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Tyrosine phosphorylation, controlled by the coordinated action of protein-tyrosine kinases (PTKs)
and protein-tyrosine phosphatases (PTPs), is a fundamental regulatory mechanism of numerous
physiological processes. PTPs are implicated in a number of human diseases, and their potential as
prospective drug targets is increasingly being recognized. Despite their biological importance, until now
no comprehensive overview has been reported describing how all members of the human PTP family are
related. Here we review the entire human PTP family and present a systematic knowledge-based
characterization of global and local similarity relationships, which are relevant for the development of
small molecule inhibitors. We use parallel homology modeling to expand the current PTP structure
space and analyze the human PTPs based on local three-dimensional catalytic sites and domain
sequences. Furthermore, we demonstrate the importance of binding site similarities in understanding
cross-reactivity and inhibitor selectivity in the design of small molecule inhibitors.

Introduction

Tyrosine phosphorylation is involved in the regulation of
many physiological processes, including growth, proliferation
and differentiation, metabolism, cell cycle regulation and
cytoskeletal function, cell-cell interactions, neuronal devel-
opment, gene transcription, and the immune response.1-6

The levels of cellular protein tyrosine phosphorylation are
regulated by the coordinated action of protein-tyrosine
phosphatases (PTPsa) and kinases (PTKs).1,5 Until recently,
PTKs were considered to be the main enzymes regulating
tyrosine phosphorylation and huge progress has been made
over the past 20 years in clarifying their significance in signal
transduction.7-9 Today, beyondkinases, PTPs are recognized
as critical regulators of signal transduction.10 The ability of
PTPs to dephosphorylate phosphotyrosine residues selec-
tively on their substrates plays an important role in initiating,
sustaining, and terminating cellular signaling.5 Several studies
have shown that the diversity of functions for the PTPs
matches the diversity of functions for the PTKs.11,12

Malfunction of the PTP activity is related to a number of
human diseases ranging from cancer to neurological disorders
and diabetes. The diversity of cellular functions regulated by
PTPs and their implications in human diseases suggest that
PTPs are prospective drug targets.12-14

The human genome contains 107 PTPs.15,16 On the basis of
the catalytic mechanism of dephosphorylation, the PTPs can

be grouped into two separate families, Cys-based family
comprising 103 members and Asp-based family comprising
4 members. The Cys-based PTPs, which are the focus of the
present study, can be further divided into four major classes:
classical PTPs, dual-specificity PTPs (DUSPs), cdc25 PTPs,
and low-molecular weight (LMW) PTPs.
Although protein similarities and classification are gener-

ally anticipated by sequence similarity, three-dimensional
structures tend to be more conserved than sequences and are
essential for the functional properties of proteins.17-19 In
enzymes, the protein substrate recognition occurs at structu-
rally conserved and specific binding sites. Hence, structural
features of the catalytic sites define protein function. Several
studies show that comparative sequence analyses should be
combined with other approaches (such as genomic and pro-
teomic analyses) to fully understand structure, function, and
evolution of protein families.20,21

PTPs utilize the active site signature (H/V)C(X)5R(S/T)
motif in the conserved PTP catalytic domain to hydrolyze
phosphoester bonds inprotein andnon-protein substrates.22,23

This structure motif is called PTP loop (red loop in
Figure 1). Key features of the domain also include the
phosphotyrosine recognition loop (blue loop in Figure 1)
and the WPD loop that occurs in two conformations, open
and closed (Figure 1, yellow and green loops, respectively). In
the native form the WPD loop is in an open conformation,
and the binding pocket is easily accessible to substrate. Upon
substrate binding, the WPD loop closes over the active site,
forming a tight binding pocket for the substrate.24,25 In the
active, closed form the Asp residue from WDP loop is in
position to act as a general acid/base catalyst in the depho-
sphorylation reaction.26 Furthermore, it has been shown that
the catalytic activities of the PTPs are influenced by the flexi-
bility and stability of the WPD loop in its active form.27,28
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The PTP binding site is highly polar with the deprotonated
thiol anion of the catalytic cysteine acting as a nucleophile.
Such binding environment favors polar binders, and it is
therefore one of the challenges in developing useful compounds
to balance inhibitory activity with cellular permeability.
One key component in the design of PTP inhibitors is a

hydrolytically stable phosphotyrosine or phosphate mimic as
a “head” group. Several classes of mimics have been re-
ported,29 including the difluoromethylenephosphonates, sul-
famic acid, and benzoic acids such as 2-(oxalylamino)benzoic
acids, salicylic acids, and its derivatives. Various PTP inhibi-
tor cocrystal structures with these types of head groups have
been reported. Table 1 shows potent representative PTP1B
inhibitors with different head groups and their corresponding
PDB codes.
Todate,most of the studies related toPTPswere performed

on sequences of classical phosphatases5,16 and PTP1B in
particular.12,30,35,36 Here we present a comprehensive com-
parative analysis of the catalytic domain sequences and the
three-dimensional catalytic sites of the entire human Cys-
based PTP protein family. Experimental small molecule in-
hibition data illustrate that similarities of the catalytic site can
reflect a PTP’s propensity for selectivity and promiscuity.
Local three-dimensional site similarity can be a first-order
structure-based assessment to identify most similar targets,
which are likely to show cross-reactivity toward a small
molecule inhibitor and therefore should be tested experimen-
tally during lead optimization.

