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Abstract

There are many misconceptions surrounding the roles of protein phosphatases in the regulation of
signal transduction, perhaps the most damaging of which is the erroneous view that these enzymes
exert their effects merely as constitutively active housekeeping enzymes. On the contrary, the
phosphatases are critical, specific regulators of signaling in their own right and serve an essential
function, in a coordinated manner with the kinases, to determine the response to a physiological
stimulus. This review is a personal perspective on the development of our understanding of the
protein tyrosine phosphatase (PTP) family of enzymes. | have discussed various aspects of the
structure, regulation and function of the PTP family, which | hope will illustrate the fundamental
importance of these enzymes to the control of signal transduction.

I have studied protein phosphatases for my entire career in research. After completing my
PhD with Phil Cohen in Dundee, working on Ser/Thr phosphatases, | was fortunate to have
the opportunity to work as a postdoctoral fellow with Eddy Fischer at the University of
Washington in Seattle, during which time we purified to homogeneity and characterized the
first Protein Tyrosine Phosphatase (PTP) — PTP1B [1, 2]. Since then, | have continued to
work on these enzymes in my own lab. This review is based upon an introductory lecture
that | presented at the 2011 EMBO Europhosphatases conference, Protein Phosphatases:
From Molecules to Networks”. As with the companion lecture and review on Protein Ser/
Thr Phosphatases from David Brautigan [3], the goal was to introduce the PTPs to
newcomers to the field. To try and accomplish this, | have presented a personal perspective
on historical developments in the study of these enzymes, illustrated some general principles
governing the regulation of PTP function and the role of these enzymes in the regulation of
cell signaling, and described my view of some of the major challenges we face in the future.

Through the pioneering work of Eddy Fischer and Ed Krebs, who discovered protein
phosphorylation in the 1950s [4, 5], the genesis of the signal tranduction field can be found
in the study of glycogen metabolism. In the early 60s, Danforth, Helmreich and Cori were
studying the regulation of glycogen phosphorylase and published that “kinetic analysis
suggests that changes in the phosphorylase b kinase rather than phosphorylase phosphatase
activity are responsible for the increase and decrease in phosphorylase a” [6]. This statement
has been a thorn in the side of all who have worked on protein phosphatases ever since! It
fostered the view that the sophistication in regulation of signaling was manifested at the
level of the kinases, with the phosphatases serving a general housekeeping function
associated with maintenance of the basal state. This promoted an emphasis on the study of
kinases in the signal transduction community, and a somewhat dismissive attitude to
phosphatases, which were regarded as being of lesser importance. In fact, nothing could be
further from the truth! Over the years a substantial body of data has revealed exquisite
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specificity in substrate recognition and function of protein phosphatases, emphasizing that
kinases and phosphatases play essential, competing roles that are coordinated to determine
the outcome of a physiological stimulus. Nevertheless, in this post-genomic era, we are now
witnessing the advent of “systems biology” approaches to try and understand how signal
transduction pathways are integrated at the level of the whole organism. Although
mathematical and computational modeling studies are revealing new complexities in the
coordination and regulation of signaling circuits, such models often downplay the
contribution of phosphatases. Recent analysis of the evolution of phosphotyrosine-based
signals has described a three-part toolkit that involves a “writer” (kinase), “reader” (SH2
domain) and “eraser” (phosphatase) [7]. The choice of “eraser” to describe the PTPs is
unfortunate and conjures up the old images of phosphatases as merely switching pathways
off and cleaning up after kinases. Overall, | hope that the examples described in this review
will illustrate that PTPs are critical regulators of signaling in their own right, playing an
essential role under normal and pathophysiological conditions and providing the basis for
novel approaches to therapeutic intervention in major human diseases.

In the beginning there was chaos!

When | joined Eddy Fischer’s lab in 1985, there were clear indications of the importance of
tyrosine phosphorylation in triggering signaling pathways associated with cell proliferation.
The SRC oncogene was known to encode a protein tyrosine kinase, and growth factor-
receptor PTKs had been identified and characterized; nevertheless, the nature of the
phosphatases that provided regulatory balance to these PTKs was unknown. That such
enzymes existed was evident in studies using temperature-sensitive mutants of SRC.
Transformation at the permissive temperature was associated with a robust increase in the
levels of tyrosine phosphorylation; however, shift to the non-permissive temperature was
accompanied by a rapid decline in phosphotyrosine, close to the levels in an uninfected cell,
indicative of the action of powerful PTPs [8]. But what were these enzymes?

Initial attempts to identify the PTPs responsible for this activity focused on whether the
known phosphatases were capable of dephosphorylating tyrosyl residues in proteins. Of the
Ser/Thr phosphatases, PP1 was devoid of PTP activity when purified from tissue.
Subsequently, improperly folded recombinant PP1 was shown to display a low level of PTP
activity that was lost when the enzyme was taken through an inactivation/reactivation cycle
with the chaperone inhibitor-2 [9]. Low levels of PTP activity were reported in PP2A and
PP2C, but this was dependent on non-physiological levels of Mn?* and alkaline pH [10].
PP2B/calcineurin was shown to dephosphorylate EGF receptor in vitro, displaying a similar
specific activity as its Ser/Thr phosphatase activity [11, 12]. Attention was also paid to
broad specificity acid and alkaline phosphatases. The standard way to assay phosphatase
activity in vitro was to use low Mr phosphate esters such as p-nitrophenylphosphate (pNPP).
Although these enzymes did dephosphorylate pNPP, the identity of their physiological
substrates, and hence their physiological function, was unknown. Nevertheless, there were
data to suggest that acid phosphatases had the ability to dephosphorylate pTyr residues in
proteins. Prostatic acid phosphatase, in particular, has been linked to dephosphorylation of
receptor PTKs [13].

In addition to the above, there were several preliminary observations that pointed to the
potential for a new class of phosphatases that dephosphorylated tyrosyl residues in proteins.
Multiple fractions containing PTP activity had been identified and partially purified from a
variety of different sources [14-17], with some interesting, novel properties being revealed.
Vanadate was recognized as a PTP inhibitor [18] and is still used as such to date in many
studies. David Brautigan and colleagues also identified Zn2* ions as specific inhibitors [19]
and used this in an affinity purification step to enrich PTPs from extracts of rabbit kidney
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[20, 21]. In addition, there were indications that the PTPs were dependent upon reducing
agents for activity. Nevertheless, the identity of the PTPs remained elusive.

Technical challenges associated with working with phosphatases in
general, and PTPs in particular

The major problem facing those interested in the PTPs in the mid-80s was reminiscent of
that encountered with the protein Ser/Thr phosphatases some twenty years earlier — the
literature was replete with numerous reports of multiple PTPs, variously distributed between
soluble and particulate fractions of extracts from a wide array of tissues and cells. How, or
whether, such fractions were related was unclear, and it was likely that susceptibility to
proteolysis added a further level of complication, as also encountered with the Ser/Thr
phosphatases. Although some fractions had been significantly enriched [20, 22, 23], none
were in homogeneous form.

In the study of kinases, use of y32P-ATP permits the measurement of activity by following
incorporation of radioactively labelled phosphate into a potential target substrate. In
contrast, a major technical challenge facing those studying phosphatases is the requirement
first to have a purified, suitably phosphorylated substrate with which to measure enzyme
activity. At this time, the problem was even more acute in the study of PTPs because the
physiological tyrosine phosphorylated protein substrates had yet to be fully characterized.
The known substrates, such a receptor PTKs, had yet to be generated in recombinant form
and so were present in limiting amounts that did not permit their use as substrates in routine
assays. People turned to artificial substrates, including proteins that were chemically
modified to expose tyrosyl residues for phosphorylation in vitro, such as BSA [20] and
phosphorylase [14]; however, these faced the drawbacks of poor solubility, low
stoichiometry of phosphorylation and labeling of multiple tyrosyl residues in the protein.
Consequently, the range of concentrations at which such substrates could be used was
restricted and the heterogeneous labeling could result in non-linear Kinetics of
dephosphorylation. The identification of a suitable substrate was the first major obstacle to
be overcome.

Reduced, Carboxamidomethylated and Maleylated Lysozyme (RCML) — a
significant tool in the characterization of PTP activity

We tested several potential substrates [1, 2], but focused primarily on chemically modified
derivatives of lysozyme, which had been reported as substrates of the insulin receptor [24].
We encountered problems with poor solubility when using these published derivatives. To
address this, we introduced a second chemical modification, maleylation of lysyl residues,
which improved solubility and avoided the harsh treatments with acid and alkali that result
in hydrolysis during the solubilization of the modified protein. In addition, we focused
considerable attention on optimizing conditions for the phosphorylation of RCML, using
insulin and EGF receptor preparations that were partially purified from human placenta
membranes. The result was a substrate that could be readily prepared in large quantities, was
phosphorylated on a single tyrosine to a high stoichiometry (>0.5 mol/mol), and which
formed the basis for a robust, flexible assay over a wide range of substrate concentrations
[1]. This was crucial for success in purifying a PTP to homogeneity.

We chose human placenta as the tissue source because it was known to be rich in protein
tyrosine kinase activity [25] and we found high levels of PTP activity in tissue extracts [1];
also, there was the novelty of working on a human enzyme. We observed that the majority
of the activity in a placental extract was retained on DEAE-cellulose, eluting before the
known Ser/Thr phosphatases; the remainder could be resolved into a cationic pool, which
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bound to phosphocellulose, CM-Sepharose etc, and a neutral pool, which was not retained
on ion exchange columns. Even these limited data pointed to diversity in the spectrum of
cellular PTPs. We focused on the fraction retained on DEAE-cellulose and noted that two
major peaks were eluted with a salt gradient. The first, eluting at 50-70 mM NaCl, was
termed PTP1A (and was subsequently resolved into two fractions, 1A and 1A’, on poly-
lysine Sepharose) and the second, quantitatively larger peak, eluting at 90-100 mM NacCl,
was termed PTP1B.

We applied well-established chromatographic procedures to the purification of PTP1A and
1B, but even after seven steps the preparations were far from pure. What was needed was an
effective affinity chromatography step, which is where RCML was again instrumental.
During undergraduate [26] and PhD research [27], | had applied the ability of some kinases
to use ATPyS, instead of ATP, to create thiophosphorylated proteins that are phosphatase-
resistant. Thiophosphorylated “substrates” are recognized by phosphatases, but are resistant
to de-thiophosphorylation. Using insulin and EGF receptor PTKSs, which are able to utilize
ATPyS as a phosphate donor, we produced thiophosphorylated RCML that was labeled to a
relatively high stoichiometry. By immobilizing this derivative on a Sepharose support, we
created a powerful substrate affinity column that was the critical final step in isolating
PTP1B in a pure form, enriched some 23,000 fold from aqueous soluble placental extracts

[1].

Both PTP1A and PTP1B were isolated as monomeric catalytic subunits of ~35kDa.
Although the catalytic subunits of the Ser/Thr phosphatases are of similar size [3], they
could be distinguished from these PTPs by their enzymatic properties and by peptide
mapping. Unlike the Ser/Thr phosphatases, these PTPs were potently inhibited by Zn2*,
vanadate and molybdate, and were unaffected by sodium fluoride and the thermostable
inhibitors of PP1. They were also insensitive to classical inhibitors of acid and alkaline
phosphatases, including tartrate and tetramisole, suggesting a new class of phosphatase.
Interestingly, we purified these PTPs from both the soluble (extracted in aqueous buffer) and
membrane/particulate (extracted in the same buffer containing Triton detergent) fractions of
placenta, with approximately equal amounts in each; at each step, the behavior of the
various PTP forms suggested that the soluble enzymes had similar counterparts in the
particulate fraction. In fact, peptide mapping of PTP1B illustrated that the enzyme from each
fraction was the same, raising interesting questions about the basis for this distribution.

We noted a number of striking features, including that these PTPs were unable to
dephosphorylate Ser or Thr residues in proteins; however, although specific for tyrosyl
residues in proteins, they displayed broad specificity for pTyr proteins in assays in vitro. In
addition, we observed a high specific activity and high affinity (sub-micromolar Km) for
substrate, suggesting that these enzymes had the potential to be a formidable barrier to PTK
function in a cell. The enzymes were totally dependent on reducing agents for activity —
simply diluting them into assay buffer in the absence of reducing agent resulted in a total,
but reversible, inhibition. These data suggested that at least one reactive Cys residue was
essential for catalysis, a point that ultimately led to the identification of a new level of
control of tyrosine phosphorylation-dependent signaling.

