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Abstract

Protein tyrosine phosphorylation is a key regulatory mechanism in eukaryotic cell physiology.
Aberrant expression or function of protein tyrosine kinases and protein tyrosine phosphatases can
lead to serious human diseases, including cancer, diabetes, as well as cardiovascular, infectious,
autoimmune, and neuropsychiatric disorders. Here, we give an overview of the protein tyrosine
phosphatase superfamily with its over 100 members in humans. We review their structure,
function, and implications in human diseases, and discuss their potential as novel drug targets, as
well as current challenges and possible solutions to developing therapeutics based on these
enzymes.
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1 Introduction

Protein phosphorylation is a fundamental regulatory mechanism for numerous important
aspects of cell physiology throughout all kingdoms of life [1-6]. Protein phosphorylation is
a rapidly reversible posttranslational modification, controlled by the opposing activities of
protein kinases and protein phosphatases. A change in phosphorylation state can be the
result of a change in the activity or access of either enzyme. In eukaryotes, about one third
of the entire proteome is phosphorylated, predominantly on serine, threonine, and tyrosine
[7]. While phosphorylation on serine/threonine is most abundant (~98 %), tyrosine
phosphorylation [8], which accounts for less than 2 % of the total phosphoproteome, is a key
regulatory mechanism in numerous important aspects of eukaryotic cell physiology [9-17].
The importance of tyrosine phosphorylation in normal cell physiology is highlighted by the
fact that many human diseases are the result of aberrant protein tyrosine kinase (PTK) [18]
or protein tyrosine phosphatase (PTP) function [9, 13, 19]. Historically, research had long
been focused on the role of PTKSs in signaling, as it was generally believed that PTPs
functioned merely as indiscriminate “housekeeping” enzymes with broad specificities. Now,
we know that PTPs are highly specific and tightly regulated, both in space and time [9, 13].
Here, we review the PTP family, describe their classification into subfamilies, discuss their
common structural features and shared catalytic mechanism, analyze their substrate
recognition and specificity, and finally review their implication in human disease and
highlight their potential as novel drug targets and challenges that need to be overcome in
order to develop therapeutics based on these pivotal enzymes.
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2 The Human PTP Superfamily

PTPs constitute the largest family of phosphatase genes and are defined by their active-site
signature motif C(X)sR. The catalytic mechanism of PTPs (as discussed in more detail
below) is based on a nucleophilic cysteine residue that is part of this motif. The complement
of human PTP genes can be divided into three distinct families based on the sequence of
their PTP domains: class | PTPs (100 genes), class Il PTPs (1 gene), and class I11 PTPs (3
genes) (Table 1) [9]. The class | PTPs constitute the vast majority of human PTP genes and
can be divided into the classical, phosphotyrosine (pTyr)- specific PTP, and the VH1-like or
dual specificity protein phosphatase (DSP, DUSP) subfamilies. The pTyr-specific PTPs (37
genes) are further divided into the transmembrane receptor-like PTPs (RPTPs) and the
intracellular nonreceptor-like PTPs (NRPTPs) [9, 13, 20]. The DUSP subfamily (63 genes)
is the most diverse group in terms of substrate specificity. This group includes the
phosphothreonine (pThr)/pTyr-specific mitogen- activated protein (MAP) kinase
phosphatases (MKPs), the pThr/pTyr- or mMRNA-specific atypical DSPs, the phosphoserine
(pSer)-specific slingshots, the pTyr-specific phosphatases of regenerating liver (PRLS), the
pSer/pThr-specific CDC14s, the PTENS, which are specific for the 3’-phosphate of the
inositol ring in phosphatidylinositol-(3,4,5)-triphosphate, the myotubularins, which
dephosphorylate phosphatidylinositol3-phosphate and phosphatidylinositol-(3,5)-
bisphosphate, as well as the inositol 4- phosphatases, which catalyze the hydrolysis of the
4’-phosphate of phosphatidylinositol-(3,4)-bisphosphate, inositol-(1,3,4)-trisphosphate, and
inositol(3,4)-bisphosphate [9, 21, 22]. All class | PTPs appear to have evolved from a
common ancestor, based on their similar structural folds [20]. The class Il PTP family is
represented by only a single gene, which encodes a pTyr-specific low molecular weight PTP
(LMPTP) [23] that is structurally related to bacterial arsenate reductases and appears to be
more ancient than class | PTPs. Representatives of this family are found in all major phyla,
including plants, numerous prokaryotes, and archaea [9]. The class 11 PTP family comprises
the pThr/pTyr-specific CDC25s, which appear to have evolved from bacterial rhodanese-
like enzymes [20].

3 The Mechanism of PTP Catalysis

The mechanism of PTP catalysis was elucidated by site-directed mutagenesis and kinetic
analyses [24-26], in conjunction with structural information [27-29, 44, 58]. All PTPs share
a common catalytic mechanism based on a nucleophilic cysteine with a low pKa that forms
a thiophosphate intermediate during catalysis (Fig. 1). The transition state of the reaction is
stabilized by an invariant arginine, and hydrolysis is assisted by a catalytic acid/base
aspartate. The ordered uni—bi two-step reaction is facilitated by an optimal arrangement of
these residues, which are located in a number of highly conserved loops that form the active
site. In the first step of the reaction, the catalytic cysteine of the phosphate-binding loop (P-
loop) initiates the breaking of the phosphorus—oxygen bond via a nucleophilic attack on the
phosphorous atom, while the catalytic aspartate of the WPD-loop acts as a general acid,
donating a proton to the OH-leaving group. This step results in the formation of a
phosphocysteine intermediate and the release of the dephosphorylated substrate. In the
second, rate-limiting step, the thiophosphate intermediate is hydrolyzed, again with the
assistance of the catalytic aspartate in the WPD-loop, which now acts as a general base to
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abstract a proton from a water molecule, thus facilitating hydrolysis of the scissile
phosphorous-sulfur bond and producing free phosphate. In classical PTPs, the water
molecule used for hydrolysis is positioned by a conserved glutamine located in the Q-loop.
The guanidinium group of an invariant arginine of the P-loop coordinates the phosphate
group during substrate binding and, more importantly, it stabilizes the transition state of the
first step of the enzymatic reaction. While mutational studies have shown that PTPs lacking
the aspartate or arginine still have residual phosphatase activity, PTPs with mutations in the
catalytic cysteine are completely inactive [30]. Interestingly, despite a highly conserved
active site, different PTPs, even within one subfamily, show different catalytic efficiencies
toward the general PTP substrate p-nitrophenylphosphate (obNPP). For example, the Yersinia
PTP YopH [31] is approximately tenfold more catalytically efficient than human PTP1B
[64], which is in turn approximately tenfold more catalytically efficient than human
hematopoietic PTP (HePTP) [32]. Thus, even small changes in the active site
microenvironment can significantly affect the efficiency of PTP catalysis. One known
determinant of the catalytic rate is the flexibility of the WPD-loop, which cycles between an
open conformation in the apo structure, and a closed, active conformation when substrate is
bound in the active site [33]. Point mutations or specific ligands that decrease the flexibility
of this loop result in substantially lower PTP catalytic activity [34, 35].