Methods

Human PTPGene Family. In order to compile a PTP gene
list, we searched literature15 and gene databases37-39 and
retrieved 105 genes encoding human PTPs. Among them,
two are pseudogenes, PTPN20C and PTPRV. PTPN20A
and PTPN20B are coded by the same chromosome and
therefore have the same domain sequence. After elimination
of redundant genes, the final list assembles 102 human PTP
genes with 37 genes encoding classical PTPs, 61 genes
encoding DUSPs, 3 genes for the cdc25 PTPs, and 1 for the
LMW PTP. Classical PTPs are further divided into the
classical receptor type phosphatases and classical nonre-
ceptor type phosphatases. DUSPs comprise several sub-
types: MAP kinase phosphatases (MKPs), atypical DUSP,
slingshots, myotubularins, PRLs, CDC14s, and PTENs. The

list of 102 human PTP genes is given in the Supporting Infor-
mation along with the protein names (Table S1). Here we
refer to a phosphatase by the corresponding gene annotation.

PTPSequences andDomains.On the basis of the identified
gene list, we have constructed a database with the PTP
domain sequences from SWISS-PROT.38 A core SWISS-
PROT data record consists of sequence data, citation in-
formation, and taxonomic data, while the annotation con-
sists of a description of the function of the protein, post-
translational modifications, domains and sites (for example,
calcium binding regions, PTP catalytic sites, zinc fingers),
similarities to other proteins, diseases associated with defi-
ciency of the protein, etc. Some of these annotations are
derived from other databases, which are linked on the basis
of controlled vocabulary (and unique IDs) each describing
an important piece of biological complexity. Most entries in
Swiss-Prot have a cross-reference to Pfam or InterPro.
Pfam and InterPro are large collections of protein families

and domains.40-42 The human PTPs have different domains
depending on the PTP types and subtypes. In the present
study we use the InterPro domain annotation, since it is
themost comprehensive for PTP domains. However, some of
the InterPro annotated catalytic domains are remarkably
shorter and do not contain the catalytic site (signaturemotif).

Figure 1. Structural features of PTP catalytic domain. Substrate
recognition loop is in blue, PTP loop in red, flexible WPD loop in
either open or closed position in yellow and green, respectively.

Table 1. Typical Phophatase Inhibitor “Head” Groupsa

aRepresentative potent PTP1B inhibitors and the PDB codes of their
cocrystal structures and cocrystal structures of their analogues with the
same head group are shown.
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In these cases we alternatively use the SWISS-PROT annota-
tion where the PTP domains comprise the catalytic site.
This was the case for CDC14A, CDC14B, RNGTT,
PTPM1, AUXI, TENC1, TPTE, TPTE2,MTM1,MTMR1,
MTMR2, MTMR3, MTMR4, MTMR5, MTMR6, MT-
MR7, MTMR8, MTMR9, MTMRA, MTMRB, MTMRC,
and MTMRD. For myotubularin MTMR14 there was
no annotated domain in any of the databases. In order to
determine a PTP domain for MTMR14, we aligned its
sequence to the sequences of other myotubularins using
Clustal W.43 After verifying that the domains and catalytic
sites of other myotubularins were properly aligned, we ex-
tracted the analogous domain for MTMR14 phosphatase.
MTMR15 has one annotated domain, VRR_NUC, which is
not a PTP domain, and the alignment to othermyotubularins
did not indicate the catalytic region.MTMR15 was therefore
excluded from further analysis, resulting in a total of 101 PTP
genes considered in this study. For tensine-like PTPs,
TENS1, and TENS3 (no annotation), the domain sequence
was retrieved from the literature.44

Some of the classical receptor phosphatases have two
cytoplasmic PTP domains, a membrane proximal domain
(D1) and a membrane distal domain (D2). In total,
we collected 113 PTP annotated domains for this study,
one PTP domain for each PTP plus distal PTP domain for
classical receptor phosphatases with two PTP domains.

