Tyr267, defines �6� helix structure; Phe269, defines �6�
helix structure)

261–269 (V/I/L)QTXXQYXF

a Motifs are numbered (M1 to M10) in order of appearance in the primary amino acid sequence alignment (Fig. 1). Amino acids are numbered according to human
PTP1B. Conserved residues were identified from our multiple-sequence alignment of 113 vertebrate PTP domains (available at http://www.science.nononordisk.com
/ptp), and domain D2 sequences were not used in these evaluations. Underscored bold letters represent invariant amino acids. Residues in bold letters are conserved
in �90% of the sequences, and nonbold letters represent �80% conservation. Sequence conservation of each motif was calculated according to (i) amino acid identity
(top sequence) and (ii) amino acid similarity (bottom sequence), where X represents any amino acid (Fig. 1). Consensus substitution groups are defined as follows: 1,
DN; 2, EQ; 3, ST; 4, KR; 5, FYW; 6, LIVM. Residue conservation in the immediate three-dimensional (3D) surroundings was determined using C�-regiovariation score
analysis (Fig. 5).
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sufficiently preserved to retain the capacity to bind phospho-
tyrosine-containing proteins. Thus, the function of domain D2,
at least for some PTPs, may be similar to that of other tyrosine-
phosphate recognition units, such as SH2 domains (62) and
phoshotyrosine binding domains (21). In this regard, the C�-
regiovariation score analysis of the domain D2 sequences (Fig.
7C), with the highly variable molecular surface area surround-
ing the phosphate-binding site, would signify the preference
for divergent and probably highly selective protein binding
partners. Such a potential is illustrated by domain D2 of CD45,
which has been shown to be critical for interleukin-2 secretion
and substrate recruitment of TCR-� (41).

Identification of conserved interface between domains D1
and D2 of RPTPs. When comparing the RPTP domains D1
and D2 sequences by using the X-ray crystal structure of
RPTP� domain D1 as template (79), the encircled area 1 in
Fig. 7 was found to be highly conserved among RPTP domain
D2 sequences (Fig. 7C) but not among RPTP domain D1
sequences (Fig. 7B). Significantly, the residues in this area
(Fig. 1, boxed in yellow) were recently identified as the struc-
tural linker that constrains the relative orientation of the two
PTP domains in LAR (56). Although this is so far the only
report describing the X-ray crystal structure of the tandem
arrangement of PTP domains, our alignment reveals that this
structural linker is highly conserved among all tandem domain-
containing RPTPs, suggesting conservation in function. The
consensus motif for this four-residue linker is G[D/E]TE (Fig.
1, highlighted in yellow).

In addition to the structural linker, our C�-regiovariation
score analysis of RPTP domains D1 and D2 identified addi-
tional conserved residues (Fig. 8B and C, encircled area II),
which were confined to the region of the PTP tertiary structure
that correlates with the interdomain interface revealed by the
X-ray crystal structure of LAR (56). Again, the C�-regiovaria-
tion score analysis predicted the exact location of the interface
in domain D2, including hydrogen bonding polar residues and
conserved hydrophobic residues responsible for the extensive
van der Waals interactions and tight complementary fit de-
scribed for the interface between domains D1 and D2 of LAR
(56). For the PTP domains in Fig. 8B, the center of conserva-
tion is less focused on the exact residues involved in this in-
terface, but when the single-domain RPTPs (subtypes R3, R7,
and R8) were removed from the C�-regiovariation score anal-
ysis, the conservation of this area in domain D1 became even

more apparent (not shown). Significantly, the lack of conser-
vation of this region for the nontransmembrane PTPs (Fig. 8A)
illustrates that this interface is unique to tandem domain
RPTPs (Fig. 8B and C).

Identification of novel conserved pocket on surface of PTP
domain opposite active site. In addition to the identification of
conserved regions surrounding the active site and at the inter-
face between domains D1 and D2 of RPTPs, the C�-regio-
variation score analysis identified another focus of conserva-
tion that was confined to the area of the molecule opposite the
active site (Fig. 8A, B, and C, encircled area III). This surface-
accessible area of conservation extends above a shallow hydro-
phobic pocket formed by residues IIe57, Ala69, IIe82, and
Met98. These four residues have adopted a configuration that
accommodates extensive van der Waals interactions and only
one PTP (the Xenopus, mouse, and human orthologs of MEG2)
has accepted nonconservative changes to residues within this
pocket. In addition, residues from motif 2 (DXXRVXL) and
motif 5 (TXXDFWXMXW) contribute to this conserved mi-
croenvironment, which explains why this cluster of conserva-
tion can be identified only when the PTP chain fold is consid-
ered.