4 Modular Domain Arrangement of Human PTPs

Alongside the ~280 residue PTP catalytic domain, most human PTPs also contain additional
non-catalytic domains or motifs (Table 1), which provide a variety of different functions. For
example, MKPs contain CDC25-homology (CH2) domains that mediate binding to their
MAP kinase substrates. Similarly, HePTP (P7TPN?7), STEP (PTPN5), and PTP-SL (PTPRR)
contain a 16-residue kinase interaction motif (KIM) that is essential for their ability to bind
to MAP kinase substrates. In contrast, binding of a proline-rich motif in LYP (PTPN22) to
the Src-homology 3 (SH3) domain in C-src kinase (CSK) dictates subcellular localization
and restrains LYP substrate access [36]. Other examples of PTPs with domains/motifs that
dictate subcellular localization include PTPH1 (P7TPN3), PTP-MEGL1 (PTPN4), and PTP-
BAS (PTPN13), which contain PDZ domains for targeting to the cytoskeleton, as well as
PAC-1 (DUSP2), MKP-1 (DUSPI), MKP-2 (DUSP4), MKP-3 (DUSP6), and MKP-7
(DUSP16), which contain signals for nuclear localization. Interestingly, some non-catalytic
domains/motifs play multiple roles in PTP regulation. For example, SHP1 (PTPN6) and
SHP2 (PTPN11) each contain two tandem Src-homology 2 (SH2) domains for targeting to
specific tyrosine-phosphorylated proteins upon cell stimulation [37]. However, in
unstimulated cells, one of the two SH2 domains folds upon the PTP domain and auto-
inhibits SHP1/2 activity by blocking access to the active site [38, 39]. RPTPs have
extracellular domains such as immunoglobulin, fibronectin, MAM, and carbonic anhydrase
domains that are utilized to interact with the extracellular milieu in a receptor-like fashion.
Many RPTPs also contain a second PTP domain that lacks phosphatase activity due to a
single or multiple mutations of catalytically essential amino acids. These C-terminal pseudo-
PTP domains presumably function as regulatory [40] or substrate-binding [41, 42] domains.
Intriguingly, the multidomain structure of PTPs is in stark contrast to the architecture of
protein serine/threonine phosphatases (PSPs). The PSP superfamily constitutes only ten
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apoenzymes, consisting of a small catalytic subunit that binds regulatory or targeting
subunits encoded by separate genes [43]. Together, these subunits form a large number of
distinct holoenzymes with different biological functions. Presumably, this combinatorial
principle can generate more diversity and flexibility among the PSPs, but may lack some of
the specificity and tight regulation possible with single-chain multidomain PTPs [9]. In this
context it is noteworthy that several members of the atypical DSP subgroup of PTPs consist
of only a very small catalytic core structure and do not contain any other domains or motifs
[9]. It is possible that these enzymes participate in multisubunit complexes, similarly to
PSPs, but no examples have yet been found. To summarize, most PTPs have a modular
arrangement of individual extracatalytic domains and motifs that provide substrate
specificity, dictate subcellular localization, furnish receptor-like functions, and even alter
phosphatase activity.

5 Structure of the PTP Domain

Significant progress has been made in the past two decades toward understanding PTP
specificity on a molecular level. Numerous atomic resolution structures of human PTP
catalytic domains are now available, with representatives from every human PTP family and
subfamily (Fig. 2). PTP1B was the first PTP whose structure was determined to high
resolution [44]. With >100 structures solved to date, PTP1B often serves as a reference for
PTP structures, the overall fold of which is extremely well conserved, consisting of a central
twisted B-sheet surrounded by an arrangement of a-helices (Fig. 3). The active site
architecture is formed by several loop regions: (1) the phosphate-binding loop (P-loop),
which contains the PTP signature motif with the catalytic cysteine and the invariant arginine;
(2) the WPD-loop, which contains the catalytic acid/base aspartate; (3) the Q-loop, which
contains a conserved glutamine that coordinates the water molecule necessary for
hydrolysis; (4) the pTyr-recognition loop (pTyr-loop), which contains a conserved motif that
provides specificity for pTyr in classical PTPs; and (5) the E-loop, which contains multiple
conserved residues that appear to coordinate the dynamics of the WPD-loop. Interestingly,
PTP function has different structural requirements among the various subfamilies. In fact,
the P-loop is the only active site feature that is present in all PTPs. For instance, the WPD-
loop with the catalytic aspartate, although highly conserved, is not found in the
myotubularins and CDC25s, and apparently is not necessary for PTP activity in these
enzymes. The pTyr-recognition loop is only present in the classical, pTyr-specific PTPs,
which use this loop to form a deep catalytic cleft in order to discriminate between pTyr and
the shorter pSer/pThr residues. In contrast, DSPs, which do not possess an equivalent loop,
have a much shallower active site, allowing pSer/pThr to fully penetrate the catalytic center.

5.1 The P-Loop

The base of the active site of all PTPs is formed by the P-loop, which contains the conserved
PTP signature motif C(X)sR. The backbone nitrogen atoms of P-loop residues project into
the catalytic pocket, creating a positively charged microenvironment that is further enhanced
by the guanidinium group of the conserved P-loop arginine. The positively charged
environment of the catalytic pocket has two functions: (1) to provide exceptional affinity for
tetrahedral oxyanions such as the phosphate group, and (2) to lower the pKa of the catalytic
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cysteine by stabilizing the thiolate anion (Cys-S™ ). A deprotonated thiol group of the
catalytic cysteine is crucial for its role as nucleophile in the catalytic mechanism (see Fig. 1).
While cysteine residues within proteins usually have pKa values of ~8.5, which would not
allow for effective catalysis due to the low nucleophilicity under physiological conditions,
the unique environment of the active site confers an unusually low pKa (between 4.5 and
5.5), permitting the enzymatic reaction to be efficient at physiological pH (or even at the pH
optimum of 5-6) [45]. On the other hand, due to its low pKa, the catalytic cysteine is also
highly susceptible to oxidation [46], nitrosylation [47], and sulfhydration [48], resulting in
reversible or irreversible modifications that abrogate its nucleophilic function and thereby
inactivate enzyme activity.

5.2 The WPD-Loop

The WPD-loop is present in almost all PTPs, apart from a few exceptions, which include the
myotubularins and the CDC25s. This loop is located approximately 30—40 residues upstream
of the PTP signature motif in the primary structures of both pTyr-specific PTPs and DSPs.
The single class 11 PTP LMPTP is the exception, with the P-loop located near the N-
terminus, and the WPD-loop ~120 amino acids downstream from there. The WPD-loop is so
named because in classical PTPs it contains the highly conserved tryptophan—proline—
aspartate (WPD) motif. Interestingly, both the tryptophan and proline residues (100 and 97
% conserved in the pTyr-specific PTPs) are not present in the corresponding loops of the
DSPs and LMPTP. This is somewhat surprising, as in classical PTPs the tryptophan has been
identified as an essential hinge residue important for loop flexibility [49, 50]. On the other
hand, the aspartate residue, which functions as the general acid/base during catalysis, is
conserved in all PTP subfamilies. The WPD-loop acts as a flexible gate to the active site and
has been observed in the “closed” (active) conformation, as well as a variety of “open”
(inactive) conformations (Fig. 4) [33]. In the absence of substrate, the WPD-loop likely
fluctuates between the open and closed conformations [51]. However, substrate binding can
only occur when the loop is in the open state. Upon substrate binding, the WPD-loop closes
about the active site so that the catalytic aspartate is positioned to participate in catalysis.
Compromised mobility of the WPD-loop results in substantially lower catalytic activity, as
shown by studies with mutated tryptophan hinge residue [49, 50], or with allosteric
inhibitors that decrease WPD-loop flexibility [34, 35]. PTPs with a different amino acid at
the position of the catalytic aspartate, including the RPTPs 1A-2 (PTPRN, D—A) [52],
PTPS31 (PTPRQ, D—E) [53], and PTPA (PTPRU: D—E) [54], and the NRPTP HD-PTP
(PTPNZ3, D—E) [55], are often inactive or have a very low activity. Exceptions are PTPD1
(PTPNZ1, D—E), which has been shown to effectively dephosphorylate Src at Tyr527 [56],
and PTPS31 (PTPRQ, D—E), which can dephosphorylate phosphoinositite [53]. A different
amino acid at the position of the conserved proline in the WPD motif is only found in 1A-2
(PTPRNZ, P—Y), an RPTP that has no PTP activity [57].

5.3 The pTyr-Recognition Loop (pTyr-Loop)

The pTyr-loop, which sometimes also is referred to as the substrate-binding loop and is
present in all classical PTPs, defines the depth of the catalytic pocket, thereby creating
selectivity for pTyr over the shorter pSer/pThr (Fig. 5). The loop contains the pTyr-
recognition motif KNRY, with the 84 % conserved tyrosine positioned such that its side
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chain acts a causeway to the catalytic pocket, defining its considerable depth of ~9 A, and
ensuring that only pTyr can reach the bottom of the pocket. In addition to defining the depth
of the phosphate-binding pocket, the conserved tyrosine also forms aromatic rt—r
interactions with the substrate pTyr residue, thereby facilitating substrate binding to the
active site [58]. The guanidinium group of the 100 % conserved arginine of the KNRY motif
interacts with nearby backbone oxygen atoms, thereby stabilizing the loop conformation. In
addition, the surface-exposed arginine side chain may also act as substrate binding site.
There are six PTPs in which the tyrosine of the KNRY motif is replaced by another amino
acid [20]. Interestingly, five of these six phosphatases, I1A-2 (PTPRN, Y->H), IA-2p
(PTPRNZ, Y->S), PTPS31 (PTPRQ, Y->F), PTPA (PTPRU: Y->Q), and PTPD1 (PTPN2I;
Y->F), also have altered WPD motifs. Thus, the function of these PTPs may have changed
during the course of evolution in a concerted fashion, i.e., through mutations in both the
WPD- and pTyr-loops. Two residues C-terminal of the conserved tyrosine of the pTyr-loop
KNRY motif is an aspartate or asparagine residue (84 % conserved). This residue forms a
bipartite hydrogen bond interaction with the backbone amide nitrogen atoms of the substrate
pTyr and adjacent residue, providing additional stabilization to the substrate pTyr in the
active site (Fig. 5).