Sequence Similarities and Identities. Pairwise alignments
and similarities of the 113 human PTP domain sequences
were calculated by the Needleman-Wunsch (NW) algo-
rithm45 (Blosum62 substitution matrix, gap penalty 10, gap
extension penalty 0.5). NW uses dynamic programming to
identify an optimum global alignment as the best pathway
through a scoring matrix representing the two sequences to
be aligned and that is constructed by optimizing the align-
ment score of successively increasing sequence segments.

Homology Modeling. The STRUCTFAST46 algorithm
implemented in the Target Informatics Platform (TIP) soft-
ware system39,47 was used to generate homology models for
all PTP sequences against a number of templates (see below).
STRUCTFAST is an automated profile-profile database
search algorithm capable of detecting weak similarities
between protein sequences. Multiple sequence alignment
profiles are used for both the query and primary template
sequence. The query sequence profiles are generated with a
modified version of the PSI-BLAST algorithm. A database
of profiles for template representatives from the PDB48 is
generated in a similarmanner but incorporating information
from structure-structure alignments derived from the tem-
plate protein’s structural family. A query profile is aligned

and scored against the library of structural profile templates,
and the alignments are ranked by the significance of their
scores using convergent island statistics. STRUCTFAST
uses dynamic programming to incorporate gap information
from the structural family directly into the alignment pro-
cess. Because of rigorous analytical treatment of the profile-
profile scores, STRUCTFAST scoring function includes no
parameters to optimize.
The PTP models were built using a TIP database, includ-

ing the entire PDB database as of June 15, 2008, including
229 PTP structures. The PTP domain sequences were loaded
into the TIP sequence database to generate models cor-
responding exactly to the defined PTPdomains. The primary
templates from which to derive the R carbon coordinates of
the PTP STRUCTFAST models were selected as described
in the following.

PTP Primary Structure Templates. To select suitable
templates for homology modeling, we explore the PDB.
There are more than 200 structures of the human PTPs
deposited in PDB but about 100 for PTP1B alone
(corresponding gene annotated as PTPN1).
The primary criterion for selection was the active form of

the corresponding PTP crystal structure, which is deter-
mined by the closed conformation of the WPD loop (see
Figure 1). However, for most of the phosphatases there is no
experimental structure available and not all deposited PTP
crystal structures are in the active form. Indeed, only 26PTPs
have at least one crystal structure with the active WPD loop
conformation. If a phosphatase has several structures in the
active form, the onewith the highest resolutionswas kept as a
template.
Some PTP types such as cdc25 phosphatases and myotu-

bularins do not have theWPD loop and therefore exist in only
one form. It is not quite clear which residue replaces the
aspartic acid from the WPD loop and reacts as a general acid
in the catalytic reaction of such PTPs. Some previous studies
have shown that the general acid residue perhaps can be a part
of the catalytic (H/V)C(X)5R(S/T) loop.49,50 The side chain
conformation of such a residue would therefore define an
active form for these phosphatases. However, the PDB crystal
structures of MTMR2 and cdc25A are available and were
used as templates for modeling PTPs without the WPD loop.
For PTPs that are structurally undeterminedwe compared

their domain sequence similarities to the 26 selected tem-
plates. The crystal structure with the highest sequence simi-
larity was defined as the primary template for generating
a model of the corresponding phosphatase domain. The
primary templates are listed in Table 2 along with their
gene symbol and the resolution of the crystal structure.

Table 2. List of PDB Structures Used as Templates in Homology Modeling

template PDB code template PTP resolution template PDB code template PTP resolution

2f71A PTPN1 1.55 1wrmA DUSP22 1.5

2h02A PTPRB 2.3 1vhrA DUSP3 2.1

2ooqA PTPRT 1.8 2imgA DUSP23 1.9

2g59A PTPRO 2.19 2pq5A DUSP13B 2.3

2i1yA PTPRN 2.23 2esbA DUSP18 2

1ygrA PTPRC 2.9 1yz4A DUSP15 2.4

1wchA PTPN13 1.85 1oheA CDC14B 2.2

2g6zA DUSP5 2.7 1xm2A PTP4A1 2.7

1d5rA PTEN 2.1 1fpzA CDKN3 2

1zzwA DUSP10 1.6 1wvhA TNS1 1.5

2nt2A SSH2 2.1 1zsqA MTMR2 1.82

2r0bA STYX 1.6 5pntA ACP1 2.2

2e0tA DUSP26 1.67 1c25A cdc25A 2.3
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In addition, Table S2 in the Supporting Information shows
model to template identities.
Because we expect the catalytic site in a homologymodel to

be related to the three-dimensional template structure, in
many cases we generated several models based on different
primary templates. This is to estimate (or minimize) a tem-
plate bias that may be introduced into the models but also to
incorporate structural flexibility defined implicitly by differ-
ent experimental structures. These additional primary tem-
plates were selected from the 26 candidate structures based on
succeeding sequence similarity. Since most of the available
experimental structures belong to the classical PTPs and
DUSPs, we generated more models for these two PTP types.