The two fractions that we identified, PTP1A and PTP1B, displayed preferential recognition
of substrates and differential responses to potential modulators of activity in vitro [2].
Particularly striking was the differential effects of highly charged compounds on activity.
Polycationic compounds, such as spermine and spermidine, stimulated PTP1B to a greater
extent than 1A. Furthermore, polyanionic compounds, such as random copolymers of
glutamate and tyrosine, which were used as artificial substrates of PTKs, were potent non-
competitive inhibitors of PTP1B (ICgq ~50 nM), whereas 1-2 orders of magnitude higher
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concentrations were required for inhibition of PTP1A. These data suggested that the two
fractions represented distinct PTP enzymes. Unfortunately, due to the lower levels of the
PTP1A fraction than PTP1B in placental extracts, we never succeeded in isolating it in
sufficient quantities for detailed sequence analysis. All these years later, the identity of
PTP1A remains unknown!

Out of the chaos came a new family of Cys-dependent protein
phosphatases that play fundamental roles in the regulation of cell signaling

After many long hours in the cold room, we succeeded in purifying milligram quantities of
PTP1B! In collaboration with Harry Charbonneau and Ken Walsh at the University of
Washington, we determined its amino acid sequence — in fact, PTP1B was probably one the
last proteins to have its complete amino acid sequence determined by Edman degradation
[28]! Around this time the impact of molecular biology, and the more ready availability of
sequence data, was just beginning to be felt in the signaling field. The primary sequence of
the catalytic subunits of PP1, 2A and 2B/calcineurin were available and revealed the
existence of a family of structurally related phosphatases. The sequences of several acid and
alkaline phosphatases were now also known, and were distinct. Our work added a further
level of complexity, demonstrating that PTP1B was a member of a new class of
phosphatases. This illustrates a fundamental difference between the evolution of kinases and
phosphatases — whereas the protein kinases have evolved from a common ancestor, the
phosphatases have evolved in structurally and mechanistically distinct enzyme families
(Figure 1). Although distinct from the Ser/Thr phosphatases, we noted that the sequence of
PTP1B bore a striking similarity to a transmembrane, receptor-like molecule found on
nucleated hematopoietic cells, termed CD45 [29]. This was an observation that would have a
profound effect on the field.

CD45, also known as T200 or the Leukocyte Common Antigen, was recognized as an
abundant glycoprotein on the surface of leukocytes, which displayed cell type-specific
heterogeneity in molecular weight and carbohydrate content. There was considerable interest
in CD45 because antibodies that targeted the protein had been used to define functionally
distinct populations of lymphocytes [30]. We were extremely fortunate that Matt Thomas,
working both with Alan Williams and lan Trowbridge, had defined the complete sequence
of CD45 from cDNA clones and revealed its receptor-like structure [31, 32]. Variations in
the highly glycosylated extracellular segment were explained by the alternative splicing of
three exons, encoding sequences in the N-terminal portion of the protein [33], and suggested
the possibility that different functions of CD45 could be elicited by interaction with distinct
ligands, depending upon which CD45 isoform was expressed. Matt Thomas also noted that,
as with the classical arrangement of growth receptor receptor PTKs, CD45 contained a
single transmembrane domain and a conserved intracellular segment, the latter containing
two tandemly repeated domains, each of ~300 residues [31, 32]. It was these repeated
domains within the intracellular segment of CD45 that we noted as bearing a striking
similarity to the sequence of PTP1B [28, 29]. Based on this observation, we went on to
demonstrate that CD45 displayed intrinsic PTP activity [34]. This was important because it
flew in the face of the notion of PTPs as housekeeping enzymes — instead, our data were
consistent with the designation of CD45 as a receptor-linked PTP, suggesting that it may be
a prototype for a family of proteins with the ability to regulate signal transduction directly
through ligand-controlled dephosphorylation of tyrosyl residues in proteins [35, 36]. In
further functional studies, Matt Thomas made another important contribution by generating
cells that were deficient in expression of CD45 [37, 38]. These approaches not only revealed
an important role for CD45 in the regulation of signaling through antigen receptors, but also
demonstrated that CD45 could function positively, to promote signaling — further
emphasizing an important direct role in switching on signaling pathways, rather than simply
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acting as a passive antagonist of PTK function (Figure 2). The mechanism for these effects
lies in the regulation of SRC family PTKs [39, 40]. Dephosphorylation of an inhibitory, C-
terminal site of phosphorylation leads to activation of SRC. Consequently, CD45 function
illustrates the somewhat paradoxical situation that the activity of a PTP can result in
enhanced tyrosine phosphorylation and cell signaling. These data illustrated that the
response to a stimulus was governed by the coordinated and competing actions of both
phosphatases and kinases, and emphasized the importance of characterizing tyrosine
phosphorylation as a reversible process, with the PTPs serving as critical regulators of
signaling in their own right.

Receptor PTKSs are widely distributed; consequently, if receptor PTPs were to be important
regulators of signaling in general it would be expected that their expression would not be
restricted to hematopoietic cells. The first non-hematopoietic cell RPTP to be identified was
Leukocyte common Antigen-Related (LAR), which also displayed features of cell adhesion
molecules [41]. This suggested that RPTPs may play an important role in regulating
phenomena associated with cell-cell contact, such as contact inhibition of cell growth. What
followed were contributions from many labs leading to the identification of multiple PTPs.
The catalytic domain of the classical, pTyr specific PTPs spans ~280 residues and contains
10 conserved motifs [42-44] (Figure 3). All members of the PTP family are characterized by
the presence of the signature motif, HC-(X5)-R (motif 9), which offered a structural
explanation for the dependence of PTPs on reducing agents for activity [2]. Within this
motif, the invariant Cys and Arg residues are essential for catalysis. This, together with two
additional motifs, the WPD loop and the Q loop (Motifs 8 and 10) defines a minimal
catalytic core. The pTyr-recognition loop, Motif 1, explains the selectivity for pTyr residues
in substrates. The remaining motifs play a structural role in the catalytic domain. As for the
protein kinases, the presence of these motifs allowed for the precise definition of a PTP
domain based upon primary sequence. Ultimately, the PTP family was shown to comprise
~100 genes in humans [43-45]. Of these, 37 encode pTyr-specific enzymes, whereas the
others are operationally defined as dual specificity phosphatases (DUSPs), which have the
capacity to dephosphorylate both Tyr and Ser/Thr residues in proteins in vitro [46].
Nevertheless, as discussed below, these DUSPs may show preference for particular
substrates in vivo. Overall, the PTPs are Cys-dependent enzymes that evolved independently
three times to create three distinct groups [47]. The largest group comprises the classical
pTyr-specific and DUSP enzymes. In addition, there is the Low Mr PTPs [48] and, finally,
the rhodanese-derived PTP cdc25 [49]. The definition of the primary sequence of the PTPs
also revealed distinct evolutionary routes to the current protein phosphatases. For the PTPs,
an ancient phosphatase domain functionally evolved by fusing to additional domains that
serve a regulatory function; in contrast, docking to novel subunits, giving rise to multi-
subunit holoenzyme complexes, resulted in the Ser/Thr phosphatases [47].

Structure reveals mechanism

The first crystal structure of a protein phosphatase was actually that of a member of the PTP
family, the 37kDa catalytic domain of PTP1B, the form of the enzyme we first isolated from
human placenta [50]. This, coupled with extensive structural, enzymatic and Kinetic analyses
from several laboratories, has revealed the mechanism of PTP1B-mediated substrate
recognition and catalysis [51]. In fact, through the structures of several mutant forms of
PTP1B, which were all solved in collaboration with David Barford, we visualized each of
the reaction steps in PTP-mediated catalysis [52, 53]. The signature motif, [I/
VIHCXXGXXRS/T], which recognizes the dianionic phosphate moiety of the target
substrate and contains the essential nucleophilic cysteinyl residue (Cys 215 in PTP1B) is
located at the base of a pronounced cleft on the surface of the protein, the depth of which is
determined by a tyrosine residue (Tyr 46 in PTP1B) in the pTyr loop. This contributes to the
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absolute specificity that PTP1B displays for pTyr-containing substrates, since the smaller
phosphoserine and phosphothreonine residues would not reach down to the nucleophilic
cysteine residue at the base of the cleft. In addition to the pTyr loop, the sides of the cleft are
formed by the WPD loop and the Q loop, which contribute residues that are essential for
catalysis [54].

PTP-mediated catalysis proceeds via a 2-step mechanism. In the first step, following
substrate binding, the phosphate of the substrate undergoes nucleophilic attack by the
sulphur atom of the thiolate side chain of the essential Cys residue. Substrate binding is
accompanied by a large conformational change in the active site in which the WPD loop
closes around the side chain of the pTyr residue of the substrate. In fact PTP1B represents an
example of the concept of "induced fit", in which the conformational change induced by
substrate binding creates the catalytically competent form of the enzyme. Closure of the
WPD loop positions the invariant Asp residue (Asp181 in PTP1B) to function as a general
acid in the first step of catalysis and protonate the tyrosyl leaving group of the substrate. The
second step of catalysis involves hydrolysis of the cysteinyl-phosphate catalytic
intermediate. The details were revealed in the structure of a PTP1B-orthovanadate complex,
which is a mimic of the pentavalent phosphorus transition state, and the structure of a Gln
262 -> Ala mutant form of PTP1B, which allowed trapping and visualization of the catalytic
intermediate in a crystal of the mutant protein because its hydrolysis is impaired [53].
Hydrolysis is mediated by GIn 262 from the Q loop, which coordinates a water molecule,
and Asp 181, which now functions as a general base, culminating in release of phosphate.
These structures also revealed that the WPD loop is closed over the entrance to the active
site, thereby sequestering the cysteinyl-phosphate intermediate with water molecules at the
catalytic centre, promoting its hydrolysis and preventing the transfer of phosphate to
extraneous phosphoryl acceptors. This explains why the PTPs do not function as “kinases in
reverse’, unlike isocitrate dehydrogenase kinase/phosphatase [55].

These general features of the catalytic mechanism are conserved throughout the PTP family,
although the precise architecture of the active site may be fine-tuned to accommodate the
requirements of individual enzymes. For example, although the pTyr specific PTPs possess
a deep active site cleft, the active site of the DUSPs is shallower to allow accommodation of
pSer and pThr residues. In PTEN, the cleft is broader to accommodate the sugar head group
of the inositol phospholipid (Figure 4). In cdc25, protonation of the tyrosyl leaving group in
the first step of catalysis is not mediated by a general acid on the phosphatase, but instead by
the monoprotonated phosphate group on the substrate. The myotubularin-like enzymes
(MTMs) also lack a conserved acidic residue on the loop that corresponds structurally to the
WPD loop in classical PTPs. One of the conserved Asp residues in the signature motif of
MTMs (VHCSDGWDRT) is required for phosphatase activity, and may function as the
general acid in catalysis [56]. Unlike the other members of the PTP family, the signature
motif of the low molecular weight LMW-PTP is at the N-terminus of the protein, with Cys
12 serving as the nucleophilic residue; furthermore, the Asp residue that serves as general
acid/base in the LMW-PTPs is located C-terminal to the signature motif, unlike the classical
PTPs in which it is located N-terminal to the signature. Nevertheless, the basic features of
the catalytic mechanism are conserved throughout the family, as would be expected from
their conserved 3-D structural folds.

The classical, pTyr-specific PTPs

With the diversity of structure in the PTP family came diversity in function, again attesting
to the fundamental importance of the PTPs in the regulation of cell signaling.
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Receptor-like PTPs

Of the 37 classical PTP genes in humans, 21 encode transmembrane, receptor-like proteins
(RPTPs). The diversity in the extracellular segments of the RPTPs presumably reflects a
similar diversity in the nature of the ligands to which they respond; however, the identity
and function of such ligands remains a largely unresolved issue in the field [57].