5.4 The E-Loop

In classical PTPs, the E-loop contains a 100 % conserved glutamate residue and an 89 %
conserved lysine residue. In >85 % of known classical PTP structures, the E-loop forms a
tight p-hairpin, with the conserved glutamate forming a bipartite hydrogen bonding
interaction with the side chain of the invariant P-loop arginine, presumably stabilizing the
guanidinium group in a position that favors phosphate binding to the P-loop (Fig. 6a).
Although the E-loop has also been observed in multiple unique conformations [59-61] or to
be completely disordered [32, 62], the glutamate-arginine interaction is found in nearly all of
the reported classical PTP structures. The conserved lysine often is observed to hydrogen
bond with the catalytic aspartate of the WPD-loop when this loop is in the closed
conformation, an interaction that likely stabilizes the WPD-loop in its active, substrate-
bound conformation (Fig. 6b). Indeed, mutating this residue to alanine results in reduced
catalytic efficiency in HePTP [63]. Interestingly, there appears to be no equivalent function
of the E-loop outside of the classical PTP family. Although all PTP subfamilies have a
somewhat similarly positioned loop, the conserved glutamate and lysine residues are only
present in the pTyr-specific PTPs. No other conserved residues are found at the
corresponding positions in DSPs.

5.5 The Q-Loop

The Q-loop is present in all classical PTPs and is so named because it contains a 97 %
conserved glutamine residue. (A similarly positioned loop is also present in DSPs, but does
not contain a glutamine or equivalently conserved residue.) Kinetic studies [64—66] in
conjunction with structural analyses [27-29, 44, 58] revealed that the glutamine side chain,
which reaches toward the catalytic center, positions the water molecule that is used for the
phosphoester hydrolysis. Interestingly, LMPTP (which does not contain an equivalent loop)
or DSPs (which do not have the glutamine) catalyze phosphoryl transfer also to alcohols in
addition to water [65]. In contrast, in the classical PTPs, the Q-loop is responsible for
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maintaining strict hydrolytic activity. Mutations of the glutamine to residues that cannot
hydrogen bond with the nucleophilic water result in less restrictive enzymes and confer
phosphotransferase activity [65]. Thus, the Q-loop prevents classical PTPs from acting as
kinase-like phosphotransferases, which otherwise may phosphorylate indiscriminately. In
addition to this function, it was proposed that the water molecule positioned by the Q-loop
glutamine might also be important for closure of the WPD-loop [33].

5.6 Structural Comparison Between Class I, Class Il, and Class Il PTPs

Based on their conserved P-loop region, including the signature motif C(X)sR, all PTPs
have evolved from a common ancestor gene. While the more ancient class Il PTPs are
structurally related to bacterial arsenate reductases, the class I11 PTPs likely stem from
bacterial rhodaneses. In fact, both arsenate reductases and rhodaneses also contain the same
C(X)sR P-loop structural element, suggesting that these three enzyme classes may have
evolved from an ancestral oxyanion-binding protein. The structure of the class Il PTP
domain shares key similarities with that of the classical class | PTP domain. Like that of the
class | PTPs, the class Il PTP domain consists of a central twisted $-sheet surrounded by an
arrangement of a-helices, with the base of the active site formed by residues of the P-loop.
Also like the class | PTPs, the class 11 PTP domain contains a WPD-loop with an aspartate
residue that functions as a catalytic acid/base. Additionally, although not directly
corresponding to the pTyr-loop in classical class | PTPs, the class I PTPs contain a similarly
positioned loop that defines the depth of the PTP active site [67]. Only a single member,
LMPTP (ACPI), represents the class Il PTP family in humans [23]. The primary transcript
of LMPTP has been shown to be alternatively spliced, resulting in excision of either exon 3
(LMPTP isoform A) or exon 4 (LMPTP isoform B) [68], or both exons 3 and 4 (LMPTP
isoform C) [69]. The latter splice variant encodes an approximately 15 kDa protein with no
detectable in vitro phosphatase activity, whereas LMPTP splice variants lacking either exon
3 or exon 4 alone encode proteins with pTyr-specific phosphatase activity [70]. Exons 3 and
4 encode amino acids 39-75, which includes the loop region that corresponds to the pTyr-
loop in the classical class | PTPs, as well as the substrate-binding region that is responsible
for the differing substrate specificities of the two isoenzymes [68].

The major difference between the class | and class Il PTPs is the sequential order of the
typical PTP structural elements. Overall, the positioning of a-helices, B-sheets, and active
site loops is reminiscent of class | PTPs. However, crystal structures of LMPTP cannot be
superimposed onto those of classical PTPs because of the quite different sequential
alignment of these structural elements. For instance, the P-loop containing the PTP signature
sequence is located at the extreme N-terminus of LMPTP. In addition, the molecular weight
of catalytically active LMPTP is only approximately 18 kDa; in contrast, the classical class I
PTP catalytic domains exceed 30 kDa in size. Nevertheless, LMPTP-A and LMPTP-B are
both highly active pTyr-specific phosphatases with important and nonredundant functions in
human cell physiology [23].

The class 111 PTP family is represented in humans by three members, CDC25A, CDC25B,
and CDC25C, each of which have different splice variants [71]. The CDC25 proteins are
typified by their N-terminal and C-terminal regions. The N-terminal region is highly
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divergent in sequence and contains multiple sites for posttranslational modifications, which
regulate expression levels [72, 73], protein—protein interactions [74-76], and/or catalytic
activity [77, 78]. CDC25 homology with other PTPs is limited entirely to the C-terminal
region, which, unsurprisingly, contains the PTP signature sequence. Crystal structures have
been determined of the PTP catalytic domain from CDC25A [79] and CDC25B [80]. The
class Il PTP catalytic domain fold is most similar to that of the rhodanese sulfur transport
protein from mitochondria and some bacteria [81]. Similar to the class Il PTPs, the class Ill
PTP catalytic domain is considerably smaller than that of the classical class | PTPs, which is
attributed to a narrower central p-sheet surrounded by fewer, shorter a-helices. Importantly,
and in contrast to the classical class | PTP catalytic domain, the class 111 PTP catalytic
domain does 770t contain equivalents of the pTyr-, WPD-, or Q-loops. As such, the
comparatively shallow CDC25 active site permits access of both pTyr- and pThr-containing
substrates to the catalytic cysteine.

6 PTP Substrate Recognition and Specificity

Despite the highly conserved structure of the PTP catalytic domain, PTPs have distinct
substrate preferences from one another. For example, PTP1B and TCPTP preferentially
dephosphorylate receptor tyrosine kinases and related adaptor molecules, whereas the KIM-
family PTPs HePTP, STEP, and PTP-SL dephosphorylate specific MAP kinases. While the
presence of distinct non-catalytic domains/motifs facilitate specific localization or binding to
substrate proteins, PTP substrate specificity is also dictated by differences within the PTP
catalytic domain itself.

6.1 Active Site Substrate Specificity Determinants

The most effective active site determinant is the pTyr-loop in the classical PTPs, which
dictates strict specificity for pTyr over pSer/pThr in this PTP subfamily (see Subheading
5.3). In addition to excluding substrates other than pTyr from reaching the catalytic residues
at the bottom of the catalytic pocket, the pTyr-loop also controls specificity among the
classical PTPs. In 84 % of classical PTPs, the pTyr-loop contains an aspartate or asparagine
residue at the KNRY +2-position. The side chain of this residue forms a bipartite hydrogen
bond interaction with backbone residues of the substrate peptide, and thereby facilitates
substrate binding at the active site (Fig. 5) [82]. However, in a small subset of PTPs, the
aspartate/asparagine is replaced with an alanine, proline, or threonine residue, which are
incapable of forming the equivalent interaction, and thereby restrain substrate binding at the
active site in these PTPs. For example, the KIM-family PTPs HePTP, STEP, and PTP-SL are
unique in that they have a threonine at the corresponding position. Studies with HePTP have
shown that the threonine (Thr106 in HePTP) serves as a negative determinant, which
reduces phosphatase activity towards pTyr-containing substrates other than MAP kinases
[83]. Mutation of Thr106 in HePTP to aspartate or asparagine results in a 10- to 70-fold
increase in catalytic efficiency towards several pTyr-peptides, including a peptide
corresponding to the activation loop of its direct substrate ERK2. This is in agreement with
earlier studies that indicated the importance of the common aspartate/asparagine at this
position for the catalytic efficiency in PTP1B [82]. In contrast, dephosphorylation of full-
length ERK2 by HePTP is not affected by the Thr106 mutations. In fact, catalytic efficiency
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of wild-type HePTP and aspartate/asparagine mutants is >300-times greater towards full-
length ERK2 than towards the ERK2 peptide, owing to the presence of the ERK2-binding
KIM in the N-terminal region of HePTP [83]. Thus, the threonine in the pTyr-loop in HePTP
(and probably also in STEP and PTP-SL) acts as a negative determinant that restrains
binding of pTyr-containing proteins and, in combination with a non-catalytic motif (the KIM
and also the kinase specificity sequence (KIS) [84, 85]), provides specificity for the MAP
kinases.