Size and physiochemical nature of conserved pocket is con-
sistent with recognition site for protein-protein interaction.
Statistical examination of protein-protein associations suggests
a central role for hydrophobic residues at interfacial regions
(40, 67). In terms of amino acid composition at protein-protein
domain interfaces, it has been noted that there is a preference
for larger, nonpolar residues, particularly aromatic amino ac-
ids, as well as a few key basic or acidic residues (87). Indeed,

FIG. 4. Crystal structures of vertebrate PTP domains show con-
served fold and consistent C�-backbone trace. PTP1B (magenta),
RPTP� (gray), RPTP� (red), LAR (blue), SHP1 (green), and SHP2
(yellow) were aligned and superimposed using Quanta (Molecular
Simulations Inc.). For clarity, residues 280 to 298 (C terminal) of
PTP1B, 250 to 281 (N terminal) and 522 to 532 (C terminal) of SHP1,
and 2 to 218 (N terminal) of SHP2 were omitted from the figure, as
well as D2 of LAR. The calculated RMS deviations between all C�
atoms between PTP1B and other PTPs are as follows: PTP�, 1.35 Å;
RPTP�, 2.72 Å; LAR D1, 2.78 Å; SHP1, 3.14 Å; and SHP2, 2.74 Å.
For comparison, the RMS deviation between domains D1 and D2 of
LAR is 1.3 Å. The X-ray structures are compared in their native open
conformation.

TABLE 4. Proposed roles of single conserved residues in vertebrate
PTP domains that reside outside the 10 PTP motifsa

Amino acid
in PTP1B

Conserved by
amino acid identity Proposed roles of the residues

Ile19 E (�80%) Definition of �2� helix structure
Glu115 E (100%) Conserved H bonds with Arg221
Arg156 R (�80%) Definition of �10-sheet
Arg169 R (�80%) Definition of �11-sheet
Leu192 L (�80%) Definition of the �3-helix structure
Arg254 R (�90%) H bonds with PTP loop
Arg257 R (100%) H bonds with PTP loop lowering pKa

of Cys215

a Conserved residues were identified from our multiple-sequence alignment of
113 vertebrate PTP domains. Underscored bold letters represent invariant res-
idues. Residues in bold letters are conserved in �90% of the sequences, and
non-bold letters represent �80% conservation.
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from the alignment analysis, we observed that the conserved
residues residing on the rim and within the shallow pocket
(Fig. 8, encircled area III) are more hydrophobic and aromatic
than the remainder of the surface of the PTP molecule, with
several charged residues surrounding the hydrophobic pocket.
Therefore, the amino acid composition in this region of the
PTP molecule is consistent with the identification of a possible
novel site of interaction. The size of the solvent-accessible area
that appears conserved (i.e., the dark blue area) is �250 Å2.
Usually, the area of protein-protein interaction surfaces are
larger (�700 Å2), typically constituting from 7 to 30% of the
total surface area of a monomer (39, 87). However, extensive
additional surface area can be included in this putative inter-
action site of the PTP domain if the adjacent less-conserved
residues (i.e., the white area in Fig. 8) are considered in the
evaluation.

In conclusion, the regiovariation score analysis has led to the
identification of the catalytic active site, the conserved linker
between domains D1 and D2 as revealed by the X-ray crystal
structure of LAR, as well as the approximate surface area of
interaction between domain D1 and D2. In addition, our anal-
ysis highlights a focus of conservation on the surface of the
PTP domain opposite the active site. Although the conserva-
tion of this pocket may be of structural importance, it is tempt-
ing to speculate the existence of additional roles for this site in
effector interactions with other protein domains or signaling
molecules. However, mutational and functional studies of ap-
propriate PTP mutants will be necessary to corroborate the
significance of residues in this area of the PTP domain.

Identification of nonconserved residues surrounding active
site—implications for substrate recognition and inhibitor de-
sign. In addition to the identification of three-dimensionally
conserved regions, the C�-regiovariation score analysis offers a

unique opportunity to identify areas in a protein family that are
less well conserved and therefore might indicate a specialized
function. As an example, analysis of areas in the proximity of
the active site of enzymes, here PTPs, may lead to the identi-
fication of putative substrate-binding pockets. Furthermore,
such analysis in conjunction with primary sequence alignments

FIG. 5. The HCSAGXGR and IAXQGP motifs reside within the most highly conserved microenvironment of the PTP structure. Residues
located within a highly conserved three dimensional space of the PTP structure are identified by peaks. The C�-regiovariation score was calculated
using the alignment information in Fig. 1 and the tertiary structure of PTP1B as template. Neighboring residues were defined using a three-
dimensional 7-Å sphere of influence. Similar results were obtained for a 5- to 8-Å sphere and when using PTP�, PTP�, or SHP2 as templates for
C�-regiovariation score analysis (results not shown).