A characteristic feature of the extracellular segment of many RPTPs is the presence of
immunoglobulin (Ig)-like and fibronectin type 111 (FNIII) domains. These are motifs that are
commonly found in cell adhesion molecules, suggesting a role in regulating processes
involving cell-cell contact. Early in the discovery of RPTPs we focused our attention on
PTPp, which comprises an extracellular segment containing a MAM domain, one 1g-like
and four FNIII domains, a single transmembrane domain and an intracellular segment
containing two PTP domains separated from the transmembrane domain by a
juxtamembrane sequence with homology to the intracellular segment of the cadherin
superfamily of cell adhesion molecules. In trying to identify the ligand for PTPp, we
demonstrated that when it was expressed in non-adhesive Sf9 cells, the formation of cell:cell
aggregates was induced through a homophilic binding mechanism that involved only the
extracellular segment of the PTP. Thus, the ligand for PTP on one cell is the extracellular
segment of another PTPp. molecule on the surface of an adjacent cell [58]. In fact, it is Ig
domain that is both necessary and sufficient for homophilic binding [59]. Yossi
Schlessinger's group noted that when Sf9 cells expressing PTP and PTPx (a close relative
of PTPu displaying ~75% overall identity) were mixed, they sorted independently [60]. In
other words PTPp binds to itself but not to PTPx, suggesting that the homophilic binding
interaction is highly specific. Nevertheless, aggregation, i.e. ligand binding to the
extracellular segment of PTPp, had no detectable direct effect on the activity of the
intracellular PTP domains. It is likely that these interactions play a role in controlling
activity by restricting its distribution in the membrane, perhaps targeting it to interactions
with the cadherin-catenin cell adhesion complex [61, 62].

Another perspective on the issue of ligands comes from CD45, which is highly glycosylated
and comprises up to 10% of the surface of a hematopoietic cell. In this case, although
lectins, such as CD22, have been reported to bind to the extracellular segment, they do not
appear to modulate PTP activity [63]. Dimerization of CD45 has been reported to vary
according to the glycosylation of the extracellular segment, which is determined by the
alternative splicing of 3 exons encoding sequences at the N-terminus. The larger, more
highly glycosylated and sialylated forms, which expresses all 3 exons (RABC), are less
efficient at forming dimers than the smallest form (RO). When a CD45-deficient T cell line
was reconstituted with physiological levels of the RO and RABC isoforms, RO was found to
dimerize more efficiently that RABC and was less effective than RABC at reconstituting
signaling through the T cell receptor [64]. This suggests there may be an equilibrium
between monomers and dimers of CD45 on the cell surface, with PTP activity determined
by the differential dimerization of specific isoforms. Nevertheless, there have been reports
of ligands that bind to the extracellular segment of RPTPs and alter directly the activity of
the intracellular PTP domains. Perhaps the best characterized example came from Thomas
Deuel’s lab who reported that binding of the soluble cytokine pleiotrophin (PTN) led to
inhibition of RPTPC activity, thereby promoting tyrosine phosphorylation [65]. It is thought
that some of the effects of pleiotrophin on the cytoskeleton are mediated via RPTPC-induced
increases in tyrosine phosphorylation of B-catenin and p-adducin [65, 66]. It has also been
reported that p190 Rho GAP is a PTN-modulated substrate of RPTPC [67]. In an elegant
study in Drosophila, David Van Vactor identified both soluble and surface-bound ligands
that recognise the Ig domains LAR [68]. A high affinity interaction between LAR on
neurons and syndecan (Sdc), a transmembrane heparin sulphate proteoglycan (HSPG) on
muscle, serves to promote PTP function, whereas the interaction with the GPI-anchored
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protein Dallylike (Dlp) is inhibitory [68]. These ligands compete to regulate a pathway that
integrates the effects of LAR with the ABL PTK via changes in the tyrosine phosphorylation
of Enabled (Ena), which binds to the cytoplasmic segment of LAR and regulates the actin
cytoskeleton and synaptic morphogenesis.

A characteristic feature of 12 of the RPTPs is a tandem arrangement of PTP domains in the
intracellular segment [44]. The indication from phylogenetic analyses is that a PTP domain
duplication occurred in an ancestral gene before the whole gene duplicated to give rise to
other RPTPs [47]. Essentially all of the catalytic activity of these RPTPs resides in the
membrane-proximal PTP domain (termed D1). Nevertheless, although the membrane-distal
domains (termed D2) are inactive themselves, there are examples in which their structural
integrity is required for the enzymatic activity of the PTP as a whole [69, 70]. Although the
D2 domains lack intrinsic activity, there is considerable conservation of sequence, as well as
secondary and tertiary structure, between domains D1 and D2; in fact, only two point
mutations were required to convert LAR D2 into an active enzyme [71]. Nevertheless, there
are also structural distinctions that suggest differences in function. For example, all the D2
domains are phylogenetically distinct from domain D1; i.e., D2 sequences do not cluster
together with D1 sequences in the phylogenetic tree but define a separate subfamily of PTP
domains [72]. Interestingly, within the LAR RPTP subtype, comprising LAR, PTPg and
PTPS, the sequence similarity between domains D2 is even higher than between the
corresponding domains D1 [42]. There have been suggestions that D2 domains serve a
binding function [73]. More recently, based upon studies of RPTPa, it has been shown that
the D2 domain displays greater sensitivity to oxidation than D1 and may serve as redox
sensors [74]. Furthermore, oxidation induces a conformational change in D2 that can be
transmitted to the extracellular segment of the receptor PTP [75, 76]. Nevertheless,
elucidation of the functions of RPTP D2s remains an issue to be resolved in the PTP field.

The mechanism by which ligand binding to an RPTP may modulate the catalytic activity of
the intracellular D1 domain remains a hot button issue in the field. The solution of the
crystal structure of the membrane proximal PTP domain of RPTPa by Joe Noel’s group was
an important development [77]. Within the crystal, the PTP D1 domains are organized in
symmetrical dimers, in which an inhibitory helix-turn-helix “wedge” motif from one domain
occludes the active site of the partner domain. This led to the proposal of a mechanism by
which ligand binding may directly modulate PTP activity. If ligand binding was to induce
dimerization, as it does for the PTKSs, then the catalytic activity of RPTPs may be attenuated
in a dimeric state by reciprocal occlusion of the active sites; it is notable that the effects on
activity would be in contrast to RPTKSs, which are stimulated by ligand-induced
dimerization and trans-phosphorlyation [77]. This has proven to be a controversial model
and the issue remains to be fully resolved. The first problem is that this structure describes
only the membrane-proximal D1 domain in isolation. In a similar study of PTPp, which
shares 46% sequence identity with the D1 domain of PTPa, we found that the tertiary
structures of the two were very similar (r.m.s.d. between equivalent Ca-atoms of 1.1A);
however, although the PTPu D1 domain was also a dimer in the crystal, the dimer interface
was distinct and the active site was present in an open, uninhibited conformation [78]. When
both D1 and D2 domains were included in the construct to be crystallized, as reported for
LAR [71] and CD45 [79], the wedge motif was present in the structure, but there was no
evidence of dimerization in the crystal. In addition, the D1 and D2 domains were oriented in
such a way that steric hindrance caused by the presence of D2 would prevent wedge-
mediated dimerization of D1. These structures were seen in crystals in different space
groups with distinct crystallographic contacts between neighbouring molecules. Also, in
both LAR and CD45, the D1-D2 domain interfaces were stabilized by short linkers and
extensive non-covalent interactions. Of course, within a cell these PTP domains are
connected to transmembrane and extracellular segments, such that ligand binding may
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influence the relative orientations of D1 and D2. Nevertheless, the short linker, coupled with
its limited flexibility, suggests that the relative orientations of D1 and D2 may be restricted
[71, 79]. There are also conflicting data from cell-based studies. On the one hand, it has
been suggested that in T cell lines CD45 is monomeric, as are other components of the T
cell receptor signaling complex [80]. In contrast, studies in a “knock-in” mouse model
highlight the importance of the inhibitory wedge motif in CD45 [81]. Glu 613, at the tip of
the wedge, was mutated to Arg, in a mutation that would be expected to prevent wedge-
mediated inhibition of CD45 in a dimer. It is interesting to note that the consequences of
expressing CD45-E613R in the knock-in mice are essentially the opposite of those observed
following knock-out of the CD45 gene, consistent with the wedge mutation having removed
an inhibitory constraint upon CD45 function. Overall, the data clearly demonstrate the
regulatory importance of the wedge, but whether or not the mechanism involves dimer-
induced inhibition continues to fuel interesting debate.

Non-transmembrane/cytoplasmic PTPs

Although isolated originally as a 37kDa catalytic domain [1, 2], the cloning of cDNA
encoding PTP1B by three separate groups, the labs of Ben Neel, Jack Dixon and Dave Hill,
revealed a full-length form of the protein that also contains a regulatory segment of ~115
residues on the C-terminal side of the catalytic domain [82—84]. The C-terminal 35 residues
are predominantly hydrophobic in nature and function in targeting the enzyme to the
cytoplasmic face of membranes of the endoplasmic reticulum (ER) [85]. This was similar to
the arrangement that had already been reported for the close relative of PTP1B, the 48 kDa
form of TCPTP (T-Cell enriched PTP) [86]. In the latter case, alternative splicing generates
two forms that differ in their extreme C-termini, but share a common catalytic domain in the
N-terminal portion of the molecule. Whereas the 48kDa form (TC48) is targeted to the ER, a
45kDa form (TC45), which lacks the hydrophobic segment, is targeted to the nucleus [87]
and is able to shuttle in and out of the nucleus in response to extracellular stimuli [88]. The
C-terminal segment of PTP1B also contains sites of phosphorylation by Ser/Thr kinases [89]
and a site of proteolytic cleavage by calpain, which generates a truncated, soluble form of
the enzyme with enhanced activity [90]. This suggests a role for this segment not only in
targeting, but also in the direct regulation of PTP1B activity. Such a direct role of the C-
terminal segment in suppressing catalytic activity was defined for TCPTP [91].

Inspection of the sequences of the nontransmebrane PTPs reveals that the situation for
PTP1B and TCPTP illustrates a general principle; sub-cellular targeting is now recognized
as an important component of the regulation of PTP function. For example, the presence of
SH2 domains In the N-terminal portion of the SHPs targets these PTPs to interact with sites
of tyrosine phosphorylation in receptors and scaffolding adaptor proteins [92]. The presence
of a FERM domain targets PTPs to interfaces between the plasma membrane and the
cytoskeleton [93]. The SEC14 domain functions in lipid binding and membrane targeting
[94]. The BRO1 domain has been implicated in targeting proteins to endosomes [95]. As
Jack Dixon put it in his review in 1994 [96], these regulatory motifs function as zip-codes to
direct the PTPs to the correct cellular address. Nevertheless, it is important to stress that the
PTPs are not simply a collection of non-specific enzymes the activity of which is regulated
indirectly by tethering. There is clear evidence of gene duplication in the nontransmembrane
PTPs, giving rise to PTP1B and TCPTP, SHP1 and SHP2, as well as PTPD1 and PTPD2
[42]; these pairs have a high degree of sequence identity but distinct, non-redundant
functions, consistent with specificity. There are examples of intrinsic specificity within the
PTP catalytic domains themselves [97-99]. Furthermore, the regulatory sequences that flank
the catalytic domain can also influence specificity, such as the KIM domain directing STEP
and HePTP to dephosphorylate MAP kinases [100] and the poly-Pro sequences in PTP-
PEST, which influence its interaction with p130°3s [101].

FEBS J. Author manuscript; available in PMC 2014 January 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tonks

Page 11

As illustrated for TCPTP [91], in addition to subcellular targeting, these non-catalytic
segments of the PTPs may regulate activity directly. A clear example of this is the SH2
domain-containing PTP SHP2 [92]. Crystallographic analysis revealed that SHP2 exists in a
low activity state under basal conditions because the active site is occluded by an
intramolecular interaction with residues of the N-terminal SH2 domain, located on the
opposite side to its pTyr binding site. Engagement of the SH2 domains by appropriate pTyr
ligands induces a conformational change that releases the autoinhibitory interaction and
creates a form of the phosphatase in which the active site is now open and can
dephosphorylate substrates. Thus, SHP2 becomes activated once it has been recruited into
the correct signaling complex. On the basis of this structure, Ben Neel designed mutants of
SHP2 (D61A and E76A) that resulted in a constitutively active enzyme and found that they
triggered FGF signaling in the absence of growth factor [102]. It is interesting to note that
gain of function mutations in SHP2 have been identified in human disease, initially in
Noonan syndrome. This includes mutations in residues in and around the N-SH2 domain,
which may facilitate activation by pTyr ligands, and in key residues at the interface between
the N-SH2 and catalytic domains, which would induce the active conformation in the
absence of a stimulus. Particularly striking is the fact that those key residues that Ben Neel
chose to mutate on the basis of the structure to create constitutively active forms of SHP2
are actually mutated in Noonan syndrome [92]. Mutations in SHP2 are now also associated
with increased risk of certain childhood malignancies, such as juvenile myelomonocytic
leukemia and acute myeloid leukemia. In fact, SHP2 was recognized as the first PTP
oncogene, its positive role attesting further to the importance of PTPs as regulators of
signaling in their own right.