Altered substrate specificity and increased phosphatase activity upon substrate binding has
also been reported for the MAP kinase phosphatase-3 (MKP-3), a DSP that
dephosphorylates the activation loop pThr and pTyr residues specifically in ERK1/2. When
tested against the corresponding ERK2 peptide (DHTGFLpTEpYVATR), MKP-3 catalytic
efficiency was very low (Agai/ Km = 5.0 M~1 s71), and only pTyr was dephosphorylated [86].
In contrast, MKP3-catalyzed hydrolysis of the intact ERK2 protein was 10°-fold more
efficient (Agat! K = 3.8 x 108 M1 s71), and both pTyr and pThr were dephosphorylated
[87]. Structural and biochemical studies suggested that binding of ERK to MKP-3 causes a
significant change of the active site loop conformations, resulting in much higher catalytic
activity and also a change in substrate phospho-amino acid recognition (reviewed in ref. 30).
In light of these results, it is not surprising that numerous published specificity studies
utilizing combinatorial peptide libraries fail to identify true substrate sequence specificity
among the PTPs.

Finally, sequence motifs within the P-loop also appear to govern substrate specificity. For
instance, all 15 myotubularins share a Trp-Asp-Arg (WDR) sequence as part of the PTP
signature motif (C(X)3WDR). This sequence seems to confer specificity for their substrates
phosphatidylinositol-3-phosphate and phosphatidylinositol-(3,5)-bisphosphate. Interestingly,
because the myotubularins do not contain a WPD-loop, the aspartate residue of the WDR
motif may function as the general acid/base during catalysis; mutating the corresponding
Asp422 in MTMR2 to alanine renders the enzyme inactive [88].

6.2 Gateway Residues, Secondary Substrate- Binding Pocket, and Second-Site Loop

Based on a second-site binding pocket first identified in PTP1B [89], the combination of
structural information, sequence alignment, and Ca-regiovariation score analysis led to the
identification of non-conserved but similarly located putative binding pockets in other PTPs
[20]. In PTP1B, this “second site” is important for substrate recognition [90],
accommodating a second pTyr residue at the substrate +1 position. Commonly, the second
site is defined by residues of helix a2” and the loop connecting helix a2” and helix a1 (Fig.
7). Residues of this loop, which is also termed the “second-site loop” [33], are not conserved
among the PTPs and, together with loop length and conformation, determine the diverse
shape and nature of the PTP second site. In PTP1B, Arg24 and Arg254 are responsible for
the positively charged nature of the second-site pocket, facilitating strong binding
interactions with the second pTyr residue [89]. Access to the second site is controlled by a
so-called gateway residue (Gly259 in PTP1B), which is located in the Q-loop and is a key
determinant in substrate recognition and catalysis [91]. The small size of Gly259 in PTP1B
allows unhindered access to the second site, whereas in CD45, for instance, a leucine residue
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(Leu869) blocks the narrow cleft and impedes access. Based on the nature of and access to
the second site, Barr and colleagues have proposed to group PTPs into five different
categories [33], a classification that should be very useful for the future development of
specific PTP inhibitors.

6.3 Tools to Determine PTP Substrate Recognition by X-ray Crystallography

In order to study the complex of a PTP with its phosphorylated substrate using X-ray
crystallography, the PTP must be inactivated so that a stable PTP:substrate complex is
formed. Inactivation of PTPs is achieved by mutating the residues directly involved in
catalysis, including the catalytic cysteine of the P-loop, the catalytic aspartate of the WPD-
loop, and the conserved glutamine of the Q-loop. Collectively, these mutants are called
substrate-trapping mutants (STMs) [92]. In some cases, effective STMs have been formed
by mutating the catalytic cysteine, either to serine [58, 93, 94] or alanine [90, 95]. In other
cases, effective STMs have been formed by mutating the catalytic aspartate alone [92, 96] or
in combination with the conserved glutamine [64]. STMs have been used not only to
crystallize PTP:substrate complexes [58, 61, 90, 93, 94], but also to identify novel PTP
targets in intact cells [92, 97, 98]. Thus, STMs represent invaluable tools for investigating
PTP substrate recognition both in vitro and in vivo.

Apo PTP crystals can often be readily obtained by including tetrahedral oxyanion, such as
phosphate, sulfate or tungstate, in the crystallization drop. This almost always results in
binding of the oxyanion at the PTP active site (i.e., P-loop). For this reason, in order to
obtain crystals of PTP:substrate complexes, crystallization precipitants containing
tetrahedral oxyanions should be avoided, as they will compete with substrates for binding
the PTP active site. Still, apo PTP crystals containing oxyanion at the active site can actually
be depleted of active site-bound oxyanion [63, 99, 100], after which alternative ligands can
populate the active site. In one example, crystals of the classical PTP HePTP were obtained
in the presence of sulfate and contained sulfate bound at the active site with the WPD-loop
in the closed conformation [63]. Transfer of these crystals from the original crystallization
drop into drops containing decreasing concentrations of sulfate, as well as increasing
concentrations of the oxyanion tartrate, resulted in gradual depletion of active site-bound
sulfate (PDB ID: 304T), opening of the WPD-loop, and subsequent repopulation of the
active site by tartrate (PDB ID: 304U). Importantly, in this HePTP crystal form, the WPD-
loop faced a solvent channel, which was distal to crystallographic symmetry mates, a critical
feature for opening of the WPD-loop without concomitant disintegration of the crystal. It is
expected that, for other PTPs, the WPD-loop must also be distal from symmetry mates in
order to allow for movement of the WPD-loop and depletion/repopulation of the active site
using this methodology.

7 PTPs in Human Disease

Disturbance of the dynamic balance between protein tyrosine phosphorylation and
dephosphorylation of signaling molecules is known to be crucial for the development of
many human diseases, ranging from cancer to cardiovascular, immunological, infectious,
neurological, and metabolic diseases (reviewed in refs. 13, 19, 21, 101-104). In cancer, this
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is best exemplified by the common loss of PTEN in many malignancies including breast and
prostate cancer [105]. Similarly, SHP1 (P7PN6) is frequently lost in myelodysplastic
syndrome (MDS) [106] and lymphomas [107]. However, PTPs not only act as tumor
suppressors but also as “positive” components of signaling pathways and cell functions,
illustrated by a growing number of examples of overexpressed or hyperactive PTPs in cancer
cells [103]. For instance, SHP2 (PTPN11) is a well-known oncogene with various gain-of-
function mutants occurring in several forms of leukemia [108, 109]; overexpression of PRL3
(PTP4A3) and MKP1 (DUSPI) has been found in metastatic colon cancer [110] and prostate
cancer [111], respectively; CDC25, which is a rate-limiting enzyme for cyclin-dependent
kinase (CDK)-dependent transition from G1 to S phase and G2 to M phase during cell cycle,
is overexpressed in a number of cancers [112]; or PTP1B (P7TPNJ), first discovered as a
crucial negative regulator of insulin and leptin signaling [113], was recently found to be a
positive regulator of ErbB2 (HER2/neu) induced signals that trigger breast tumorigenesis
and metastasis [114-116]. The lymphoid tyrosine phosphatase LYP (PTPNZ22), which is best
known for its causative role in numerous autoimmune diseases including type 1 diabetes
(T1D) [117], rheumatoid arthritis (RA) [118], systemic lupus erythematosus (SLE) [119],
and others (reviewed in refs. 17, 102, 120), was recently found overexpressed in chronic
lymphocytic leukemia (CLL) [121], a common malignancy of autoreactive B cells.
Interestingly, autoimmunity is related to a single nucleotide polymorphism (SNP) in LYP,
whereas inhibition of antigen-induced apoptosis and activation of anti- apoptotic pathways
in CLL occurs independently of the SNP. HePTP (PTPN?7), one of the three KIM-family
PTPs and a critical negative regulator of the MAP kinases ERK1/2 and p38 in hematopoietic
cells [122], is upregulated in acute myeloid leukemia (AML) and in T cell acute
lymphoblastic leukemia (T-ALL) [123, 124]. Additionally, the HePTP gene is often
duplicated in bone marrow cells from patients with MDS [125, 126]. Another KIM-family
PTP, the brain-specific STEP (PTPN5), which modulates key signaling molecules involved
in synaptic plasticity and neuronal function, has been implicated in a number of
neuropsychiatric disorders, including Alzheimer’s disease, schizophrenia, fragile X
syndrome, epileptogenesis, alcohol-induced memory loss, Huntington’s disease, drug abuse,
stroke/ischemia, and inflammatory pain (reviewed in ref. 104). Genetic polymorphisms of
the ubiquitously expressed LMPTP (ACPI) is linked to several common diseases, including
allergy, asthma, obesity, myocardial hypertrophy, and Alzheimer’s disease [23, 127]. Loss of
the DSP laforin (EPMZ2A) causes Lafora’s epilepsy [128], whereas loss of myotubularin
(MTMJI) leads to an X-linked muscle dystrophy [129]. Mutations in myotubularin-related
proteins 2 and 13 (MTMR2 and MTMR13) are associated with the inherited nerve
myelination disease Charcot-Marie-Tooth syndrome type 4B [130, 131]. Loss of the
hematopoietic-specific transmembrane PTP CD45 (PTPRC), which regulates Src kinases
required for T and B cell activation, has been linked to severe combined immunodeficiency
disease [132]. These are just a few examples of the rapidly growing number of human
diseases associated with aberrant PTP function. Not surprisingly, this has begun to elicit
growing interest in novel therapeutics that target specific PTPs. In the following we
highlight three of the currently most interesting/validated PTP drug targets.
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7.1 PTP1B (PTPN1)