FIG. 6. Core structures within the PTP domain are highly con-
served and surface loops between secondary structure elements are
least conserved. Shown is a ribbon diagram indicating the positions of
conserved motifs (M1 to M10) within the tertiary structure. The degree
of conservation was determined from C�-regiovariation score analysis
of 37 aligned human PTP catalytic domains (see Fig. 5). Areas of
conservation (blue, most conserved; red, least conserved) are illus-
trated using the PTP1B catalytic domain as the representative tertiary
structure. Shown is the front view of PTP1B looking into the active site.
The catalytically essential Cys215 residue is shown in yellow.
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may allow the identification of unique combinations of amino
acid residues that can be addressed in a structure-based design
of selective inhibitors.

At present, two PTPs have been cocrystallized with peptide
substrates, PTP1B (37, 74, 75) and SHP1 (91). Although sig-
nificant differences in the binding modes were observed (see
below), both studies show peptide binding to residues defined
by the �1/�1 loop and the M10 motif (�5-loop-�6) (Fig. 1).
Some of these residues, such as Tyr46 and Gln262, are highly
conserved and hence likely to be involved in the binding or
catalysis of all phosphotyrosine substrates. However, other res-
idues are quite variable and are potentially responsible for
defining substrate selectivity. Significantly, our structural align-
ment analysis identifies at least four areas in proximity to the
active site which are nonconserved and for which involvement
in the recognition of peptides and small molecule ligands have
been documented in biochemical and crystallographic studies
(Fig. 9). Although no single residue in these areas appears to
be a unique hallmark of any particular PTP, the combination
of residues in these areas is unique and could consequently
represent a selectivity-determining region. This is probably
most apparent for the region defined by residues 47, 48, 258,
and 259 of PTP1B (Fig. 9). In agreement with this, we have
recently shown that residue 259 is a key determinant in sub-
strate recognition and catalysis (66). Thus, the residue at po-
sition 259 in PTP1B is a glycine, which forms the bottom of an
open cleft that creates access to a second binding pocket ad-
jacent to the active site. This structural feature in PTP1B,
together with the plasticity conferred by Arg47 in accommo-
dating either acidic residues at the P-1 and P-2 positions in the
substrate (as illustrated in the EGFR988-993 peptide) (37) or
hydrophobic residues at P-1 (75), explains why PTP1B is able
to accommodate a broad range of artificial peptide substrates
in vitro. In contrast, PTPs with bulky residues at the position
equivalent to 259 in PTP1B including RPTP� and LAR show
more limited peptide recognition capacity in vitro. We have
shown recently by kinetic and X-ray crystallographic studies
that replacing the bulky Gln259 residue in PTP� with a glycine
converts PTP� into a PTP1B-like enzyme and vice versa (66).
However, in a physiological context, the presence of a glycine
at position 259 in PTP1B allows for high-affinity binding of
substrates, such as the activation loop of the insulin receptor,
which contain two adjacent phosphotyrosine residues (74).
Thus, the simultaneous engagement of the substrate phospho-
tyrosine residue in the active site and the adjacent phosphoty-

FIG. 7. PTP domains from cytoplasmic PTPs and RPTP domains
D1 and D2 show significant differences in their conservation of sur-
face-exposed amino acids. Shown is surface conservation (blue, most
conserved; red, least conserved) of PTP domains from nontransmem-
brane PTPs (A), RPTP domains D1 (B), and RPTP domains D2 (C).
Shown is the front view looking into the active site. C�-regiovariation
score values for the cytoplasmic PTPs are illustrated using the X-ray
crystal structure of PTP1B with the catalytically essential Cys215 (yel

low) and epidermal growth factor receptor-derived peptide (green)
bound within the active site (closed conformation). For ease of com-
parison, C�-regiovariation score values among RPTP domains D1 and
D2 sequences are illustrated using the X-ray crystal structure of
RPTP� domain D1 (50). The EGFR peptide (green) is modeled in the
active site of RPTP� for orientation using only a closed conformation
of the X-ray crystal structures. Amino acids are labeled according to
the residue position in human PTP1B with the equivalent residues in
RPTP� given in brackets (A and B). The conserved four-residue struc-
tural linker located at the N terminus of domain D2 (encircled area 1
in panel C), and which constrains the relative orientation of tandem
PTP domains in LAR, is compared to the corresponding nonconserved
area for the RPTP domain D1 sequences (encircled area 1 in panel B).
The amino acid residues defining this conserved linker are boxed and
colored yellow in the alignment in Fig. 1.
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rosine residue at a second substrate-binding pocket may make
an important contribution to the substrate recognition by
PTP1B in vivo.