The dual specificity phosphatases (DUSPs)

The prototypic dual specificity phosphatase was identified by Kunliang Guan and Jack
Dixon as an open reading frame in the poxvirus vaccinia, termed VH1 [103]. Paula
Traktman’s lab showed that this phosphatase plays an important role in controlling virion
infectivity and the expression of viral genes [104], raising the possibility that inhibitors of
the phosphatase may have anti-viral activity. VH1 has substrates in the virion itself,
including the F18 DNA-binding protein [104] and the A17 pTyr protein [105], as well as the
ability to antagonize interferon-y signaling to STATL in the target cell [106].

In a collaboration with Lester Lau’s lab, we identified first mammalian DUSP, which was
the product of the 3CH134 immediate early gene, and demonstrated that it functioned as a
MAP kinase phosphatase, which we termed MKP1 [107, 108]. It dephosphorylated both the
tyrosyl and threonyl residues in the TXY motif of ERK, thereby inactivating MAP kinase
function [108]. Steve Keyse also characterized the human variant, termed CL100, as an
MKP[109]. Now, VH1-like DUSPs have been shown to play important roles in many
aspects of cellular function, including cytoskeleton reorganization, cell cycle control,
apoptosis and RNA metabolism. Due to contributions from many labs, 43 DUSPs have been
identified that display sequence homology to the Vacciniavirus H1 protein (VH1); however,
a detailed classification of these enzymes was difficult because the domain that is conserved
is relatively small and the primary sequences are far more diverse than those of the classical
PTPs. Using bioinformatic tools, we formulated a classification system based on sequence
homology and divided them into 3 classes, in which there were 28 Class I, 10 Class Il and 5
Class Il members [110].
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A major functional theme in the Class | DUSPs is the regulation of signaling by Mitogen-
Activated Protein Kinases (MAPKSs). The stimulation of MAPKSs is an important aspect of
the cellular response to growth factors, hormones, cytokines and stresses. The MAPKSs are
the terminal component of “signaling modules” that comprise a series of three protein
kinases (MAP3K, MAP2K and MAPK) that act sequentially. Triggering of these signaling
modules by small GTP-binding proteins, such as those of the RAS superfamily, and STE20-
like protein kinases, such as HPK and GCK, culminates in the activation of MAPKs by
phosphorylation of both the tyrosine and the threonine residue of a conserved TxY motif in
their activation loop. There are four major subgroups of MAPKs, ERK 1 and 2, ERK 5, p38
a, B, y and & and INK 1, 2 and 3. These enzymes exert distinct effects in a physiological
context through phosphorylation of a wide variety of substrates, including effector protein
kinases, such as MAPK-activated protein kinases (MAPKAPS) and transcription factors,
such as the AP-1 complex [111]. The physiological effects of a particular MAPK are
regulated by the balance between the activity of the MAP2K that phosphorylates it and the
protein phosphatases that dephosphorylate either or both of the phosphorylated residues in
the TxY motif. Thus protein phosphatases are also critical regulators of MAPK-dependent
signaling. Several classical PTPs have been implicated in dephosphorylation of the tyrosyl
residue in the TxY activation loop motif of MAPKSs, including PTP-SL, STEP and He-PTP
[44]. A kinase interaction motif (KIM) in the non-catalytic segment of these PTPs, which
interacts directly and specifically with the MAPK, serves as a determinant of the substrate
specificity of the phosphatase. Several DUSPs are now known to function as MAP Kinase
Phosphatases (MKPs) and are critical regulators of MAPK signaling, recognizing both the
Thr and Tyr residues of the TxY activation loop motif. These MKPs display differences in
expression (constitutive and inducible expression), tissue and subcellular distribution
(nuclear vs cytosolic), and specificity for MAPK family members [46, 111]. It appears that
the specificity of some of these enzymes for MAPKSs is also determined, at least in part, by
interactions between the non-catalytic segment of the DUSP (termed the cdc25 homology/
CH2 motif, which contains a KIM motif) and the target MAPK. For example, the N-terminal
segment of MKP3 was shown to bind specifically to Erk2, its physiological substrate, and to
promote a conformational change leading to activation of the DUSP by Erk2 (Figure 5)
[112].

In addition to the CH2 domain-containing MKPs, this class of DUSPs contains small
phosphatases with MKP activity that comprise isolated catalytic subunits. VHR is a classic
example [46, 111]. Originally identified in Stuart Aaronson’s lab in an interesting
expression cloning strategy that used decreased tyrosine phosphorylation of FGFR2 as a
readout [113], VHR was recognized as a broadly expressed DUSP that preferentially
dephosphorylated the phosphotyrosyl residue over the phosphothreonyl residue in the TxY
motif of ERK [114, 115]. Therefore, although classified as a DUSP, it appeared to show
preference of one particular phosphoamino acid. The structural basis for this was revealed in
a co-crystal of VHR and a bisphosphorylated peptide substrate derived from the activation
loop of the MAPK p38 [116]. The pTyr residue was bound at the active site, with a major
determinant of this substrate selection being the narrow entrance to the active site that is
created by two residues from the signature motif, Glu 126 and Tyr 128. When these residues
were mutated to Ala and lle, respectively, the catalytic efficiency was not altered but the
ability to dephosphorylate pThr was increased 9 fold relative to wildtype VHR [114, 116].
In most Class | DSPs, Ala and Val/lle residues, respectively, are found at these positions in
the signature motif, suggesting a greater capacity for dephosphorylation of Ser and Thr
residues in substrates than VHR. In addition, Arg 158 in VHR contributes to a positively
charged pocket that coordinates the pThr residue in the bisphosphorylated MAPK peptide,
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thereby orienting the peptide substrate on the surface of the enzyme. In addition to ERK,
VHR has been implicated in the dephosphorylation of JINK and regulation of apoptosis
[117-120]. Overall, at least 14 VH1-like DUSPs are involved in the control of MAP kinase
signaling. Therefore, these DUSPs represent a complex response network that implements
the attenuation of specific MAPK-dependent signaling pathways in particular tissues and
subcellular compartments following defined stimuli and plays a crucial role in determining
the signaling outcome.

A different perspective on the regulation of MAPKSs by DUSPs is provided by the JSP-1-like
subclass, comprising JSP-1 (JNK Stimulatory Phosphatase-1, DUSP22) and VHY
(DUSP15). We identified JSP-1 in humans as another broadly expressed, small (~20kDa)
DUSP that lacked N-terminal CH2 domains and comprised primarily a catalytic domain
[121]. The intriguing property of this phosphatase was that instead of directly inactivating
MAP kinases, overexpression of JSP-1 led to a dose-dependent increase in the
phoshorylation and activation of co-expressed JNK, whereas the activation of ERK and p38
were unaffected [121]. These effects, which required the phosphatase activity of JSP-1, were
blocked by expression of a dominant-negative mutant form of MKK4, a MAP2K that
phosphorylates and activates JNK, suggesting that the site of action of the phosphatase is
upstream of MKK4 in the JNK signaling cascade. An enzyme that was originally identified
as the murine orthologue of JSP-1, JKAP (JNK Pathway Associated Phosphatase) is actually
a spliced variant that possesses an extension of 21 residues at the C-terminus. In this case,
overexpression of an inactive C->S mutant form of JKAP blocked TNFa-induced activation
of INK in HEK293T cells [122]. Furthermore, ablation of JKAP in mouse embryonic stem
cells abolished JNK activation in response to TNFa and TGFp, but not UV [122]. Although
additional publications that reported the isolation of human JSP-1, termed VHX [123], and
murine JSP-1, termed LMW-DSP2 [124], have suggested that under certain conditions it
may dephosphorylate ERK2 and p38, our data suggest the potential for a new aspect of the
control of JNK. Although the mechanism remains to be defined, potential substrates include
MAP3KSs, such as MLK3, ASK1 and the TAB1 regulatory subunit of TAKZ, in which
inhibitory sites of phosphorylation have been identified. Dephosphorylation of such sites
would have the potential to augment signaling. Uniquely among the DUSPs, JSP-1 and
VHY/DUSP15 contain a potential myristoylation site at the N-terminus [125]. Although
active in the absence of myristoylation, the subcellular localization of JSP-1 and its ability to
induce JNK activation and apoptosis were compromised [125], highlighting the functional
importance of this modification.

Diversity in Class 1 VH1-like DUSP function

The effects of this class of VH1-like DUSPs are not restricted to the regulation of MAPK
signaling. The Drosophila protein Slingshot was named after the split-ended hair/bristle
phenotype in the mutant flies that lack this phosphatase. These structures are actin-based,
and Slingshot is found to be a regulator of actin polymerization at such structures as growth
cones and lamellipodia of migrating cells (Figure 7). There are three Slingshot-like DUSPs
(SSH) in humans. Unphosphorylated cofilin binds to G actin and favors actin
depolymerization, whereas phosphorylation of cofilin on Ser-3 by LIM kinase inhibits both
its filament-severing and G actin-binding abilities. The SSH DUSPs specifically
dephosphorylate this residue and reactivate the cofilin for microfilament reorganization
(reviewed in [126]), providing another example of an enzyme that is operationally defined
as a DUSP, but in practice favours one particular phosphoamino acid. This regulation of
cofilin phosphorylation also provides a striking illustration of the integration of kinases and
phosphatases to control a cell signaling pathway. The activity of LIM kinase is itself
regulated by upstream kinases, becoming activated following phosphorylation by PAK or
the RHO-dependent kinase ROCK. In turn, the activity of Slingshot-like DUSPs is also
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regulated by phosphorylation. In this case, phosphorylation of SSH by PAKA4 triggers
sequestration of the phosphatase in a complex with 14-3-3. Activation of SSH requires its
dephosphorylation by another phosphatase, the Ca2*-dependent enzyme calcineurin,
providing an example of a phosphatase-on-phosphatase cascade [127].

An intriguing genomic arrangement is found at the DUSP13 locus on human chromosome
10922.2, which utilizes alternative open reading frames to encode two of the DUSPs in the
VHR-like subclass, MDSP (DUSP13a, muscle restricted DUSP) and TMDP (DUSP13b,
testis and skeletal specific DUSP) [128]. This gene organization is conserved in mouse and,
although reminiscent of the p16INK4/p19ARF locus that encodes two unrelated proteins
[129], this was the first example of a gene from which two distinct proteins of the same
family are expressed using alternative ORFs. Both MDSP and TMDP are restricted to
specific tissues, skeletal muscle and testis, respectively, in the adult mouse. Expression of
both proteins was markedly increased at approximately the third week after birth and
continued to increase gradually into adulthood, implying that the physiological functions of
both DUSPs are specific to the mature organs. Nevertheless, the function of these enzymes
in vivo remains to be established. Although DUSP13b/TMDP has the capacity to inactivate
JNK and p38 [130], DUSP13a/MDSP does not dephosphorylate MAPKSs and its
physiological substrates are unknown.