In 1999 Elchebly and colleagues reported increased insulin sensitivity and obesity resistance
in mice lacking the PTP1B gene [133]. It was this paper that truly ignited the quest for PTP
inhibitors. PTPN1-/- mice showed increased phosphorylation of the insulin receptor and
were resistant to weight gain and insulin insensitivity when fed a high-fat diet. The data
suggested that inhibition of PTP1B would alleviate insulin resistance in type 2 diabetes and
would improve the effects of insulin on both glucose balance and fatty acid metabolism.
Laboratories in both industry and academia heavily invested in the development of PTP1B
inhibitors as potential therapeutics in the treatment of type 2 diabetes and obesity. As a
result, a large number of PTP1B inhibitors have been developed during the last decade
(reviewed in refs. 134-137). However, only few compounds progressed into clinical trials,
and so far none have advanced beyond phase II. The reasons for failure and common
challenges in PTP inhibitor design are discussed in Subheading 8.

More recently, PTP1B was found as an activator of ErbB2 (HER2/neu)-induced signals that
trigger breast tumorigenesis and metastasis [114-116]. Genetic or pharmacological deletion
of PTP1B activity in transgenic mice containing an activating mutation in ErbB2 (NDL2
mice, ref. 138) resulted in significant mammary tumor latency and resistance to lung
metastasis [114, 115], providing proof-of-concept and validating PTP1B as a novel drug
target in breast cancer. The PTP1B gene is located at the chromosomal region 20q13 that is
frequently amplified in breast and ovarian cancer and is associated with poor prognosis [139,
140]. PTP1B overexpression was found in 72 % of human breast tumors, correlating with
ErbB2 overexpression [141], as well as in ErbB2- transformed human breast epithelial cells
and tumors derived from such cells [142]. The underlying molecular mechanism of PTP1B
function in tumorigenesis is not fully understood and is somewhat controversial. Studies
conducted with breast cancer cell lines suggest that PTP1B function is required for c-Src
activation by dephosphorylation of the inhibitory Tyr527, thereby positively affecting ErbB2
signaling [143, 144]. However, in animal studies, no change of Src phosphorylation and
activity was observed with overactive ErbB2 receptors [114, 115]. Consistent with these
findings, an earlier study demonstrated that Src kinase function is not necessary for ErbB2-
mediated tumorigenesis [145]. Instead, loss of PTP1B function led to reduced Ras/MAP
kinase pathway and PI3 kinase/AKT pathway activation [114, 115]. Indeed, PTP1B is
required for the activation of the small GTPases Ras and Rac, which are typically associated
with increased cell proliferation and motility [146, 147]. To bypass Src activation, an
alternative mechanism was suggested, in which p62P°K, an inhibitor of the RassMAPK
pathway, is deactivated by PTP1B, and loss of PTP1B function leads to
hyperphosphorylation of p62P°k with subsequent inactivation of Ras and its downstream
effectors [147, 148].

ErbB2 is overexpressed in 20-30 % of early-stage breast cancers and is associated with poor
prognosis [149, 150]. The current therapeutic approach in ErbB2 positive tumors is a
combination of chemotherapy and a monoclonal antibody that selectively binds ErbB2
(trastuzumab, ref. 151). However, the development of trastuzumab resistances in the
majority of patients has limited the use of the drug [152]. Nonetheless, the therapeutic
efficacy of trastuzumab is strong evidence for the critical role of ErbB2 in human breast
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cancer and clearly justifies more targeted approaches downstream of the ErbB2 receptor,
including PTP1B.

7.2 SHP2 (PTPN11)

Src homology 2 domain-containing protein tyrosine phosphatase 2 (SHP2) is a widely
expressed tyrosine-specific PTP that appears to have a net positive role in cell activation in
response to growth factors, cytokines, and hormones, regulating cell survival, growth, and
differentiation [12, 153]. In addition, SHP2 modulates cell adhesion-induced signal
transduction and plays a role in cell migration and motility [154]. Germ-line mutations in
PTPN11 were first observed in Noonan syndrome (NS) [155], an autosomal dominant
disorder that is associated with craniofacial abnormalities, cardiac defects, short stature, and
learning disabilities [156-158]. NS affects 1 in 1,000-2,500 live births [155, 159], 40-50 %
of which carry mutations in SHP2. Similar germ-line mutations cause two related genetic
disorders, Noonan-like disorder with multiple giant cell lesion syndrome and LEOPARD
syndrome [160]. Somatic mutations in P7PN11 occur in ~35 % of cases of juvenile
myelomonocytic leukemia (JMML) [161, 162], a rare but aggressive myeloid neoplasm of
childhood, clinically characterized by overproduction of monocytic cells that can infiltrate
organs including spleen, liver, gastrointestinal tract, and lung. Somatic mutations in P7TPN11
have also been found in solid tumors [162] and other types of leukemia (reviewed in refs.
108, 153, 163, 164).

Under basal conditions, SHP2 activity is inhibited via intramolecular interactions between
the N-terminal SH2 domain (N-SH2) and the PTP domain (Fig. 8) [39, 165]. Activation of
SHP2 in response to extracellular stimuli involves binding of pTyr residues via the tandem
SH2 domains, resulting in a conformational change that allows substrate access to the
catalytic site. Most of the P7PN11 mutations in NS and IMML (as well as other leukemias)
affect amino acid residues at the interface between the N-SH2 and PTP domains and directly
interfere with the autoinhibitory state of SHP2. The resulting gain-of-function (GOF) effect
of the mutant SHP2 proteins promotes sustained activation of ERK MAP kinases in
transfected cells and in animal models [166-171]. Hyperactivation of ERK most likely is the
underlying cause of the developmental dysfunctions seen in NS patients. Indeed, mutations
in other components of the Ras/ERK pathway, such as KRAS, RAF, and SOS1, have been
identified in NS patients lacking P7TPN11 mutations [172-175]. Similarly, 75-85 % of
JMML cases directly result from GOF-mutations of components of the Ras/ERK signaling
cascade (NRAS, KRAS, NF1, SHP2). Interestingly, PTPN11 mutations in IMML appear to
be mutually exclusive of NRAS/KRAS? or other genetic lesions [176]. Moreover, while
PTPNI11 mutations observed at disease presentation were undetectable at remission or in
control individuals, the same mutations could be detected at initial diagnosis and relapse
[176]. These data suggest that P7PNI1 mutations represent events that directly contribute to
leukemogenesis.

In hematopoietic cells, SHP2 appears to be involved in various signaling pathways (Fig. 9),
with the positive regulatory role generally ascribed to activation of the ERK pathway
upstream of Ras [177, 178]. This function could be mediated by inhibiting the recruitment of
Ras-GAP or the DOK proteins, or more indirectly by inhibiting CSK recruitment to
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CBP/PAG and thus promoting Src family kinase activity [179]. One of the primary groups of
cytosolic adapters which recruit SHP2 are the GAB proteins, which amplify PI3K signaling
and likely place SHP2 in the proximity of appropriate targets [179]. Additional identified
interaction partners include growth factor/cytokine receptors, SIRPa/SHPS-1, PZR, GRB2,
FRS, IRS-1, p85, STAT5/3/1, and Sprouty proteins [180]. However, none of the putative
substrates identified to date can fully account for the various signaling effects of SHP2 or its
oncogenic potential.