The most important residues in this second phosphotyrosine
binding site of PTP1B appear to be Arg24 and Arg254. Al-
though Arg254 is a highly conserved residue, the presence of
Arg24 and Gly259 seems to be unique to PTP1B and TC-PTP.
The tethering together of a ligand that simultaneously occupies
the active site with a ligand that interacts with residues of this
second phosphotyrosine binding pocket has been suggested as
a paradigm for PTP1B inhibitor design (69) resulting in re-
markably selective bis(aryldifluorophosphonate) inhibitors of
PTP1B (81). Furthermore, and consistent with this paradigm,
Ramachadran and colleagues have recently reported that pep-
tides containing two nonhydrolyzable analogs of phosphoty-
rosine [difluoro(phospho)methyl-phenylalanine] were potent
and specific inhibitors of PTP1B, illustrating that exquisite
substrate and inhibitor selectivity exists in close vicinity to the
active sites of PTPs (15).

In addition, other areas in the proximity of the active site
show considerable variability and could potentially be involved
in defining substrate specificity (Fig. 9). One such area is de-
fined by �5-loop-�6 (i.e., between the M6 and M7 motifs).
Whereas no substrate binding has been observed in this region
in PTP1B, a study of SHP1 that had cocrystallized with two
different synthetic peptides revealed significant interaction
within this region, in one case due to salt bridge formation
between AspP-4 in the peptide substrate and Arg360 in SHP-1
(corresponding to S118 in PTP1B) (91). Interestingly, this re-
gion is quite different in SHP2. Therefore, these X-ray crystal-
lographic studies provide structural support for the observed
different substrate specificities of these closely related SH2

FIG. 8. Identification of novel conserved area on surface of PTP
domain opposite active site. Shown are surface conservation (C�-
regiovariation score values) among nontransmembrane PTPs (A),
RPTP domains D1 (B), and RPTP domains D2 (C). The tertiary
structure is rotated 180° compared to structures in Fig. 7, showing the
surface of the molecule opposite the active site. Encircled area II (B
and C) corresponds to the interface for domains D1 and D2 as re-
vealed in the X-ray crystal structure of LAR (56). Encircled area III is
a novel putative interactive site, which appears to be conserved in all
three subsets of PTP domain sequences. Amino acids are labeled
according to the residue positions in PTP1B (A) and RPTP� (B and C).

FIG. 9. Nonconserved amino acids in the proximity of the PTP
active site are involved in the recognition of PTP substrates and non-
peptide PTP inhibitors. Shown is the visualization of four selectivity-
determining regions on the molecular surface of PTP1B. Areas of
conservation (blue, most conserved; red, least conserved) represent
the C�-regiovariation score values of 37 aligned human PTP catalytic
domains (values from Fig. 5). The amino acids involved in defining
these four selectivity-determining regions are indicated (boxed) in the
alignment in Fig. 1.
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domain-containing PTPs, as demonstrated in two elegant cat-
alytic-domain-swapping experiments (60, 82). Although no di-
rect interaction has been observed in the crystal structure of
PTP1B complexed with peptide substrates, computational
studies suggest a similar role of this region in substrate recog-
nition by PTP1B (64). However, for the SHP1 cocrystal, it
should be noted that binding of peptide substrate to the PTP
catalytic domain did not bring the WPD loop into its closed
conformation (91), thus raising the question of whether it is a
catalytically competent complex.

Since such unique aspects of the structure in the vicinity of
the active site contribute to substrate specificity, we investi-
gated whether selective nonphosphonate, nonpeptide inhibi-
tors of PTP1B could be obtained by addressing one of these
regions. Our attention was directed to Asp48 and Arg47 in
PTP1B. As a starting point, we used a general PTP inhibitor,
2-(oxalylamino)-benzoic acid, which we had identified by high-
throughput screening of the Novo Nordisk compound library.
We reasoned that a correctly positioned basic nitrogen in the
inhibitor would be able to form a salt bridge with the side chain
of Asp48 in PTP1B, whereas an asparagine, which is found in
the equivalent position in many other PTPs, would cause re-
pulsion (Fig. 1). Indeed, a low-molecular-weight, nonphospho-
rus compound containing such a basic nitrogen displayed a
remarkable selectivity for PTP1B (36). Recently, studies with
PTP1B knockout mice (17, 44) and PTP1B antisense oligonu-
cleotides have provided compelling evidence that inhibition of
PTP1B may be an effective approach for the treatment of
diabetes and obesity (53). The identification of selectivity-de-
termining regions suggests that it may be possible to generate
specific inhibitors of PTP1B for use in this context. Further-
more, it is now becoming apparent that the inhibition of other
members of the PTP family may offer novel strategies for
therapeutic interaction in various human diseases. We hope
that the analysis presented here will not only assist in further
characterization of the PTP family but also may contribute to
the development of selective inhibitors of other potential drug
targets within the PTP family.
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