Finally, these class 1 VH1-like DUSPs also introduced us to the concept of
“pseudophosphatases”, proteins in which the 3D fold of the phosphatase is maintained, but
in which key residues that are critical for catalysis are missing. The prototype for these
proteins was discovered by Jack Dixon’s lab and was named STY X [131]. STYX
(phosphoSerine, Threonine or tYrosine interacting protein, is named after one of the five
rivers separating the world of the living from Hades, the world of the dead in Greek
mythology, to emphasize that these molecules are ‘dead’ phosphatases. In the signature
motif of STYX, LVHGNAGISRS, Gly replaces the catalytic Cys that is conserved among
PTP superfamily members. Mutation of this Gly to a Cys ‘restores’ phosphatase activity to
this dead enzyme, suggesting that wildtype STY X may bind to phosphoproteins in the same
manner that substrates bind to DUSPs, but without catalyzing dephosphorylation [131].
Therefore, it may function as naturally occurring “substrate trap”. Ablation of the STYX
gene in mouse results in male infertility due to defects in spermatogenesis. Endogenous
STY X interacts with Crhsp-24 (Calcium-Responsive Heat Stable Protein of 24 kDa) in vivo,
a double stranded RNA binding phosphoprotein expressed at the same developmental stage
as STYX in spermatogenesis; however, the physiological role of Crhsp-24 is not clear [132].
The second example, MK-STY X, contains an additional N-terminal domain similar to those
found in the CH2 motif-containing MKPs; however, its signature motif is LIESTQGISRS, in
which the conserved His and Cys residues, both of which are required for catalysis, are
replaced by Phe and Ser, respectively. As reported for STY X, we have observed that
mutation of MK-STY X to a consensus active signature motif (LIHCTQGISRS) is sufficient
to “restore” catalytic activity [133]. The RAS-GAP SH3 domain-binding protein-1 (G3BP1)
has been identified as a binding partner of MK-STY X in the regulation of stress granule
formation [133]. Nevertheless, the similarity between the N-terminal domain of MK-STY X
and those of the 10 human CH2 motif-containing MKPs suggests the possibility that MK-
STYX may also participate in protein-protein interactions with MAPKSs /n vivo, potentially
adding a further level of complexity to the regulation of MAPK signaling.

Class 2 VH1-like DUSPs

There are 10 DUSPs in the human genome that we categorized as Class 11, of which the
PTEN-like and the capping enzyme-like DUSPs belong to one monophyletic group, whereas
the PRLs and the CDC14s belong to a separate monophyletic group.
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The PTEN tumor suppressor phosphatase

Perhaps the most famous member of this class of DUSPs is PTEN, also known originally as
MMAC1 and TEP1, the gene for which is located at chromosome 10923 and is one of the
most frequently lost or mutated tumor suppressors in human cancer [134]. Germline
mutations in PTEN are also responsible for a series of autosomal dominant cancer
predisposition syndromes, called the PTEN Harmartoma Tumor Syndromes [135] which are
associated with the formation of multiple benign tumors (harmartomas). PTEN is classified
as being haploinsufficient in that inactivation of one allele, leaving only one functional copy,
is insufficient to support the wild type condition. Overall, it is now clear that PTEN serves
diverse roles in vivo and even minor disruption of its function can increase the risk of cancer
and other diseases [136].

PTEN is a 403 residue protein comprising an N-terminal PTP domain, which forms an
extensive interface with a C2 domain, which serves a phospholipid binding function and
may facilitate the localization of the enzyme to cell membranes. In addition, the C-terminal
segment of the protein, which is characterized by multiple phosphorylation sites and a -Thr-
Lys-Val-COOH binding motif for PDZ domain-containing proteins, serves a regulatory
function and is also important for its role as a tumor suppressor. The most striking feature of
PTEN is its substrate specificity, which illustrates how a member of the PTP family can
regulate signal transduction through dephosphorylation of non-protein substrates. We
provided the first demonstration that PTEN possessed intrinsic phosphatase activity,
displaying an unusual preference for highly acidic substrates [137]; however, in an
important breakthrough for the field, Jack Dixon’s lab demonstrated that PTEN also has the
ability to dephosphorylate the lipid second messenger phosphatidylinositol-3,4,5-
trisphosphate (PIP3) [138]. In fact, the crystal structure of PTEN revealed an unusual
architecture of the active site, which is sufficiently large to accommodate the sugar head-
group of inositol phospholipids; this allows PTEN to dephosphorylate the 3 position in the
inositol sugar ring specifically as a substrate and thereby to antagonize Pl 3 kinase-
dependent signaling [139]. In characterizing the activity of disease-derived mutations in
PTEN, we demonstrated that the G129E mutant, identified in tumors and in patients with
Cowden syndrome, is able to dephosphorylate protein substrates, but its ability to
dephosphorylate inositol phospholipids is impaired [140]. This observation suggested that it
was the lipid phosphatase activity of PTEN that was important for its tumor suppressor
function.

There have also been reports of lipid phosphatase-independent functions of PTEN, including
the observation that it can inhibit glioma cell migration through its C2 domain alone, in the
absence of the catalytic domain [141]. In addition, recent studies have addressed the
importance of its protein phosphatase activity. PTEN has been implicated in
dephosphorylation of the PDGF receptor [142] and it was proposed to influence cell
migration through dephosphorylation of the cytoskeletal-associated proteins FAK and
p130CAS [143]. Intriguingly, a variety of studies have demonstrated that PTEN is itself a
phosphoprotein with major sites of phosphorylation near the C-terminus, particularly an
acidic stretch of residues (DHYRYSDTTDSDPENE) [134]. This phosphorylation may be of
regulatory importance, including in controlling the stability of the protein [144] and its
susceptibility to cleavage by caspases [145]. An intramolecular association was reported
between the N-terminal PTP and C2 domains and the C-terminal portion of PTEN, resulting
in a “closed” conformation that limits its association with the membrane. Dephosphorylation
of the C-terminal tail serves to open up the conformation, promoting both membrane
recruitment and activation, and regulating its ability to interact with binding proteins, via its
C-terminal PDZ-binding domain, which may control its localization, stability and activity
[146]. In an interesting twist, it appears that PTEN may autodephosphorylate these sites —
thus, although PTEN may influence signaling through dephosphorylating inositol
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phospholipids, a major protein substrate for PTEN may be PTEN itself [147]. This suggests
a striking parallel with PI 3 kinase, which phosphorylates exogenous lipid substrates and
displays protein kinase activity through autophosphorylation [148], illustrating symmetry in
the regulation of signaling via phosphorylation and dephosphorylation of
phosphatidylinositol phospholipids.

CDC14 and regulation of the cell cycle

CDC14 was first identified in the classic screens for cell division cycle (CDC) regulators
performed in budding yeast, S. cerevisiae, by Lee Hartwell. Entry into mitosis is
accompanied by a burst of phosphorylation triggered by the cyclin-dependent kinase
complex, cyclin B-CDKZ1,; in order to get out of mitosis, the effects of the kinase must be
reversed, involving dephosphorylation of multiple mitotic substrates. Cells lacking CDC14
arrest late in anaphase with high CDK activity whereas, conversely, cells in which the
DUSP is overexpressed display inappropriate inactivation of CDKSs, indicating that in
budding yeast CDC14 is a critical phosphatase for the regulation of mitotic exit [149, 150].
The importance of localization in controlling function of a member of the PTP family is well
illustrated in the example of CDC14. It is sequestered in the nucleolus until the onset of
anaphase, when it is released throughout the nucleus and cytosol. This change in localization
results in a change in activity because of the targeting function of the binding protein NET1,
which serves as an inhibitor of CDC14. This association between NET1 and CDC14 is
regulated by FEAR and MEN! FEAR (CDC Fourteen Early Anaphase Release) functions
through inactivation of the PP2A holoenzyme that contains the CDC55 regulatory subunit,
which promotes phosphorylation of NET1 and the release of CDC14. MEN (Mitotic Exit
Network) is a RAS-like GTPase signaling module that is thought to culminate in the
activation of a kinase that also phosphorylates NET1 to trigger CDC14 release. It appears
that there may be different functions for CDC14 released by each pathway — FEAR, which
regulates mitotic spindle and chromosome segregation, promotes activation of MEN,
whereas MEN-activated CDC14 is associated with CDK1 inactivation and the exit from
mitosis [151].

The evolutionary conservation of CDC14 structure and substrate specificity suggested that
its biological role may also be conserved; however, advances in the recent years surprisingly
revealed major differences in CDC14 function in different organisms. Although the function
of CDC14 in mitotic exit in budding yeast is clear, its role in other systems is more
controversial. The CDC14 orthologue in the fission yeast is FLP1/CLP1 (CDC Fourteen-
Like-Phosphatase). In contrast to S. cerevisiae CDC14, CLP1/FLP1 is not essential and is
not required for mitotic exit, but plays a more important role in regulating cytokinesis and
G2-M transition by its down-regulation of CDK1 activity [152]. In humans, there are two
CDC14s, termed A and B, which display ~50% sequence identity [151, 152]. There is also
evidence for a third, CDC14C, which is closely related to CDC14B, having arisen through
gene duplication. During the long-standing collaboration between my lab and David
Barford, we determined the crystal structure of human CDC14B [153]. This revealed that its
substrate specificity is partly determined by features of the active site. In the crystal structure
of CDC14B there are two domains with DUSP-like folds; the C-terminal domain is the
DUSP catalytic domain, whereas the N-terminal domain assumes a similar fold but contains
no sequence homology to VH1-like DUSPs. The active site of CDC14B is located in a long
groove at the interface between the two domains. The consensus phosphorylation site of
CDKs, which is the in vivo substrate of CDC14, is characterized by a Pro at the +1 position
and basic residues at +2 and +4 positions. Co-crystallization studies of Cdc14B with such
phosphopeptides showed that a hydrophobic pocket binds to the Pro in its trans-
conformation and the basic residues are then in the position to bind to an acidic groove
leading to the active site. This structural analysis of CDC14B demonstrated yet another
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mode of substrate recognition for VH1-like DUSPs; furthermore, it also suggested that it
may be possible to predict the features of the physiological substrate from the structure of
the phosphatase. Recent studies have extended the function of CDC14 in mammals beyond
the exit to mitosis to encompass DNA replication and repair, and the DNA damage
checkpoint [151, 152], however, the details of the critical substrates for these effects remain
to be established.

PRL-1 (Phosphatase in Regenerating Liver) was discovered as one of the immediate early
genes induced upon liver regeneration following partial hepatectomy [154]. Three human
PRL genes (PRL-1, 2 and 3, also known as PTP4A1, A2 and A3, and PTPCAAXL, 2 and 3)
have been identified [155],[156]. PRL-1 and 2 are broadly expressed, whereas expression of
PRL-3 is more restricted, primarily to heart and skeletal muscle. A unique feature of the
PRLs is the presence of a poly-basic sequence preceding a CAAX motif at the C-terminus of
the protein. The PRLs are the only farnesylated members of the PTP family, with
prenylation being important for localization to the plasma membrane and early endosomes
[155, 156]. It has been reported that the PRLs can oligomerize, particularly to form trimers,
but the functional significance of this remains to be established. In addition, the PRLs are
unusual in that the Ser/Thr residue following the invariant Arg in the signature motif (H-C-
(X)5-R-[S/T]) is replaced by Ala. This hydroxyl residue functions in the second step of
catalysis by facilitating hydrolysis of the cysteinyl-phosphate intermediate. It has been
shown that mutation of this hydroxyl residue to Ala in active PTPs impairs catalysis by
attenuating hydrolysis of the catalytic intermediate [157]. As expected, PRLs are
characterized by low activity in vitro. Interestingly, although mutating the Ala to Ser did
augment activity towards low Mr substrates in vitro, in PRL-3 this mutant was devoid of
activity against PIP2, which has been proposed as a potential physiological substrate [158].
This raises questions about what contributes the important functionality of this Ser residue to
catalysis in vivo. Structural studies have revealed an unusually wide and shallow active site
cleft, with a signature motif characterized by hydrophobic residues; it is thought that this
arrangement would allow the PRLs to accommodate a broad array of substrates, including
pSer and pThr residues in proteins.