Definition of theCatalytic (Binding)Sites.Once the homol-
ogy models were generated, the local sites of interest were
defined. For each template model (in “template models” the
PTP domain sequence corresponds to the crystal structure
template, and they are therefore very close or identical to the
original template PDB structure) the initial site was defined
as a set of solvent accessible residues within 10 Å around the
catalytic cysteine. The site was furthermanually corrected by
adding or removing residues that can still interact with a
virtual ligand. For example, residues that belong to the inner
area under a tangent on the protein surface are defined as a
part of the catalytic site (tangent starts at the binding
pocket). Residues outside this area were removed from the
site even if they are proximate to the binding pocket. After
the template sites were defined, the corresponding models
were aligned to their template model and the model binding
sites were defined on the basis of their matching residues.
The so-defined sites were in addition visually inspected for
accuracy.

Calculation of Site Similarities. The SiteSorter algorithm
implemented in the TIP software system computes pairwise
3D similarities between sites. This is performed in three steps:
(1) the two sites are described as graph representations;
(2) the optimal overlay of the two sites is determined by
optimizing the overlap score between the two site graphs;
(3) the physiochemical similarity of the two optimally over-
laid sites is scored. The SiteSorter algorithm is similar to
Klebe’s approach51 in which sites are represented as collec-
tions of surface points and edges, which are inputs to a clique
detection algorithm52 that determines the best site overlay as
the maximum complete subgraph. However, SiteSorter in
addition takes into account the orientation of each surface
point with respect to the pocket opening. The similarities of
each of the matching surface points are described as a
continuum of scores, and a weighted clique detection algo-
rithm is used. An overlay score can be derived for any given
orientation of the two graph surfaces considering distance
and angle constraints of the corresponding surface points.
The best overlaid sites are then scored on the basis of
chemical group similarity incorporating site chain and
backbone atoms. These (raw) chemical scores are further
normalized in the Tanimoto-like definition: SABnormalized =
SAB/(SAA þ SBB - SAB), where SAB is the raw value for the
site similarity between sites A and B and where SAA and SBB

are self-site similarities for site A and site B, respectively. We
use this normalized site similarity in our analyses. For pairs
where no site overlay score was generated because of dissim-
ilarity between sites, we assigned a site similarity value of
zero.

Cluster Analysis. Domain sequence similarities and local
(3D) site similarities were classified by the hierarchical

clustering using the Spotfire Decision Site software.53 Mini-
mum Spanning Trees (MST) were generated by Kruskal’s
algorithm54 and visualized by Cytoscape (force-directed
layout, weighted by similarity).55

Structural Model Alignment. After the template catalytic
sites were defined, structural alignment of the PTPmodels to
their corresponding template model was performed using
Schrodinger’s Protein Structure Alignment program.56

Structure Visualization. PyMOL57 was used for visuali-
zing PDB structures, models, and binding sites and also for
defining the template binding sites.

Workflows.We used Scitegic Pipeline Pilot58 collection of
components for data retrieval, filtering, and analysis.

SAR Data. The literature and PDB database were
searched for known PTP inhibitors. We collected a moder-
ately large list of small cocrystallized PTP1B inhibitors and
their analogues that show reasonable potency against a set of
different classical PTPs.31,35,59-62

Results and Discussion

Global Trend of Phosphatase Site vs Sequence Similarities.

In the present study we generated models for 113 domain
sequences representing 101 PTPs (retrieved from the SWISS-
PROT database, domains annotated by InterPro or SWISS-
PROT) as described in the Methods section. Four-hundred-
fifty-five models were generated using as primary templates
the 26 different PTP structures in the active conformation
that are available in the PDB; at least one model was
generated for each of the 113 PTP sequences. The binding
sites were defined as a set of residues within 10 Å around
catalytic cysteine considering the solvent-accessible surface.
Pairwise site similarities were calculated following three-
dimensional site overlay using a scoring function based on
surface chemical features as described in the Methods. The
site similarity value depends on the size of the site because
larger sites can have a larger overlaid surface. Although the
sites are reasonably similar in size (PTPs, 10 Å around the
catalytic residue), we normalized the raw site similarity score
using a Tanimoto-type definition after calculating the che-
mical site similarity of each site against itself. A correlation
plot of normalized vs raw site similarities is given in the
Supporting Information (Figure S1). We observed more
robust clustering of the normalized site similarities compared
to the raw chemical scores.
For most PTP domains multiple models were generated on

