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Preface

Reversible protein phosphorylation-based signaling forms the basis of various phy-
siological functions. Reversibility of phosphorylation is dependent on the opposing
yet balancing actions of protein kinases (that phosphorylate proteins) and protein
phosphatases (that dephosphorylate these target proteins). While the protein kinases
are reported to be derivatives of a common ancestor, the protein phosphatases have
evolved from distinct mechanistic ancestors that were also structurally discrete. This
book describes protein phosphatases in cellular signaling, and the role of their
structural underpinnings in their catalytic cycle. The book has been divided into
eight chapters that allow the reader to systematically plough through the structural
and mechanistic basis of protein phosphatase function. Special emphasis has been
given to the largest protein phosphatase gene family: the protein tyrosine phospha-
tases. This gene family has evolved from a common ancestor and shares a conserved
catalytic domain and mechanism. Ten conserved motifs in the protein structure allow
for defining the molecular details of its domain’s biochemical function.
Understanding of their molecular regulation is key to dissecting their role in various
pathophysiologies.

The first chapter of this book focuses on the discovery of tyrosine phosphoryla-
tion and its immense impact on the understanding of cellular signaling. Noteworthy
are the earliest experiments that un-covered protein phosphorylation, but failed to
make a mark in understanding human disease. The road to exploration of protein
phosphorylation-based signaling saw both planned and some serendipitous discov-
eries that have allowed researchers to study cell signaling in its present form today.
This chapter also describes the structure and mechanistic role of protein tyrosine
kinases using Src as the model system. The crucial role of phosphotyrosine-
recognition domains including SH2, PTB and atypical phosphotyrosine-recognition
domains has been described with regard to their structure.

The second chapter of this book illustrates the diversity of the protein phospha-
tases. Their structural distinctness allows for their categorization into seven groups.
The protein phosphoserine/phosphothreonine phosphatases make three groups,
namely the phosphoprotein phosphatases, the metal-dependent protein phosphatases
and the aspartate-based phosphatases. The other four groups are the evolutionary
distinct classes of protein tyrosine phosphatases. These include the cysteine-based
class I, I and III protein tyrosine phosphatases and the aspartate containing, haloacid
dehalogenase related, class IV protein tyrosine phosphatases. This chapter describes
the structural and mechanistic features of each group of protein phosphatases (except
class I protein tyrosine phosphatases that are covered in the following chapters).
Conserved structural features, biochemical mechanism and biological function of
each group and its example member has been illustrated.

The third chapter focuses on the molecular details of the conserved class I protein
tyrosine phosphatase catalytic domain. The catalytic domain is an enzymatic machine

https://doi.org/10.1515/9783110421774-201
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of about 280 amino acids that has a central -sheet that accommodates the catalytic
cysteine. Using a two-step mechanism requiring the concerted action of a conserved
acid/base aspartate with the nucleophilic cysteine, the protein tyrosine phosphatase
catalytic domain transfers the phosphatase of a phosphotyrosine residue onto a water
molecule. Conserved glutamines are required to activate these water molecules and a
conserved aromatic amino acid defines the access of the phosphotyrosine substrate to
this molecular machinery. This chapter details the key structural and mechanistic
elements of the catalytic domain, and how they participate in the culmination of its
catalytic cycle. Emphasis has been given to the structural details of biochemical
evidences of the catalytic mechanism. The later part of the chapter also describes the
differences in the catalytic mechanism of the cysteine-based class II and class III
protein tyrosine phosphatases. The unique class IV aspartate-based protein tyrosine
phosphatase catalytic domain and its catalytic mechanism is also explained.

The fourth chapter of this book is dedicated to the receptor protein tyrosine
phosphatases. Eight types of receptor forms of protein tyrosine phosphatases have
been described for their biological role and distinct features that allow for their
classification. The extracellular domains of these proteins allow for their interaction
with varied extracellular matrix components and modulate their role in cellular
signaling. Each type of the receptor protein tyrosine phosphatase subgroup has
been described and their most prominent members have been highlighted. The
chapter provides a comprehensive insight into the varied roles of related receptor
protein tyrosine phosphatases and also illustrates the role of mutations and poly-
morphisms in these proteins in human disease.

The fifth chapter of this book is about a special subset of receptor protein tyrosine
phosphatases that harbor two catalytic domains in their cytosolic portions. Interestingly,
phosphotyrosine phosphatase activity is almost always limited to the membrane prox-
imal domains, whereas the membrane distal domains are inactive and serve as pseudo-
phosphatases. This chapter explains the unique molecular evolution and role of these
silent pseudophosphatase domains in regulating the role of their active, cognate cata-
lytic domains in the bidomain receptor protein tyrosine phosphatases.