PRL-1 and PRL-2 have been shown to behave as oncogenes when overexpressed.
Overexpression of PRL-1 in NIH3T3 cells induced anchorage independent growth, and D27
pancreatic cells overexpressing PRL-1 and PRL-2 formed tumors upon injection into nude
mice [155, 156]. Both catalytic activity and farnesylation appear to be important for this
oncogenic function. Most strikingly, PRL-3 has been identified as a potential cancer
biomarker. Bert Vogelstein’s lab demonstrated that its expression is dramatically
upregulated in metastatic colorectal cancer, but not in primary cancer [159], suggesting that
it may be a therapeutic target for metastatic cancer. PRL-3 has now been implicated in
progression and metastasis of other cancers, including gastric, ovarian and breast. The
physiological substrates that underlie these effects of the PRLs are currently unclear. These
DUSPs have been linked to regulation of PI3BK/AKT signaling, but this may be an indirect
effect due to down-regulation of the expression of PTEN [160, 161]. PRL-3 has also been
implicated in the regulation of SRC function in integrin signaling and the actin cytoskeletal
changes involved in cell invasion and motility. There are some data on a direct substrate, in
particular the basic leucine zipper transcription factor ATF-7, which was found to interact
with PRL-1 in a yeast 2-hybrid screen and could be dephosphorylated by PRL-1 /n vitro,
however, the significance of this interaction is unknown [162]. Overall, the identification of
the physiological substrates remains one of the major challenges in the study of PRL
function.
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Class 3 VH1-like DUSPs

KAP1/Cdil

PTPMT1

There are five Class 111 DUSPs present in both human and mouse genomes. These are
intriguing enzymes because of similarities with the classical PTPs. For example, in the
classical PTPs the Q-loop functions to position the water molecule for the second step of
catalysis. Many of the Class 111 DUSPs retain either a partial, or an intact Q-loop sequence;
however, this motif is missing from the Class | and 11 VH1-like DUSPs, in which, a
conserved Ser residue preceding the invariant Arg in the signature motif ([1/V]-H-C-x-x-G-
X-S-R-S) is believed to substitute for the missing Q loop. Although the Class | DSPs contain
one invariant Gln residue in the sequence motif PNXXFXXQL, this GIn does not
superimpose with Q262 in the Q-loop of PTP1B in either sequence or structural alignment
and the function of this motif in Class | DSPs is unknown. In contrast, in the Class 111 DSP
KAP1, the Q loop motif is conserved and superimposes perfectly in structural alignment
with the classical PTP Q-loop [110]. In those Class I11 DSPs that have a Q-loop sequence,
the hydroxyl residue preceding Arg in the signature sequence is always absent. However,
Class 111 DSPs that contain this hydroxyl residue, such as PTPMT1 (human), lack the
complete Q-loop sequence. This suggests that, when present, the Q-loops in the Class 11
DSPs may function similarly to those in the classical PTPs. Furthermore, these similarities
suggest that motifs 8-10 in the classical PTPs, which represent the catalytic core, may have
evolved from an ancient DUSP similar to the Class 11l enzymes.

The progression through the cell cycle is governed by cyclin-dependent protein kinases. In
addition to cyclin binding, and the dephosphorylation of Thrl4 and Tyr 15 by cdc25, the full
activity of CDKSs requires the phosphorylation of Thr 160 in the kinase activation loop,
which is catalyzed by CAK (Cdk-Associated Kinase). This DUSP, cyclin-dependent Kinase-
Associated Phosphatase, which is product of the CDKN3 gene, is another example of a
member of the PTP family that is of fundamental physiological importance, serving as a
critical regulator of cell cycle progression. Although classified as a DUSP, it recognizes a
pThr residue, specifically dephosphorylating CDK2 on Thr160 (Figure 8). The crystal
structure of the KAP1-CDK2 complex revealed that substrate binding occurs between the C-
terminal helix of KAP1 and the C-terminal lobe of CDK2, which positions the DUSP active
site to dephosphorylate pThr 160. It is only the phosphate group of pThr 160 that interacts
with the DUSP active site; hence, unlike the situation for protein kinases, there is no
interaction with the residues flanking the phosphorylation site in the substrate [163]. KAP1
can bind to CDK2 in the presence or absence of cyclin A, but dephosphorylation requires
removal of the cyclin, either by proteolysis or dissociation. A further element of control
involves a four transmembrane domain protein family member, HTm4, which binds directly
to the C-terminus of KAP1. In a KAP1-CDK2-cyclinA complex, HTm4 promotes the ability
of KAPL1 to dephosphorylate pThr 160 by facilitating access of the DUSP to the
phosphorylated residue and excluding cyclin A from the KAP1-CDK2 complex [164]. Not
unexpectedly, altered expression of KAP1 has been associated with cancer. Aberrant
splicing has been shown to increase the levels of KAP1-related transcripts, but decrease
KAP1 protein, in malignant astrocytomas [165].

Originally noted for its similarity to PTEN, this DUSP, then termed PLIP (Phospho-Lipid
Inositol Phosphatase), was first identified in the slime mold Dictyostelium as a putative
transmembrane phosphatase required for aggregation at low cell density [166]. It is highly
conserved in evolution, with orthologues identified in all phylogenetic kingdoms, suggesting
that it serves a fundamental function. This enzyme was re-named PTPMT1 (PTP localized
to the mitochondrion 1), reflecting the fact that, uniquely among the PTPs, it is targeted, via
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an N-terminal signal sequence, to the matrix face of the inner mitochondrial membrane
together with the protein complexes responsible for electron transport and ATP production
[167]. Initially, both human and Dictyostelium PTPMT1 were shown to be 5-position
phosphoinositide phosphatases that specifically target the singly phosphorylated PI5P,
expanding the repertoire of PTP family members that act through phospholipids [166].
Knockdown of PTPMTL in pancreatic B cells enhanced ATP production and insulin
secretion, coincident with changes in mitochondrial protein phosphorylation [167]. More
recently, attention has focused back on phospholipid substrates with the demonstration by
Jack Dixon’s lab that PTPMT1 plays an essential role in the regulation of cardiolipin
biosynthesis [168]. Targeted deletion of the PTPMT1 gene in mice resulted in embryonic
lethality, indicating an essential function in development. In cells lacking PTPMT1,
complex I and Il activity was inhibited, with disruption of mitochondrial respiration and
morphology. The critical substrate for PTPMT1 appears to be phosphatidylglycerol
phosphate (PGP); in the absence of the phosphatase, PGP accumulates and formation of
phosphatidylglycerol (PG) is impaired, disrupting the pathway of cardiolipin biosynthesis.
These studies highlight the critical role of cardiolipin, and in turn PTPMTZL, in the regulation
of mitochondrial morphology and metabolism.

Lafora disease is an autosomal-recessive neurodegenerative disease that results in
progressive neurological deterioration, myoclonus epilepsy and ultimately death. The
disease is characterized by the accumulation of Lafora bodies in multiple tissues. These
deposits comprise insoluble glucans made up of poorly branched glycogen, more similar to
the plant starch amylopectin, with higher than normal levels of phosphate. Mutations in
either of two genes, encoding EPM2A (Epilepsy of Progressive Myoclonus type 2) and
EPM2B, results in Lafora disease. EPM2A encodes the DUSP laforin, whereas EPMZB
encodes malin, an E3 ubiquitin ligase [169]. There are two aspects to the function of
Laforin. It forms a complex with malin, in which it serves as an adaptor to target substrates
to the ubiquitin ligase. In addition, and uniquely among the members of the PTP family,
laforin contains an N-terminal carbohydrate binding domain and functions as a phosphatase
to dephosphorylate glucans directly [170-172]. Peter Roach’s lab has recently reported that
glycogen synthase, which normally transfers glucose to glycogen, also, in a rare side
reaction, catalyzes the transfer of the p phosphate of UDP-glucose to glycogen [173]. In the
absence Laforin, there is hyperphosphorylation of glycogen, the structure of which becomes
compromised leading to its aggregation, with formation of Lafora bodies and disease. In the
light of the fact that the Lafora disease-associated hyperphosphorylation of glycogen arises
from a rare side reaction of glycogen synthase that may be regarded as a catalytic error,
Peter Roach has made the intriguing suggestion that laforin may be viewed as a “repair
enzyme”, functioning in a similar manner to proof-reading by DNA polymerases to ensure
that the normal structure of the glycogen polymer is maintained [174]. Although Laforin
itself would not be a therapeutic target, these data suggest that inhibition of brain glycogen
synthase may offer an approach to treating this disease.

Other DUSPs

The Myotubularins (MTMs) are another category of DUSPs that exert their effects through
dephosphorylation of non-protein substrates. In this case, the MTMs dephosphorylate the 3
position of the sugar ring in phosphatidylinositol (PtdIns) 3P and PtdIns(3.5)P, [175-177].
The MTMs feature a variety of regulatory, non-catalytic domains that function in protein-
protein and protein-lipid interactions and target the enzymes to specific cell membranes,
including endosomes and the plasma membrane, which allows them to regulate particular
pools of Ptdins3P and PtdIns3,5P,. A further striking characteristic is the prevalence of
pseudophosphatases. Of the 15 MTMs, 9 are active enzymes, whereas the remaining 6
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display no intrinsic phosphatase activity due to the absence of catalytically important
residues in the primary sequence, in particular the active site cysteine. Heterodimerization of
MTMs leads to formation of complexes between active and inactive MTMs. The structural
basis for the recognition of specific phosphoinositide substrates by the active MTMs has
been defined [178] and the residues that coordinate substrate binding are not conserved in
the pseudophophatases. Consequently, it is unlikely that these pseudophosphatases function
as substrate traps; instead, interaction between a positively charged face of the active MTM
and the equivalent segment of the pseudophosphatase, which is negatively charged, most
likely serves a scaffolding function that regulates the activity and subcellular location of the
active phosphatase. The MTMs have been implicated in many fundamental physiological
processes, including endocytosis and membrane trafficking, cell proliferation,
differentiation, survival and autophagy. They are also intimately linked to human disease
[177]. Defects in myotubularin (MTM1), the prototype of this family, cause X-linked
myotubular myopathy. This is a rare genetic disease, characterized by the presence of
immature myotubes, with resulting general muscle weakness and impaired motor skills. In
many patients breathing is also impaired, resulting in death in early childhood. Mutations in
another active member of the MTM family, MTMR2, have been found in type 4B Charcot-
Marie-Tooth syndrome (CMT) [177]. CMT syndrome, which is a common hereditary
disorder affecting one in every 2500 births, is a heterogeneous demyelinating disease
characterized by myelin outfolding in peripheral nerves and progressive muscle atrophy.
Type 4B CMT, which refers to the autosomal recessive disease, is caused by mutations in
either MTMR2 or in the pseudophosphatase MTMR13 that heterodimerizes with MTMR2
[179]. Thus, mutation in either component of this phosphatase-pseudophosphatase complex
gives rise to the disease, highlighting the functional importance of both constituents of the
heterodimer.

The PTPs are thought to have evolved independently three times, to form three separate
groups. Cdc25 represents the second such group and most likely evolved from a bacterial
rhodanese-like enzyme. Rhodanese is a sulphur transferase that detoxifies cyanide to
produce thiocyanate. A catalytic cysteine residue reacts with thiosulphate to generate a
persulphide, which then transfers sulphur to cyanide. In cdc25, the catalytic cysteine is
adapted for dephosphorylation. Cdc25 is part of the universal cell cycle engine conserved in
eukaryotes from yeast to human. It is required for entry into mitosis because it removes
phosphate from the inhibitory sites on cdc2 and thereby activates the cyclin-dependent
kinase [49]. The three cdc25-like phosphatases in the human genome, designated A, B, and
C, have all been shown to target the inhibitory phosphorylation sites on cyclin-dependent
kinases, and are thus positive regulators of cell cycle progression and dual specificity
phosphatases /n vivo as well as /n vitro. Many studies now point to increased expression of
cdc25 in various cancers and consequently, cdc25-specific inhibitors are being explored as
potential therapeutic reagents [180].

The third evolutionary event led to the phosphatase Ssu72, which targets the C-terminal
domain of RNA polymerase Il [181], and a pTyr-specific enzyme, the low molecular weight
PTP (LMW-PTP), which is encoded by the ACPI gene in humans and is highly conserved
all the way to bacteria. The LMW-PTP is structurally related to bacterial arsenate reductase.
Despite the low sequence identity, there is considerable overlap in the 3D structures of
arsenate reductase and LMW-PTP, particularly in the area of the active site [182, 183]. In
fact, arsenate reductase exhibits PTP activity in vitro [183]! The activity of arsenate
reductase involves formation of an arsenocysteine covalent intermediate at the active site,
equivalent to the phosphocysteine intermediate in PTP-mediated catalysis [183]. In contrast
to the PTP, in which the cysteinyl phosphate intermediate undergoes hydrolysis, reactivation
of arsenocysteine involves formation of a cascade of disulphide bonds through which the
oxidative equivalents pass to the surface of the arsenate reductase for reaction with
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thioredoxin [184, 185]. Although implicated in the regulation of cell proliferation through
dephosphorylation of several growth factor receptor PTKSs, the function of the LMW-PTP
remains unclear [48].