JMML is unresponsive to radiation or existing chemotherapy. The current standard of care
relies on allogeneic hematopoietic stem cell transplant, resulting in ~50 % survival rate
[181]. However, relapse is the most frequent cause of treatment failure. Several therapeutic
strategies targeting the Ras/RAF/ERK signaling pathway have been investigated, including
inhibition of farnesyltransferase [181], inhibition of RAF (Sorafenib is currently in early
phase testing), and inhibition of MEK [182]. In particular the disappointing results from the
MEK inhibition trials suggest that aberrant signaling through ERK is not sufficient to drive
leukemogenesis, at least not in IMML. Inhibiting constitutively active SHP2 seems to be
more intriguing, given its causal role in disease development and the complexity of
interaction networks. Several inhibitors of SHP2 have been reported [183-188]. However,
most of these compounds suffer from either poor selectivity for SHP2, lack of efficacy in
cell-based assays, or both. Future efforts need to address these shortcomings in order to
generate specific SHP2 inhibitors with efficacy in vivo.

7.3 STEP (PTPN5)

Striatal-enriched protein tyrosine phosphatase (STEP) is a brain-specific PTP that exists as
two major alternatively spliced isoforms, STEPg; and STEP 46, which appear to have distinct
substrate specificities and functions (reviewed in ref. 131, 189). Membrane-associated
STEPg; is targeted to the postsynaptic density, extrasynaptic sites, and the endoplasmic
reticulum; STEP,4 is primarily found in the cytoplasm. STEP function is regulated by
several mechanisms, including phosphorylation, cleavage, dimerization, and ubiquitination.
STEP recently gained attention when Lombroso and colleagues reported that genetic
deletion of STEP attenuates the cognitive and cellular deficits observed in 6-months old 3 x
Tg-AD mice, a triple transgenic Alzheimer’s disease (AD) model [190]. Previous studies
indicated that STEP levels are elevated in the frontal cortex of AD patients and in three
transgenic AD mouse models [191, 192]. STEP was shown to dephosphorylate glutamate
receptor subunits, resulting in the internalization of NMDA and AMPA glutamate receptors
that control synaptic plasticity and memory function [193, 194]. The classical hypothesis of
AD proposes that accumulation of B-amyloid (AB) in the brain is responsible for disease-
related pathology. Synaptic function is thought to be disrupted through Ap-induced
internalization of NMDA and AMPA receptors [195, 196]. The current data suggest an
advanced model in which AB-induced internalization of glutamate receptors is mediated
through STEP (Fig. 10). More precisely, STEP activity is increased due to (1) AB-mediated
activation of calcineurin, resulting in dephosphorylation and activation of STEP [191], and
(2) AB-inhibition of the proteasome, resulting in decreased degradation of STEP [197]. As a
result, STEP activity is increased in AD, leading to loss of NMDA and AMPA receptors
from synaptosomal membranes. Collectively, these studies suggest that inhibition of STEP
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activity may be beneficial in AD treatment, and validate STEP as a novel drug target in AD
(and perhaps other neuropsychiatric disorders, reviewed in ref. 131).

8 PTP Inhibitor Development

PTPs have been considered as therapeutic targets for more than a decade, and many
promising compounds have been published (reviewed in refs. 19, 136, 198-201). However,
past efforts to develop drugs targeting a specific PTP have been plagued by issues related to
bioavailability and selectivity. This is due to the fact that the majority of PTP inhibitors carry
a pTyr-mimicking group that provides most of the binding energy through interaction with
the highly conserved active site residues. In early efforts, high-affinity peptide substrates
were converted into competitive PTP inhibitors by changing the pTyr moiety to a
nonhydrolyzable pTyr mimetic such as a (fluoro)phosphonate group [202]. However, despite
the incredible potency of some of these compounds in vitro, little to no cell-based activity
could be achieved, owing to the multi-charged nature of the phosphonates and their poor
drug-likeness according to Lipinski’s rules [203], resulting in the lack of cell membrane
permeability of these molecules. Subsequently, small molecules containing pTyr mimetics
with only one negative charge (e.g., a carboxylic acid or tetrazole group) have been
developed; these compounds are often not as potent as the phosphonates, but usually have
better drug-like properties. Prodrug strategies to deliver PTP inhibitors more easily into cells
have also been utilized [204, 205]. However, a significant challenge yet to be mastered is
posed by the highly conserved catalytic core structure among the members of the PTP
family. This makes it difficult to generate inhibitors with selectivity for a particular target,
and to generate drugs without serious side effects. Although evidence in the form of many
solved 3D structures has now made it clear that there are indeed differences in surface
topology and charge distribution in the terrain that surrounds the catalytic pocket [33],
examples of truly specific inhibitors are still missing. The fact that the majority of PTP
inhibitors owe most of their binding energy to their interactions within the highly conserved
phosphate-binding pocket (catalytic pocket) illustrates the challenge in designing potent and
at the same time selective inhibitors. Taking advantage of unique amino acid residues and
surface features peripheral of the catalytic pocket has resulted in inhibitors with somewhat
increased selectivity; however, the trade off is usually expanded size and molecular weight
of the inhibitor, making the compound less likely to enter cells or to be absorbed in the gut.
Clearly, new approaches are needed to overcome this significant hurdle in the development
of novel PTP-based treatment strategies in human disease.

8.1 Open State Binding

Recent co-crystal structures solved by Zhong-Yin Zhang’s group and structure-based
computational approaches by our laboratory have shown that small-molecule inhibitors can
bind a PTP with its WPD-loop in the inactive, open conformation (see Subheading 5.2) and
can stabilize the loop in this position [187, 206—208]. Although crystal structures with the
WPD-loop in open conformation have long been available, it was previously thought that
ligand binding to the P-loop always causes the WPD-loop to close, restricting the ligand
binding mode to resemble the one of the natural substrate. As shown by recent crystal
structures of LYP:inhibitor [206], PTP1B:inhibitor [207], and SHP2:inhibitor [187]
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complexes, this is not necessarily the case. These findings suggest that it is indeed possible
to generate molecules that bind and inhibit PTPs in a way that locks the WPD-loop in its
open, inactive state. Such a binding mode has profound implications on the design of
inhibitors. Surface properties of the active site are much more diverse among PTPs with the
WPD-loop in the open state conformation, suggesting that compounds could be generated
that specifically bind the open state of the target PTP of choice. Moreover, the active site
pocket in the open state not only is less conserved, but also significantly larger, allowing the
design of inhibitors that bind entirely in the pocket. A comparison of PTP1B:inhibitor
complexes in closed and open conformations is shown in Fig. 11. In the closed-state binding
mode, only the head group of the inhibitor binds into the catalytic pocket (Fig. 11a, b). In the
open-state binding mode, the entire inhibitor occupies the very large depression between P-
loop and WPD- loop in PTP1B (Fig. 11c, d). A comparison of open state structures of
different PTPs reveals significant differences in shape and electrostatic potential of the large
pocket (Fig. 11f—j). Why “open state binding” has only been observed in a few cases so far
is not entirely clear. It may be more difficult for a small molecule to stabilize a rather
flexible loop in the open state. Or co- crystallization may be more successful with
compounds that bind the closed state, which in turn may favor closed state binders in the
selection of lead compounds. Regardless, given the existence of many crystal structures in
the open conformation, structure-based methods such as virtual ligand screening may be
employed in the search for hits that specifically bind the open state [208].