the basis of different primary templates, and therefore, each
PTPcanbe characterizedbydifferent (catalytic) sites,which can
lead to slightly different site similarity values for any given PTP
domain pair. For the analysis presented here we used the sites
emerging from best models (highest identity tomodel template;
in case of several template candidates the model based on the
highest resolution structure is used). Figure 2 shows a scatter
plot of catalytic site similarity vs domain sequence similarity for
each PTP pair based on the currently modelable PTPs. All PTP
domain sequence pairs were aligned using the NW algorithm to
compute sequence similarity and sequence identity values. The
average site similaritiesand themaximumsite similaritiesbetween
PTPpairs (whichmayprovide a conservative estimateof thepro-
pensity of a pair of PTPs being similar around their catalytic site)
are given in the Supporting Information (Figure S2). We also
illustrate site similarities vs sequence identities and histograms
of the different similarity and identity measures to visualize their
global distributions (supporting Figures S3 and S4).
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Qualitatively, Figure 2 illustrates that PTPs of high
sequence similarity also have very similar catalytic sites while
there is more variability of site similarities among pairs of
lower and average similar sequences. This general trend also
holds for average and maximum site similarities and in
particular for sequence identities (Supporting Information
Figures S2 and S3). From Figure 2 and the histograms
(Supporting Information Figure S4) one can identify highly
site-similar PTP pairs that correspond to lower sequence
similarities; this is relative to the mode of the main subpo-
pulations of the two similarity distributions and thus not an
artifact of the different scaling of the measures. PTP pairs
modeled from the same primary template structure show on
average higher site similarities compared to those based on
different templates. This is expected because pairs of models
based on the same template also have on average higher
sequence similarities (sharing higher identity to their tem-
plate means that they are more similar to each other as well;
the average identity of PTP pairs is shown in supporting
Figure S5). But also there may be a bias introduced by the
specific conformation of the template structure. However,
the results should be viewed as our current stage of knowl-
edge, based on the available structural body of the PDB. The
vast majority of models are well within or above the required
template identity to generate reliable homology models
for the purpose of comparing sites,18 in particular for
the profile-profile STRUCTFAST method used here.46,63

We can expect this picture to be further refined as
more structures become available. Nevertheless, in a more
detailed analysis we can identify highly site-similar PTPpairs
based on different templates (for example, PTPRJ and
PTPRQ, PTPN9 and PTPRJ, DUSP15 and DUSP22) and
also pairs of low site similarity modeled from the same
template (for example, PTPN7 and PTPRA, EPM2A and
DUSP12). We therefore conclude that the template bias is
relatively small.

Categorization of PTPs Based on Site and Sequence Simi-

larities. In addition to a global trend and direct comparison
of individual PTPs we were also interested in identi-
fying major and local groupings. We performed hierarchical

clustering of the 113 PTP domains based on sequence- and
site similarity matrices.
Figure 3 shows the PTP domain groups in sequence space.

The PTPs were hierarchically clustered using single linkage
and theEuclidean distance of the sequence similarity vectors.
Several large clusters are evident. As expected, all classical

PTPs group together (lower right corner). The DUSPs are
separated into two large groups. One (in the central part of
the heat map) comprises atypical DUSP, MKPs, PRLs,
slingshots, CDC14s, and several PTENs. The other DUSP
group (in the upper left corner) comprises all myotubularins
and two remaining PTENs. These two DUSP groups are
separated by two small clusters, one containing three cdc25s
and one with the single LMW PTP. On the basis of se-
quences, the DUSPs thus represent a very diverse group of
PTPs with some discontinuous subtypes. Within the large
cluster of DUSPs the different subtypes are mostly grouped
together. The exceptions are STYXL1, which does not
cluster with the rest of MKPs, CDKN3, which falls outside
of the CDC14 cluster, and the atypical DUSPs, which are
separated into two fairly close subgroup. The relatively small
sets of three slingshots and three PRLs form clusters includ-
ing all their respective members.
A similar clustering analysis was performed using site

similarity vectors as a distance measure. As before, from
the ensemble of catalytic sites corresponding to each domain
sequence we selected the one that corresponds to the best
model based on template identity. Results are shown in
Figure 4.
The major groupings that are obtained on the basis of site

similarities closely reflect sequence-based clustering. The
same major clusters emerge when using ensemble average
or maximum pairwise site similarities. However, in contrast
to sequence space the members within the major groups, and
in particular the classical PTPs, appear much closer. This is
consistent with our earlier observation of highly site-similar
PTP pairs that correspond to lower sequence similarity; but
here we can clearly identify the clusters of the closest PTPs
based on site similarities. Similar to sequence space, in site
space the DUSPs occupy the middle section of the map but
its subgroups are less continuous. The MKPs form two

Figure 2. Correlation of normalized site similarities and sequence
similarities for all PTP combinations. Blue dots represent site pairs
corresponding tomodels based on the same primary template, while
for red data points the templates are different.