The issue of specificity: from the crystal structure of PTP1B to substrate
trapping mutant PTPs

Although the classical PTPs are specific for pTyr residues in proteins, the Km for free pTyr
is some 10,000-fold higher than that of optimal peptide substrates [186]. Interaction between
residues flanking the pTyr in the primary sequence of the substrate and the residues
surrounding the PTP active site contribute to the higher affinity for protein substrates.
Furthermore, variability in the surface residues surrounding the active site between different
PTP catalytic domains also has the potential to contribute to specificity in these interactions.
In its recognition of the peptide DADEpYL from the EGF receptor as a substrate, there is an
interaction between the acidic residues in the peptide and the side chain of Arg 47 in PTP1B
[52]. In the example of recognition of the activation loop of the insulin receptor B-subunit
(IRB), there are interactions between PTP1B and residues on both N- and C-terminal sides
of the substrate pTyr; in fact, we identified the sequence E/D-pY-pY-R/K as important for
optimal recognition of the substrate [98]. In this case, the pTyr 1162 of the IR binds at the
active site, whereas the adjacent pTyr 1163 binds within a shallow groove on the surface of
PTP1B that is connected to the active site by a channel. In this groove, previously identified
as “a second aryl-phosphate binding site”[187], the phosphate of pTyr 1163 forms salt
bridges with the side chains of Arg 24 and Arg 254 of PTP1B, with specificity for pTyr
binding to this site being determined by the length of the phosphorylated residue and the
positioning of these arginines [97]. As a result of these interactions, PTP1B was observed to
display 70 fold higher affinity for tandem pTyr-containing peptides compared to mono-pTyr
derivatives [97]. On the basis of this E/D-pY-pY-R/K consensus motif, we predicted that the
JAK subfamily of PTKs would be physiological substrates of PTP1B and demonstrated that
PTP1B dephosphorylated JAK2 and TYK2 [98]. This suggested to us that PTP1B may
function as a negative regulator of leptin signaling in the brain and that the resistance of
PTP1B-knockout mice to high fat diet-induced obesity may result from aberrant effects on
leptin signaling due to failure to down-regulate the JAK PTKSs. In fact, experiments in the
knockout mice did illustrate such a role for PTP1B [188, 189]. Although PTP specificity is
not restricted to specific primary sequence motifs in substrates in the same way as for
protein kinases, the importance of residues flanking sites of phosphorylation has been shown
to contribute to specificity for other members of the PTP family [99, 190].

The critical step in the purification of PTP1B was affinity chromatography on an
immobilized thiophosphorylated substrate. The underlying principle was that
thiophosphorylated substrates retain the ability to bind tightly to the PTP, but are resistant to
dephosphorylation. Therefore, the PTP binds the thiophosphorylated substrate in a stable
complex from which it can be eluted with a salt gradient [1, 2]. The ability to define the
substrate specificity of members of the PTP family is an essential aspect of gaining an
understanding of the function of these enzymes. Using insights from the crystal structure, we
undertook a mutational analysis to generate the converse of the affinity purification step —
i.e. to produce a form of PTP1B that maintains its high affinity for substrate but does not
catalyze dephosphorylation effectively, thereby to convert the active enzyme into a
“substrate trap”. Mutation of the invariant catalytic acid (Asp181 in PTP1B) yielded such a
substrate-trapping mutant [191]. The fact that the function of this Asp residue is conserved
across nearly all members of the PTP family suggests that these mutants may offer an
approach to identifying the physiological substrates of PTPs in general. The principle is that,
following expression, the mutant PTP binds to its physiological substrates in the cell but,
because it is unable to dephosphorylate the target efficiently, the mutant and substrate
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become locked in a stable, “dead-end” complex. These complexes can then be isolated, for
example by immunoprecipitating the mutant PTP, and the substrates identified. This strategy
has now been applied widely in the field [192]. Overall, the results illustrate that members of
the PTP family display exquisite substrate specificity in a cellular context, consistent with a
function as highly selective regulators of signal transduction.

Application of the PTP1B substrate trapping mutant (PTP1B-D181A) indicated a role for
the enzyme in dephosphorylating the EGFR [191] insulin receptor [193] and JAK PTKs
[98]. The localization of PTP1B to the ER has prompted questions regarding its importance
as a regulator of PTK signaling. Using PTP1B-/- fibroblasts reconstituted with the substrate
trapping mutant, the Neel and Bastiaens labs demonstrated that dephosphorylation of EGF
and PDGF receptors occurred at specific sites in the ER following endocytosis of the PTK
[194]. Their data illustrated that PTP1B has the potential to attenuate the activity of newly
synthesized receptor PTKSs, as well as functioning in a “dephosphorylation compartment”
that is encountered by down-regulated PTKSs before being directed either to the lysosome or
recycled to the plasma membrane. This suggests that PTP1B plays an important role in
terminating receptor-PTK signaling.

Regulation of PTP function —redox regulation reveals a new tier of control
over pTyr-based signaling

As might be anticipated for a family of enzymes that play such fundamental physiological
roles, their activity in vivo is tightly regulated. There is long term regulation at the level of
expression, alternative promoters, alternative splicing and subcellular targeting, in addition
to acute regulation of activity such as in response to ligand binding to RPTPs, or covalent
modification, including phosphorylation and proteolysis. Over the last few years the
importance of reversible oxidation of PTPs as a new tier of control of tyrosine
phosphorylation-dependent signaling has become apparent [44, 195]. Due to the unique
environment of the PTP active site, the invariant Cys residue in the signature motif displays
an unusually low pK, which enhances its nucleophilic properties but renders it susceptible
to oxidation. Thus a stimulus (hormone, growth factor etc.) enhances tyrosine
phosphorylation directly, by activation of a PTK, and/or indirectly, by production of
Reactive Oxygen Species (ROS), which inactivate transiently the critical PTP(s) that
provides the inhibitory constraint upon the system. Localized, stimulus-induced production
of ROS leads to oxidation of the Cys residue at the PTP active site, converting it from a
thiolate ion (the active form) to sulfinic acid, which can no longer function as a nucleophile,
thus facilitating protein tyrosine phosphorylation and the initiation of the signalling
response. Restoration of PTP activity following reduction back to the thiolate form of the
active site Cys residue terminates the tyrosine phosphorylation-dependent signal. In
collaboration with T.C. Meng and Kay-Hooi Khoo, we used mass spectrometry to
characterize the oxidation status of each Cys residue in PTP1B that had been
immunoprecipitated from HepG2 and A431 human cancer cells, which produce high levels
of ROS constitutively. Our data revealed that the oxidation of PTP1B is specific to the
active site Cys, with the other Cys residues in the protein remaining in a reduced state. This
highlights the importance of the unique properties of this active site cysteine residue as the
basis for this regulatory modification. In addition, we observed that up to 50% of PTP1B
was reversibly oxidized and, due to the high constitutive levels of ROS, we observed that up
to 40% of PTP1B was irreversibly oxidized in these cells [196]. These data suggest that the
high level of intrinsic ROS may contribute to the transformed phenotype of HepG2 and
A431 cells via constitutive inactivation of cellular PTPs, revealing another potential element
of the etiology of cancer.
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We developed approaches to identify those PTPs that are oxidized in response to a
physiological stimulus, including modified “in-gel” phosphatase assays and the application
of biotinylated small molecule probes [197-199]. We integrated these into an overall
strategy involving RNA interference, combined with the use of substrate trapping mutants,
to establish and define regulatory links between particular PTPs and specific signaling
pathways. For example, we demonstrated that insulin induces the transient oxidation and
inactivation of PTP1B, a PTP that normally attenuates insulin signaling[193]. More recently,
Ben Neel’s lab developed a powerful mass spectrometry-based strategy for profiling both
the total PTPome and the oxidized subset of PTPs, the oxPTPome, in cells and tissue
samples [200, 201]. They have revealed that different cancer cells are characterized by
distinct PTP oxidation profiles [200]. Further application of their approach is likely to
generate fundamentally important insights into the importance of redox regulation of PTP
function in various disease states.

In collaboration with David Barford, we investigated the oxidation of PTP1B from a
structural perspective. We observed that oxidation of the nucleophilic Cys to sulfenic acid is
accompanied by a rapid condensation reaction that generates a cyclic sulphenamide at the
PTP active site [202]. This induces profound conformational changes that both protect the
PTP from irreversible oxidation, and expose the oxidized Cys on the surface of the protein
to facilitate reactivation by cellular reducing agents. The PTP loop, which contains the
essential Cys residue, and the pTyr loop, in which Tyr46 defines the depth of the active site
cleft, are normally buried in the structure. Upon formation of the cyclic sulphenamide,
critical hydrogen bonds are broken triggering these residues to flip out of the active site and
adopt solvent exposed positions. Thus, reversible oxidation generates a form of PTP1B in
which the chemical properties of the active site of the native enzyme that are problematic for
inhibitor development are circumvented, and unique new binding surfaces for small
molecule inhibitors are presented. Consequently, if one could find a way to stabilize the
oxidized, inactive form of PTP1B (PTP1B-OX), the result would be a novel mechanism
through which to inhibit PTP function and promote the insulin signaling response — the
property you would want in a treatment for insulin resistance.

Recently, we reported the use phage display technology to generate conformation-sensing
antibodies that recognize oxidation-specific epitopes in PTP1B that would not be found in
the active, reduced enzyme [203]. An important breakthrough was our discovery that a
double point mutation in the PTP-loop of PTP1B (CASA mutant) induced a stable
conformation that is indistinguishable in structure from the conformation that is induced by
H,0, and, therefore, could be used as an antigen. We generated a library of single chain
fragment variable (scFv) antibodies, in which the variable light (V| ) and variable heavy
(V) regions were amplified by PCR from spleen and bone marrow RNA of immunized
chickens and joined with a neutral peptide linker. To isolate PTP1B-OX-specific antibodies
from the scFv library we employed a subtractive panning strategy, in which N-terminally
biotinylated PTP1B-CASA was mixed with the library under reducing conditions in the
presence of up to 50-fold molar excess of wild type PTP1B. The PTP1B-CASA-scFv-phage
complexes were isolated and amplified through four rounds of panning to enrich the library
with pools of antibodies selective for the mutant form of the enzyme. We used an activity-
based “in-solution” screen, in which we tested the ability of individual scFvs to stabilize the
oxidized, inactive form of PTP1B in enzymatic assays /n vitro; this allowed us to identify
scFvs that bound PTP1B-0OX and inhibited its reactivation by reducing agent, but did not
exert any direct inhibitory effect on activity of the reduced, wild type enzyme. We observed
that expression of the PTP1B-OX-specific scFvs in cells as “intrabodies” enhanced and
extended the time course of insulin-induced phosphorylation the g-subunit of the insulin
receptor and IRS-1, as well as insulin-induced downstream signaling (phosphorylation of
PKB/AKT), in a manner that depended on production of H,O,; however, there was little or
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no impact on the basal level of tyrosyl phosphorylation and signaling. These data highlight
the importance of redox regulation of PTP1B to insulin-induced signaling. Furthermore,
they illustrate that stabilization of the inactive oxidized conformation of PTP1B, which is
produced in response to insulin, potentiates the signaling response, suggesting a new
approach for PTP-directed drug development.

PTPs and the etiology of disease

Perhaps not surprisingly considering their importance in normal physiology, it has become
apparent over the years that disruption of PTP function has a major impact in human
disease. In the early 90s, Kunliang Guan and Jack Dixon demonstrated that an essential
virulence determinant of the bacterium Yersinia, the cause of the “Black Death” plague, was
a highly active PTP encoded by the YOPH gene [204]. The bacterium uses a type 11
secretion system to inject effector proteins, including YopH, directly into the host cell,
where is disrupts normal tyrosine phosphorylation-dependent signaling and inhibits the
immune response [205]. The same authors also noted sequence similarity between the VH1
open reading frame of the poxvirus vaccinia and the PTP family, with VH1 representing the
prototype DUSP [103]. These observations suggested that inhibitors of these PTPs may open
up new approaches to counteracting infectious organisms.