8.2 Allosteric Inhibition

Another solution to the inherent selectivity problem could be to target allosteric sites at the
PTP protein surface. So far allosteric inhibitors have only been reported for PTP1B [34]. In
their paper, Wiesmann and colleagues determined the crystal structure of the complex
between PTP1B and 3-(3,5-dibromo-4-hydroxybenzoyl)-2-ethyl- A -(4-sulfamoylphenyl)
benzofuran-6-sulfonamide (“compound 2,” Fig. 12a). They found that compound 2 binds to
a site located ~20 A away from the catalytic site at the “back” of the phosphatase. They
showed that compound 2 acts as an allosteric inhibitor (ICsg = 25 uM) by blocking the
mobility of the WPD-loop and thereby preventing the formation of the active, closed form of
the enzyme. Interestingly, the residues that form the allosteric site in PTP1B are not
conserved, and the surface properties of this site differ even between closely related PTPs
(Fig. 12b). In agreement with this notion, compound 2, which also enhanced insulin
signaling in cells, exhibited good selectivity for PTP1B. In a follow-up study, Kamerlin and
colleagues used molecular dynamics simulations to study WPD-loop mobility in the
presence of 3-(3,5-dibromo-4-hydroxybenzoyl)-2-ethyl- N, N-dimethylbenzofuran —6-
sulfonamide (“compound 1" in ref. 34, ICsg = 350 uM) [35]. Their data suggest that the
reduced flexibility of the WPD-loop may be the result of the allosteric inhibitor making the
a3-helix more rigid and blocking a potential contraction of the helix that is necessary for
WPD-loop flexibility. Additionally, their data shows that the reduced flexibility in the WPD-
loop is accompanied by a reduced flexibility in the S-loop, which is the loop that follows the
a3-helix and precedes a B-sheet that connects to the P-loop. Thus, allosteric inhibition of
PTP1B, and perhaps of other PTPs, may not be restricted to binding of compounds to the
site identified by Wiesmann and colleagues, but may also be mediated through binding of
compounds to additional surface areas that involve the a3-helix and the S-loop. In fact,
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Zhang and Bishop used scanning-insertional mutagenesis to engineer mutants of TCPTP in
the search for potential allosteric sites [209]. Specifically, they employed a small molecule
fluorescein arsenical hairpin binder (FIAsH) and a FIAsH-binding peptide (TetraCys:
CCPGCC) inserted at various loop regions in the catalytic domain (Fig. 12c). They then
tested the phosphatase activity in the presence or absence of FIAsH. They found that TCPTP
catalytic efficiency was decreased by more than threefold in the presence of FIAsH when
TetraCys was inserted at the Ala79 position. Interestingly, Ala79 is located near the S-loop
in the TCPTP 3D structure, suggesting that the allosteric effect of FIAsH-binding could be
due to reduced flexibility of the WPD-loop via stabilization of the S-loop/a.3-helix.
Collectively, these studies provide proof of principle for an allosteric approach in PTP
inhibitor development and justify future studies that specifically search for ligands that bind
corresponding sites in PTP1B, TCPTP, or other PTPs.

8.3 Possible Alternative Approaches

To date, numerous screening and medicinal chemistry campaigns have failed to produce
highly specific and efficacious PTP inhibitors with drug-like properties. However, PTP
specificity in vivo is indisputable, raising the question whether the commonly used assay
systems [210] are capable of identifying suitable compounds that can be developed into
PTP-based small-molecule therapeutics. Given that binding of intact protein substrates
appears to determine PTP substrate specificity and even changes the nature of the PTP active
site (see Subheading 6.1), it seems reasonable to develop assay systems that employ intact
protein substrates and PTP proteins that, in addition to the minimal catalytic domain, also
include all relevant substrate binding domains/motifs. A limiting factor for such an approach
will be the availability of suitable recombinant proteins in quantities necessary for high-
throughput screening (HTS). While recombinant PTP catalytic domains can be easily
expressed and isolated from bacteria in high yields and purity, larger protein entities that
include additional domains/motifs are not as easily accessible or may not be attainable at all.
A second limiting factor will be the implementation of a reliable PTP assay system. K,
values of intact substrate proteins are usually in the nanomolar range (e.g., 610 nM for
ERK2/pTpY with HePTP). Using the protein substrates at K, concentration in the screening
assay will produce free phosphate at levels below the detection limit of the commonly used
malachite green-based reagents [210]. Thus, enzyme-coupled or pTyr antibody-based assays
with much greater sensitivity will need to be adopted and implemented for HTS. Besides
active site inhibitors with possibly greater selectivity for the PTP of interest, an assay that
uses intact protein substrates with suitable PTPs is expected to also identify compounds that
interfere with substrate binding distal from the active site. Because the distal substrate
binding sites, such as the “second site” (see Subheading 6.2), appear not nearly as conserved
as the active site-proximal substrate interface, such inhibitors are expected to be more
selective for the PTP of interest.

A major drawback in PTP activity-based HTS assays is that the nucleophilic cysteine (i.e.,
thiolate) is extremely susceptible to inactivation through alkylation [211-213], oxidation
[46], nitrosylation [47], and sulfhydration [48]. For instance, trace amounts of Cu?* (widely
used as a catalyst in synthetic chemistry) can effectively abrogate PTP activity via oxidation
that is only partially impeded/reversed by the use of reducing agents such as dithiothreitol
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(DTT) [214]. In fact, from our own experience in utilizing libraries of commercial
compounds for HTS in the search for PTP inhibitors, we find that the majority of hit
compounds, when repurchased as powders from commercial sources, contain impurities that
are responsible for the observed PTP inhibition. Thus, significantly improved quality of
compound libraries would greatly enhance the quality of the data from PTP activity-based
HTS assays. Alternatively, assays could be applied that do not rely on measuring PTP
activity, but instead measure ligand binding to proteins. One such technology suitable for
HTS is differential scanning fluorimetry (DSF; aka Thermofluor or fluorescence thermal
shift assay). DSF is a rapid and inexpensive screening method to identify small-molecule
ligands that bind and stabilize globular proteins [215]. Applicable to 384- and even 1536-
well formats, DSF uses relatively little protein and provides a fluorescence read-out
measurement of protein melting temperatures, which correlate with ligand binding.
Confirmed binders can subsequently be repurchased, repurified, and tested in PTP activity
assays. By blocking the active site during the DSF measurement (e.g., with orthovanadate),
it should also be possible to search specifically for ligands that do not bind to the active site
and possibly interfere with protein substrate binding or act as allosteric inhibitors.

Another advantage of using an assay system for HTS that does not rely on measuring PTP
activity is the possibility to utilize PTPs in an inactive, e.g., oxidized state, and specifically
screen for molecules that bind the protein in this state. Under physiological conditions,
optimal tyrosine phosphorylation responses are also controlled by reactive oxygen species
(ROS), which transiently inactivate PTPs by oxidizing the active site cysteine [216, 217].
ROS can oxidize reactive thiol groups to sulfenic acid (-SOH, oxidation state +1) [218], a
transient modification that is reversed by thiol-containing reductants such as glutathione
[219]. However, under stronger oxidizing conditions, sulfenic acid can be further oxidized to
sulfinic acid (—-SO,H, oxidation state +2) and sulfonic acid (- SO3H, oxidation state +4).
Both of these oxidation states cannot be reversed with reducing agents. Given that
reversibility is essential for normal cell signaling, different mechanisms are in place that
prevent further oxidation of the active site cysteine in PTPs. In many PTPs, an additional
cysteine residue is located in close proximity to the active site cysteine. For a number of
these PTPs, including CDC25, PTEN, LMPTP, MKP-3, DUSP12, SHP1, SHP2, and LYP, it
was shown that disulfide bond formation between the two cysteine residues prevents
irreversible oxidation (reviewed in ref. 220). Active site cysteine residues in PTPs that do not
contain an additional cysteine near the active site can be protected by formation of a cyclic
sulphenyl-amide, in which the cysteine sulfur atom is covalently linked to the backbone
nitrogen atom of an adjacent residue. This was first observed in PTP1B [221, 222], and later
also in the membrane distal pseudo-PTP domain (D2) in RPTPa [223]. Interestingly,
sulphenyl-amide formation is accompanied by a major rearrangement of the active site P-
and pTyr-loops (Fig. 13). In fact, Tonks and colleagues recently reported the generation of
antibodies that specifically stabilize PTP1B in the oxidized, sulphenyl-amide state and
thereby inhibit PTP1B function [224]. Expression of these conformation- sensing antibodies
enhanced insulin-induced tyrosine phosphorylation of the insulin receptor and its substrate
IRS-1 and increased insulin-induced phosphorylation of PKB/AKT. Importantly, the
antibodies were specific for PTP1B and did not recognize oxidized TCPTP, a closely related
PTP. These data suggest that stabilization of the oxidized, inactive form of PTP1B may (1)
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be beneficial in the treatment of type 2 diabetes, and (2) be attained very specifically.
Judging from the crystal structure of the sulphenyl-amide form of PTP1B, the surface
properties of the active site not only appear dramatically different from the reduced form,
but also seem to be amenable to high affinity small-molecule interaction (Fig. 13).
Importantly, due to the conformational change of the P-loop, the highly charged active site
pocket in the reduced, active state (Fig. 13b) does not exist as such in the oxidized state (Fig.
13c). As a consequence of these major changes, active site PTP inhibitors are not expected
to bind to the oxidized state and vice versa. Furthermore, the conformational change of the
pTyr-loop, which leads to a major rearrangement of the conserved tyrosine residue (Tyr46 in
PTP1B), opens up a cleft that could be exploited for small-molecule binding (Fig. 13c).
Collectively, these data provide rationale for developing a novel screening strategy, which
seeks to identify compounds that specifically bind PTP1B in the oxidized state. Non-
activity-based HTS assays such as DSF could be employed for this purpose. Such assays
will also benefit from a mutant form of PTP1B (PTP1B-CASA), in which the catalytic
cysteine and adjacent serine residues are mutated to alanine. Due to the loss of two critical
hydrogen bonding interactions, PTP1B-CASA adopts a stable P-loop conformation that is
identical to PTP1B in the oxidized, sulphenyl-amide state [224]. Targeting the oxidized state
would circumvent the common difficulties related to the highly charged PTP active site
inhibitors, because high-affinity binding would no longer depend on pTyr- mimicking
groups, which usually account for low membrane permeability and nonselective inhibition
of PTPs. If such efforts yield potent and efficacious compounds, and if future studies show
that under physiological conditions sulphenyl-amide formation is a general feature of the
PTP family, PTP inhibitor development could be up for a major paradigm shift.
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Common PTP catalytic mechanism
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Structures of human PTP catalytic domains. Cartoon representation of human PTP catalytic
domain structures, divided by family/subfamily, and colored by secondary structure (a-
helices in red, B-strands in yellow, loops in green)
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WPD-loop