Figure 3. Hierarchical clustering of humanPTPdomain sequences.
Highest similarity is colored in red, medium in yellow, and low
similarity in green.
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distinct clusters and the atypical DUSPs are split into many
separate groups. However, the central cluster of MKPs and
some of the atypical DUSPs is more pronounced compared
to site space. Although themajor PTP groupings in site space
are comparable to those in sequence space, the subgroupings
among classical PTPs and DUSPs are different. Here we
provide several examples forDUSPswhile classical PTPs are
discussed in more detail in the next section. Several larger
clusters evident from the DUSP sequence clustering are not
present in the DUSP site clustering. For example, in se-
quence space allMKPs belong to one cluster except STYXL,
which forms a singleton. In site space STYXL is also isolated
from the subtype members, but the other MKPs split into
two clusters, containing DUSP1, DUSP2, DUSP4, DUSP5,
and DUSP6 in one cluster and containing DUSP7, DUSP8,
DUSP9, DUSP10, DUSP16 in the other. Two large atypical
DUSP clusters (separated by slingshots) in sequence space
exchange their members split into several smaller clusters
and singletons in site space. For the CDC14 subtype, in
sequence space CDC14A, CDC14B, PTPDC1 form one
cluster and CDKN3 is isolated from the group, while in site
space CDC14A and CDC14B belong to one cluster and
CDKN3 and PTPDC1 form a separate cluster. The PTENs
are grouped better in site space where PTEN, TENC1,
TPTE, and TPTE2 form one cluster, while TENC1 is
isolated in sequence space. Therefore, PRLs and slingshots
present the onlyDUSP subtypeswith preserved grouping (all
members group together) in both spaces while all other (and
in particular the atypical) DUSPs are separated into smaller
clusters or individual targets. This fragmentation of the
subtype groups is more distinct in site space.While themajor
PTP groupings that emerge in sequence vs site space are
closely related, our detailed analysis shows that domain
sequence-based categorization does not reflect the similarity
relationships derived from comparing three-dimensional
catalytic sites. Principle component analysis (Supporting
Information Figure S6) suggests the same conclusion
(similar major but different local groupings).
In addition to hierarchical clusteringwe also visualized the

similarity relationships among the PTP family members as

networks. MSTs for both sequence and site similarities were
computed and visualized as described inMethods (Figures 5
and 6). In contrast to hierarchical clustering where the
distance of two PTPs is measured on the basis of their
similarities to all other PTPs, the MST is constructed on
the basis of the individual similarity of a PTP and its joining
neighbor. It is therefore in particular suitable for analysis of
local relationships.
The network tree representations intuitively illustrate how

the majority of the members of each of the PTP subtypes
(except the atypical DUSP) group together in sequence as
well as site space. Despite the similar groupings by subtype,
the sequence and site similarity network trees reveal differ-
ences, which may have important implications for the devel-
opment of selective inhibitors. In particular local
neighborhoods, node connectivity, and hubs (nodes with
many neighbors) are different in sequence vs site space. For
example, there are only two nodeswith at least five neighbors
in the sequence MST (MTMR2 and the distal domain of
PTPRS annotated by PTPRS_2); in the site MST these
correspond to nodes with three and one neighbors. In
contrast there are four PTPs with at least five neighbors
(PTPRS, PTPN12, DUSP8, and DUSP18) in the site MST
(Figure 6) but with fewer neighbors in the sequence MST
(three, one, two, and one, respectively, Figure 5). Phospha-
tases with many neighbors (specifically in the site similarity
tree) may be particularly challenging drug targets because
the development of selective inhibitors can be complicated by
the presence of many closely related PTP “off-targets”.

Detailed Analysis of Classical PTPs. Previous studies
related to PTPs were focused primarily on the classical type.

Figure 4. Hierarchical clustering of catalytic site similarities of
human PTPs. Highest similarity is colored in red,medium in yellow,
and low similarity in green.

Figure 5. Sequence similarity network of human PTP domains.
Nodes are colored by PTP subtypes.