Considering the prevalence of activated PTKSs as oncoproteins, it was initially anticipated
that many PTPs would be identified as tumour suppressors. It took a surprisingly long time
to identify the first tumour suppressor PTP. Furthermore, the first example turned out to be a
DUSP that regulated signaling through dephosphorylation of non-protein substrates -
specifically PTEN, which regulates P13 kinase-dependent signaling pathways associated
with cell survival through dephosphorylation of the 3 position in the sugar head group of
phosphatidylinositol phospholipids [138]. It has now been reported that 22 PTP genes map
to chromosomal regions that are frequently deleted or amplified in human cancer [206];
however, many of these changes involve large segments of DNA and often the role of the
PTPs remains to be established. More precise sequence analyses of individual PTPs have
been conducted, including the identification of 83 somatic mutations in six PTP genes in
colorectal cancer [207]. Ten somatic mutations were identified in the PTPRD gene alone in
glioblastoma multiforme and malignant melanoma [208]; additional mutations have been
identified in this gene in other cancers. A further level of control is exerted through
epigenetic silencing, involving hypermethylation of CpG sites in the promoters of several
members of the PTP family, as in the case of PTPRO and SHP1 [44, 206, 209]. Overall,
several tumor suppressors have now been identified from among the classical PTPs [44, 206,
209]. In the case of some of the RPTPs, including DEP-1 (Density-Enhanced PTP)/PTPRJ
and PTPRD, it is interesting to note clustering of mutations in the extracellular segments of
these proteins, highlighting further the potential importance of ligand binding for the
regulation of activity. As described above for SHP2, it is important also to recognise that
PTPs may not only antagonize PTK function but also they have the capacity to function
positively to promote signaling. Aberrant upregulation of PTPs in human disease has been
detected in multiple cancers, such as overexpression of the cell cycle regulatory phosphatase
cdc25, which often correlates with poor prognosis. Although there may be several
mechanisms by which a PTP may act positively, one well established example involves the
dephosphorylation of an inhibitory site at the C-terminus of SRC family PTKs, which
promotes SRC activity and SRC-induced signaling. This mechanism is thought to underlie
the potential tumorigenic effects of RPTPa [206, 209, 210]. Such positively acting PTPs
may themselves prove to be important therapeutic targets for new ways to intervene in
cancer.
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Perhaps the major breakthrough that established PTPs as potential therapeutic targets was
the definition of the role of PTP1B in down-regulating insulin and leptin signaling [44]. An
important development came from the labs of Michel Tremblay and Ben Neel who
demonstrated independently that targeted deletion of the P7P1B gene produced healthy mice
that displayed increased insulin sensitivity and resistance to obesity induced by a high fat
diet [211, 212]. This suggests that inhibitors of PTP1B may promote signaling in insulin
resistant states and offer a novel approach to treating diabetes and obesity. Furthermore,
PTP1B function is not restricted to metabolic regulation. The P7P1B gene is located at
chromosome 20g13, which is a region that is frequently amplified in breast cancer and
associated with poor prognosis. It has been reported that PTP1B is over-expressed in breast
tumors, correlating with expression of HER2. Mice expressing activated alleles of HER2 in
mammary glands develop multiple mammary tumors and frequent metastases to the lung;
however, the Tremblay and Neel labs also demonstrated that when such mice were crossed
with PTP1B-knockout mice, tumor development was delayed and the incidence of lung
metastases was decreased [213, 214]. Conversely, MMTV-directed overexpression of
PTP1B alone was sufficient to drive mammary tumorigenesis [213]. Although there remains
some controversy regarding the underlying mechanism, the Tremblay group has proposed
that one mechanism by which PTP1B exerts its effects is via dephosphorylation of p62POK,
and thereby regulation of the RAS/MAPK signaling pathway [213]. These observations
illustrate than in addition to its role in down-regulating insulin signaling, PTP1B is an
important positive regulator of HER2 signaling. Therefore, inhibition of PTP1B function
with small molecule drugs would be expected to enhance signaling in conditions of insulin
resistance and attenuate mammary tumorigenesis and malignancy in HER2-positive breast
cancer.

The challenge of PTPs as therapeutic targets

Diabetes and obesity, together with cancer, represent huge healthcare challenges for the 215t
century and the ability to modulate tyrosine phosphorylation-dependent signaling pathways
selectively holds enormous therapeutic potential in these areas. The first drugs directed
against protein tyrosine kinases (PTKSs) have now entered the market and represent
breakthroughs in cancer therapy. The classic example is Gleevec (STI-571), the small
molecule inhibitor of the p210 BCR-ABL oncoprotein PTK for the treatment of chronic
myelogenous leukemia [215]. In addition, there are antibody-based therapies including
Herceptin (Trastuzumab), which targets the PTK HER2 that is overexpressed in ~25% of
breast tumors [216]. Nevertheless, the overall success rate is limited and a major obstacle is
that patients develop resistance to these therapies. Therefore, the development of novel
approaches to target tyrosine phosphorylation-dependent signaling pathways will have a
profound impact on drug development.

The emphasis in signal transduction-based drug discovery is currently placed on the kinases.
Although PTPs have been garnering attention as potential therapeutic targets, they remain a
largely untapped resource for drug development and are not without their challenges! The
high degree of sequence similarity surrounding the active site of PTPs has been considered a
problem. Nevertheless, it is interesting to consider that in the 1990s it was also thought that
there was too much similarity between kinases to permit generation of specific inhibitors.
Now, not only do most kinase inhibitors target the ATP-binding site, a feature they all share
in common, but also some inhibitors, such as Gleevec, are known to act on more than one
PTK. In fact, Lapatinib (Tykerb), which inhibits the EGFR and HER2 PTKs, shows efficacy
in patients in which Herceptin has failed and was chosen because of its broad specificity!

The extensive biological data validating PTP1B as a therapeutic target for treating diabetes
and obesity fueled considerable excitement in the pharmaceutical industry. Major programs
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were established in pharmaceutical companies, as well as biotechnology and academic
groups, that were focused on developing small molecule inhibitors of PTP1B [217]. These
programs followed standard procedures of looking for active site-directed inhibitors;
however, such efforts have been frustrated by technical challenges arising from the chemical
properties of the PTP active site. The susceptibility of PTPs to oxidation, coupled with the
presence of oxidizing agents and peroxide generators in compound libraries, frequently
confounded high throughput screens. Ultimately, it was possible to generate potent, specific
and reversible inhibitors of PTP1B; in fact, nonhydrolyzable pTyr-mimetics, such as those
pioneered by Zhong-Yin Zhang (Figure 9), were among the most potent [218]. Nevertheless,
such molecules are highly charged, and thus of low oral bioavailability and limited drug
development potential. Consequently, industry views PTPs as challenging, “undruggable”
targets and new ideas are required to reinvigorate drug development efforts.

Back to the future

Despite the fact that “big pharma™ are experts in drug development, they tend to be
somewhat conservative in their approaches, focusing on active site-directed inhibitors of
therapeutic targets. Therein lies the opportunity for those of us working on PTPs in
academia. In the case of PTP1B, we need innovative approaches to generate inhibitors of
this highly validated target that exhibit greater drug development potential. Antisense-based
therapeutics directed against PTP1B have shown efficacy in clinical trials [219], providing
further validation of this target in humans. In my lab, we are approaching this from two
complementary perspectives. One strategy that would avoid targeting the catalytic center of
PTP1B would be to look for allosteric inhibitors. These are inhibitors that bind at a site
remote from the catalytic center, but induce conformational changes in the enzyme that
result in inhibition. Precedence for such approaches comes from the work of Stig Hansen
and his colleagues, who identified a novel allosteric site within the catalytic domain of
PTP1B [220]. This is an approach that is also generating interesting results in the kinase
field [221, 222]. We have identified novel allosteric sites in the regulatory C-terminal
segment of PTP1B and are characterizing small molecules inhibitors that target this site. In a
second, complementary approach, we are trying to harness the normal physiological
regulatory mechanism through which the activity of PTP1B is attenuated by reversible
oxidation. We have identified conformation-sensor antibodies that recognize and stabilize
the reversibly oxidized form of PTP1B selectively, thereby inhibiting phosphatase activity
and enhancing insulin-induced signal transduction [203]. Thus, stabilization of the oxidized,
inactive form of PTP1B with appropriate therapeutic small molecules may offer a novel
paradigm for phosphatase drug development. The search for drug-like small molecules that
mimic the effects of the antibodies is underway.

There is more to PTP-based therapeutic development than just PTP1B! The ability to target
the extracellular segment of RPTPs with therapeutic antibodies may be of benefit, as
illustrated by the importance of PTPs in post-injury axon regrowth in the peripheral and
central nervous system [223]. Great progress has been made in defining the physiological
function of members of the PTP family, with the application of RNAi-based approaches
[224] and animal models [225] continuing to reveal new functional insights. Nevertheless,
many PTPs remain to be characterized extensively, resulting in new opportunities for
biological insights. Overall, the days of phosphatases as housekeeping enzymes are over! |
think there can be no doubt that PTPs display biochemical and biological specificity — but
NOT at the level of one PTP for one PTK. Further characterization will help to reinforce that
message. As further progress is made in defining the signalling function of PTPs and
elucidating novel links to human disease, it is anticipated that new insights into therapeutic
development will be revealed, either at the level of the PTPs themselves or from targets
within the pathways they regulate.
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Figure 1. Protein phosphatasesin signal transduction

The phosphatases that are implicated in the regulation of signal transduction are highlighted
on the left. They are represented by structurally and mechanistically distinct families. The
major categories include the PPP and PPM Ser/Thr phosphatases [3, 47], the haloacid
dehalogenase (HADS) [226] and the largest group, the Cys-dependent PTP family [44]. The
breakdown of the PTPs into individual categories is shown on the right [44].
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Figure 2. Signaling function of Protein Tyrosine Phosphatases

Members of the PTP family have the potential to act negatively in the regulation of
signaling, by dephosphorylating autophosphorylation sites in PTKs themselves or
phosphorylation sites in their downstream targets (upper panel). In addition, PTPs may play
a positive role, for example by dephosphorylating an inhibitory site in a PTK, such as the C-
terminal sites in SRC family PTKSs, thereby activating the kinase and promoting
phosphorylation and signaling (lower panel).
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Figure 3. The sequence motifsthat define the conserved PTP catalytic domain

The figure illustrates a ribbon diagram of a PTP catalytic domain, highlighting the positions
of the conserved motifs (M1-M10) that define the domain. Areas of conservation (blue =
most conserved, red = least conserved) are illustrated using the catalytic domain of PTP1B
as the reference. Reproduced from [42], copyright American Society for Microbiology.
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Figure 4. Comparison of the active site of different member s of the PTP family

A section through the active site of PTP1B (classical, pTyr-specific enzyme), VHR (DUSP)
and PTEN (specificity for inositol sugar head group of phosphatidylinositol phospholipid as
substrate), to illustrate how the architecture of the active site of members of the PTP family

is adapted for their substrate preference (re-drawn from [139]).
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Figure5. Activation of SHP2

In the basal state the active site of SHP2 is occluded by an intramolecular interaction with
the N-terminal SH2 domain. The phosphatase may be activated either by engagement of the
SH2 domains by pTyr sequence motifs in an RPTK or scaffolding molecule, or by mutations
in either the N-SH2 or PTP domains that disrupt their interaction [92].
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Figure 6. Mutual regulation of MKP3 and ERK

A Kinase Interaction Motif (KIM) in MKP3 interacts with ERK specifically, inducing a
conformational change that promotes MKP function. Phosphorylation of MKP3 by the
bound ERK promotes down regulation of MKP by proteolysis [227].

FEBS J. Author manuscript; available in PMC 2014 January 17.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Tonks Page 45

F-Actin —

Actin polymerization
Ca?+
Rac, cdc42, Rho calcineurin
pAKS i COFILIN P
' r/\
LIMK LIMK P SSH P /14-3-3
COFILIN PAK4
Actin depolymerization

G-Actin

Figure 7. Regulation of the actin cytoskeleton by slingshot phosphatases

Slingshot regulates the actin cytoskeleton through dephosphorylation of cofilin as substrate.
The regulation of slingshot illustrates cascade arrangements of both kinases and
phosphatases.
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Figure 8. KAP1 and regulation of the cell cycle
KAP1 regulates the cell cycle through dephosphorylation of Thr 160 in the activation loop
of the cyclin-dependent kinases.
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Figure 9. Specific inhibitors of PTP1B
Potent, specific and reversible inhibitors of PTP1B have been generated, both in industry
and in academia (illustrated here for the work of ZY Zhang [218]). Unfortunately, many,

such as these, are analogues of a pTyr substrate and are thus highly charged, with limited
bioavailability.
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