pTyr-loop

a1l

Fig. 3.
Ribbon representation of the classical class | PTP catalytic domain, colored by NtoC, with

tungstate (shown in ball-and-stick representation) bound into the active site (PTP1B; PDB
ID: 2HNQ). Conserved residues important for catalysis are highlighted in ball-and-stick
representation: catalytic cysteine (C215) and invariant arginine (R221) of the P-loop; WPD-
loop residues, including the catalytic acid/base aspartate (D181); conserved glutamine
(Q262) of the Q-loop; tyrosine (Y46) of the pTyr-recognition loop (pTyr-loop); conserved
glutamate (E115) of the E-loop
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WPD-loop
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Fig. 4.
WPD-loop conformations. PTP1B closed state (magenta; PDB ID: 1SUG), PTP1B open

state (/ime, PDB ID: 2HNP), STEP atypical open state (6/ue, PDB ID: 2BV5), and LYP
atypical open state (white, PDB ID: 2P6X). Catalytic cysteine and catalytic aspartate
residues shown in stick representation, conserved tryptophan and proline shown in line
representation
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Fig. 5.

The pTyr-loop. (a) pTyr-loop (blue) relative to the P-loop (/ime), with bound pTyr-peptide
(white) (PTP1B; PDB ID: 1PTT). The conserved tyrosine (Y46 in PTP1B) defines the depth
of the catalytic pocket and facilitates pTyr binding through aromatic rt—rt interactions. The
conserved aspartate or asparagine (D48 in PTP1B) stabilizes substrate binding through
bipartite hydrogen bonding interaction with backbone nitrogen atoms of the substrate
peptide. (b) Same complex as in (a) but with PTP1B rendered in surface representation
(blue, most positive; red, most negative). (In addition to the interactions listed in (a), R47 of
the PTP1B pTyr-loop is labeled, the side chain of which interacts with the glutamate in the
-1 position of the substrate peptide, highlighting the fact that PTP1B favors substrates with
acidic residues at this position)
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R221

E115
C215

Fig. 6.

The E-loop. (a) The E-loop (green) relative to the P-loop (red) and WPD-loop (yellow)
(PTP1B; PDB ID: 2HNQ). In this structure, the WPD-loop is in the open conformation and
the E-loop forms a tight p-hairpin, with the E-loop glutamate (E115, shown in stick
representation) neutralizing the charge of the conserved P-loop arginine (R221). (b) The E-
loop (green) relative to the P-loop (red) and WPD-loop (yellow) (PTP1B; PDB ID: 2B4S).
In this structure, the WPD-loop is in the closed conformation and the E-loop does not form a
B-hairpin and is partially disordered. The E-loop lysine (K120) and catalytic aspartate of the
WPD-loop (both shown in stick representation) form a hydrogen bond, and a sulfate
molecule is bound at the active site (1° SO4) and at a secondary binding site (2° SO,), which
neutralizes the charge of the P-loop arginine
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Active site

Second-site
loop

“Second site”

Fig. 7.
Binding of a small-molecule phosphate (methylenebis(4,1-phenylene) bis(dihydrogen

phosphate); shown in stick representation) to the “second site” in PTP1B (PDB ID: 1AAX;
shown as ribbon diagram (/eft panel) and surface representation (right panefl. blue, most
positive; red, most negative). Second-site residues Arg24 and Arg 254, as well as gateway
residue Gly259 are shown in stick representation (/eft panel)
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Inactive

Fig. 8.
Activation of SHP2 by binding of specific pTyr-containing proteins
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Fig. 9.

SHP2 interactions and signaling pathways in hematopoietic cells. Direct interactions are
indicated by solid lines, indirect interactions by dashed lines (adapted from ref. 158)

¥

.
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Fig. 10.
Model of glutamate receptor internalization through Ap-mediated activation of STEP. AB

activates the a7 nicotinic receptor, leading to Ca2* influx and activation of calcineurin [197].
Calcineurin subsequently dephosphorylates and activates STEP. Concomitantly, Ap also
elevates STEP protein levels through inhibition of the ubiquitin proteasome system [203].
STEP dephosphorylates a regulatory tyrosine residue in both the NR2B and GIuR2
glutamate receptor subunits, leading to internalization of the receptors [199, 200]. As a
result, synaptic function is disrupted (Figure from ref. 131, with permission)
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Fig. 11.
(a—d) Comparison of ligand binding to PTP1B in closed state (a/b; PDB ID: 2QBS) and

open state (c/d; PDB ID: 3EAX). The protein surface in (a) and () is colored by
electrostatic potential as calculated and rendered in ICM (b/ue, most positive; red, most
negative; the colors were capped at £5 kcal/electron units). Macroshape representations as
rendered in ICM (b/ue, deepest depression; green, largest protrusion) illustrate the
differences between the active site pockets in closed (b) and open conformation (d). White
arrows indicate the position of the P-loop, b/ack arrows indicate the WPD-loop in closed
state (a) and open state (c). (€) Comparison of PTP1B with WPD-loop in closed (b6/ue;, PDB
ID 2QBS) and open (grey, PDB ID 3EAX) conformation. The white arrow indicates the P-
loop, the green arrow indicates the WPD-loop. (f—j) Comparison of open state conformation
in PTP1B (f; PDB ID 3EB1), TCPTP (g; PDB ID 1L8K), LYP (h; PDB ID 2P6X), LAR (i;
PDB ID 1LAR), and RPTPy (j; PDB ID 2H4V). The protein surface is colored by
electrostatic potential as calculated and rendered in ICM (b/ue, most positive; red, most
negative; the colors were capped at +5 kcal/electron units)
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superimposed

TCPTP (1L8K.pdb)

Fig. 12.
Allosteric inhibition of PTPs. (a) Crystal structure of PTP1B complexed with an allosteric

inhibitor (compound 2, shown in ball-and-stick representation); catalytic Cys215 and
Asp181 are shown as spheres (PDB ID: 1T49, ref. 34). (b) Comparison of the allosteric site
in PTP1B (as in (a)) with corresponding sites in STEP (PDB ID: 2BV5), SHP2 (PDB ID:
3B70), and SHP1 (PDB ID: 1GWZ). Structures are superimposed; proteins are shown in
surface representation (b/ue, most positive; red, most negative); compound 2 is shown as
reference in all structures. (c) Scanning-insertional mutagenesis using FIAsH and a FIAsH-
binding peptide (TetraCys: CCPGCC) inserted at position Ala79 identifies a potential
allosteric site in TCPTP. To illustrate the location of the identified allosteric site, the crystal
structure of TCPTP (PDB ID: 1L8K) is shown as surface and ribbon representation; Ala79,
Cys216, and D182 are shown as spheres. The PTP allosteric inhibitor (compound 2) is
superimposed for orientation
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W x P-loop with
WPD-loop e B ™, B oxidized C215
e - 2

Fig. 13.
Comparison of reduced and oxidized states of PTP1B. (a) Ribbon diagram of PTP1B in

reduced state (b/ue; PDB ID: 2HNP) and PTP1B in oxidized, sulphenyl-amide state (green,
PDB ID: 10EM). P-loop Cys215 and Ser216 residues, which form the sulphenyl-amide five-
membered ring, and pTyr-loop Tyr46 residues are shown in stick representation. (b/c)
Surface representation (b/ue, most positive; red, most negative) of PTP1B in the reduced
state (b) and oxidized state ()
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