Figure 6. Site similarity network of human PTPs. Nodes are
colored by PTP subtypes.
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Andersen et al.5 have shown clustering of vertebrate classical
PTP domains into 17 subtypes based on sequence alignment.
Our hierarchical clustering of the domain sequence similarity
matrix of the classical PTPs reproduced the identical sub-
types with only one exception. PTPRU had previously been
categorized as R2A subtype but here does not cluster within
this group (Figure 7). However, the distal domains of the
subtype R2B members group together into the R2B (2)
cluster, which includes the distal domain of PTPRU. The
other membrane-distal domains cluster in the same way as
their membrane-proximate domains without any exception.
The corresponding analysis based on catalytic site simila-

rities (Figure 8) shows a different picture.
While the subtypes of classical PTPs are defined on the

basis of sequence similarity, different clustering results are
obtained from site similarities. The conserved groupings are

NT1, R3, R4, R4(2) (distal domains of R4 subtype), R5 and
R5(2) (R5 distal domains), R8, R2B, and distal domains of
R2B(2) subtype.However, in site similarity spacemost of the
(small) sequence-based subtype groupings are not conserved
and different clusters are formed. While sequence similarity
clustering primarily defines numerous small groups, site
similarity clustering (Figure 8) suggests a few larger groups
depending on the similarity cutoff. On the basis of the
similarities of the catalytic sites, we suggest a different
categorization of the classical PTPs. The dendogram (with
corresponding gene annotation) and the clusters formed
using a site similarity cutoff of 0.59 are shown in Figure 9.
The largest group includes the majority of the transmem-
brane classical PTPs (22 receptor domains from subtypes
R2A, R2B, R4, R5, R7). We name this group TN1
(T representing transmembrane and N nonreceptor classical
PTPs). The group in the center of the site similarity dendro-
gram includes the distal domain of subtype R5 (PTPRG_2
and PTPRZ1_2) and distal domains of three members of
R2A (PTPRU_2, PTPRK_2, and PTPRT_2). This cluster is
annotated as T1. Two small but distinct clusters are posi-
tioned in the upper middle part. The first one, T2, contains
the R3 subtype (PTPRB, PTPRJ, PTPRQ, PTPRO, and

Figure 7. Hierarchical clustering of all human classical PTP
domain sequences (for both membrane proximal and distal
domains). More detailed clustering presentation can be found in
Supporting Information Figure S7.

Figure 8. Hierarchical clustering based on catalytic site similarities
of the classical PTPs. More detailed clustering presentation can be
found in Supporting Information Figure S8.

Figure 9. Suggested main groupings of 49 classical PTP domains
based on similarity of the catalytic sites.
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Table 3. Experimental Activities of PTPN1 Inhibitors across Different Classical PTPsa

aActivity given as inhibition constant Ki in μM.
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PTPRH). The second cluster includes all members of NT1
(PTPN1 and PTPN2), NT3 (PTPN9), and NT6 (PTPN14
and PTPN21) and one member of NT5 (PTPN3) subtype
and is annotated as N1 (nonreceptor classical PTPs,
Figure 9). Cluster N2 contains three nonreceptor PTPs
(PTPN13, PTPN20A, and PTPN23). Proximal and distal
domains of PTPRCare singletons and denoted as T3 andT4,
respectively. The last group with just two members (PTPRN
and PTPRN2) is T5, while the distal domain of PTPRM_2
forms another singleton annotated as T6.
The average proximity of the classical PTP appears much

closer in site vs sequence space (relative to the distance to all
the other PTPs). The differences in grouping and in parti-
cular a few larger clusters in site similarity space are also
illustrated in the PCA plots in the Supporting Information
(Figures S9 and S10). The global trend of site vs sequence
similarity of the classical PTPs (Figure S11 Supporting
Information) also suggests that the classical PTPs are on
average much more similar by their catalytic sites compared
to their domain sequences. This observation is substantiated
by the experienced difficulty to develop highly selective
inhibitors for classical PTPs.64,65 The comparison of the
catalytic sites of one such example, PTPN1 (themost studied
PTP) and PTPN3, is shown in Figure S12 in the Supporting
Information, illustrating better evolutionary preservation of
the catalytic sites compared to sequences alone.

Mapping of Small Molecule Inhibition Data to PTP Site

Similarities. We explored the PDB in order to collect small
molecule PTP inhibitors with binding modes in accordance
with our site definition (active PTP form, 10 Å radius around
the catalytic cysteine). As expected, themajority of published
structures belong to PTPN1. We retrieved experimental
activity data for PTPN1 inhibitors screened across a panel
of PTPs.31,35,59-62 Selected PTPN1 ligands and their experi-
mental activities are given in Table 3.
To evaluate target similarities based on these small mole-

cule activity data, we calculated pKi values and assigned pKi

of 2 to inactive compounds (for example, activity of >1000
in Table 3). We individually looked at the two subsets of full
SAR matrices, one including selectivity data of compounds
a1, a2, b1-b4, and c1 against PTPN1, PTPN2, PTPRC, and
PTPRF, and the second set of compounds d1-d5, e1-e5,
and f1 screened against PTPN1, PTPRA, PTPRB, PTPRC,
PTPRE, PTPRF, and PTPN6. For each data set the small
molecule activity-based similarities between PTPN1 and the

other PTPs were calculated from the Euclidean distances of
the corresponding activity vectors defined as the pKi values
of all compounds tested against the respective PTP. The
so-determined activity-based similarities of PTP pairs are
much better correlated to catalytic site similarities than to
sequence similarities. For example, Figure 10 illustrates
the correlation of activity-based (SAR) similarity against
sequence (a) and site similarity (b), respectively, for the
second data set above including PTPN1, PTPRA, PTPRB,
PTPRC, PTPRE, PTPRF, and PTPN6. While SAR similar-
ity is uncorrelated to sequences (r2 = 0.013), the square
correlation coefficient to site similarity is 0.54. Correlations
for the first data set including PTPN1, PTPN2, PTPRC,
and PTPRF are shown in the Supporting Information
(Figure S13). Again, SAR similarity is better correlated to
site similarity (r2= 0.88) compared to sequences (r2= 0.76).

SAR-based similarities among the PTPs were further
evaluated by hierarchical clustering of the two experimental
data sets based on the correlation of the activity vectors
(Figure S14, Supporting Information). The proximity of
each PTP to PTPN1 (activity data sets of PTPN1 inhibitors
are used) based on clustering the experimental pKi values
again is in better agreement with site than with sequence
similarities (Table S3, Supporting Information). A complete
list of sequence and site similarities for all classical PTPs
relative to PTPN1 is given in Table S4 in the Supporting
Information. The promiscuity of inhibitors for PTPN1 and
PTPN2 can be explained by the high similarity of their
catalytic sites (Supporting Information Figure S15). To
develop (PTPN1/PTPN2) selective inhibitors, it is therefore
required to utilize interactions with residues outside the
binding sites considered in this analysis, for example, by
designing bidentate inhibitors that bind to the catalytic and a
so-called second binding site.66

Since our binding sites are defined as a set of residues
within 10 Å radius around the catalytic cysteine, we
considered PTPN1 inhibitors that do not overextend that
volume. To compare larger inhibitors that reach residues
beyond 10 Å radius, the binding sites would have to be
further extended to include these additional residues. As a
consequence, the PTP site similarities would also be dif-
ferent. Systematic analysis of binding site similarity relation-
ships as a function of cutoff radii around the catalytic
residues may reveal differences and similarities among PTPs
that are particularly relevant in the context of ligands of

Figure 10. Correlation of SAR-based similarity (calculated from small molecule activity data) to sequence similarities (a) and catalytic site
similarities (b) of PTPN1 and the PTPs.
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specific size.However, we consider the binding site definition
we applied here as appropriate for most small molecule
inhibitors.
In summary, the analysis of activity data of small molecule

PTP inhibitors leads to the conclusion that local site simi-
larities correspondmuch better to experimental observations
than sequence similarities. In developing selective inhibitors,
binding site similarity as described here may therefore be
useful as a first-order assessment to identify similar targets,
which should be tested experimentally.

Conclusions

Wehave performed themost comprehensive analysis of the
human PTP family based on domain sequences and for the
first time evaluated the three-dimensional binding site simila-
rities of the entire family. Using a parallel modeling approach,
we can amplify the currently existing PTP structural space
covering all 113 PTP domains in their active conformation.
We observe a global (and expected) trend that PTPs are
generallymore similar on the basis of the functionally relevant
three-dimensional sites around the catalytic residues com-
pared to their overall domain sequences. This is in particular
the case for the classical PTPs. The analysis of site vs sequence
similarity space confirms comparable major global groupings
by PTP subtypes. However, clustering details and analysis of
local neighborhoods reveal significant differences within the
subtypes and how they are connected. Focusing on classical
PTPs, we suggest a novel categorization based on local site
similarities as an alternative to the sequence-based categoriza-
tion.
On the basis of available experimental data, we show that

cross-reactivity and selectivity, two critical criteria in lead
optimization, can be better understood in the context of site
similarity compared to sequence similarity alone. Examples of
PTPs that are more closely related by their binding sites
compared to sequences illustrate that site similarity may be
a useful measure to aid in the development of inhibitors
targeting the catalytic domain. We conclude that local site
similarities better than sequence similarities reflect the pro-
pensity of a PTP for promiscuity or selectivity of small
molecule inhibitors.
This work is a relevant starting point to improve our

understanding of substrate specificity, selectivity, and cross-
reactivity among PTPs, and it provides a first-order structural
basis for the development of specific and strongly bind-
ing PTP inhibitors. It also gives a new insight into global
and local relationships among all members of the human PTP
family.
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