The sixth chapter focuses on PTP1B and TCPTP; members of the NT1 subclass of
non-receptor protein tyrosine phosphatases. The nine subtypes of non-receptor protein
tyrosine phosphatases are the cytosolic counterparts to the receptor forms of these
enzymes that operate at the membrane. PTP1B is perhaps the most exhaustively
studied protein tyrosine phosphatase and was also the first phosphotyrosine phospha-
tase to be discovered. The chapter focusses on the role of PTP1B in cancer and its
overreaching impact as a therapeutic target. Molecular mechanism of substrate identi-
fication, role of a second aryl-binding pocket and sensitivity to oxidation of the active
site of PTP1B have also been explained.

The seventh chapter is a continuation on detailing the non-receptor protein
tyrosine phosphatases and explains the biological roles and molecular modes of the
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remaining subtypes. Each subtype has been explained for its reported mechanism,
structure and biological function. Noteworthy is the understanding of specific features
in the distinct catalytic domains of these subtypes that allow for their discretion.
Emphasis has been laid on explaining the biological roles of these subtypes and how
their sequence variation contributes to their molecular function.

The last chapter of this book is about various strategies of drug development that
target the protein tyrosine phosphatases. The chapter documents the various natural
and synthetic compounds that serve as effective inhibitors of these proteins. Binding
modes and structural esthetics of reversible, irreversible, bidentate and allosteric
inhibitors have been explained. The chapter ends with explaining biologics-based
methods for therapeutic targeting of protein tyrosine phosphatases.

At present, this book explains the molecular details and structural elements that
are key to the biochemical and biological function of protein tyrosine phosphatases.
Emphasis has been given to providing a graphical illustration of these modes using
the most relevant and recent protein structures from the protein data bank. In the
present form of the book, research on protein dynamics and dynamics-based allos-
tery of protein tyrosine phosphatases has not been covered. These concepts would
provide the next level of understanding of these proteins and shall be included in
future versions of this book.

Dr. Lalima G. Ahuja
June, 2018
San Diego, United States
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1 Tyrosine phosphorylation in cell signaling:
Discovery and beyond

1.1 Protein phosphorylation

Protein phosphorylation serves as the currency of cellular signaling and allows for
protein functional regulation and spatial control. It is shown to be a key biological
process in both prokaryotes and eukaryotes [1-4], and forms the basis of signaling
pathways as we understand today. Protein phosphorylation is a covalent modifica-
tion wherein a phosphate (PO,>") group is chemically attached to certain residues in
target proteins. The negative charge of the phosphate allows for an alteration in the
conformation of the said protein, thus allowing for a modulation of its function. The
protein’s conformation change depends on its structural context and directly affects
its activation/in-activation, protein—protein interaction with other cognate partners
and also its own recycling in the cell. Many cellular receptors, adaptors, enzymes,
transcription factors, DNA-binding modules and also cytoskeletal proteins are regu-
lated for their spatiotemporal responses using a simple phosphorylation—depho-
sphorylation switch. As much 30% of all proteins in cells are speculated to be
phosphorylated at any given time [5], and alterations in these phosphorylation states
of these proteins are being increasingly linked to diseases and pathophysiology [6].

Protein phosphorylation predominantly occurs on the serine (Ser), threonine
(Thr) and tyrosine (Tyr) amino acid side chains of proteins that form acid-stable
phosphomonoesters using their hydroxyl side chains (Figure 1.1). Histidine (His),
arginine (Arg) and lysine (Lys) residues use their basic side chains to form acid-
labile phosphoramidates. Acidic residues, namely, aspartate (Asp) and glutamate
(Glu) make acyl-phosphates. Cysteine (Cys) residues are phosphorylated on their
sulfhydryl side chains to form thiophosphates. Multisite protein phosphorylation
on serine/threonine and tyrosine residues is a key feature of many eukaryotic
signaling processes [7]. Histidine and aspartate phosphorylations are a hallmark
of the two-component system and multicomponent signaling systems that connect
extracellular stimuli of osmolarity and nutrients to gene regulation in both bacteria
and plants [8, 9]. Histidine phosphorylation is known to be crucial in mammalian
gene regulation with specific relevance in cardiovascular physiology and heart
diseases [10, 11]. Phosphoproteome analysis of the mammalian heart mitochondria
has identified histidine and cysteine phosphorylations on pyruvate dehydrogenase and
sarcomeric mitochondrial creatine kinase [12]. Histidine and cysteine phosphorylation
are also shown to be important for the regulation of phosphoenolpyruvate-dependent
carbohydrate transport system in prokaryotes [13]. As the phosphoramidates of argi-
nine and lysine are difficult to detect, their significance is presently understudied.
These nitrogen phosphorylations have been detected in histone proteins [14], but their
biological role is still uncertain.

https://doi.org/10.1515/9783110421774-001
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Figure 1.1: Molecular structure of phosphoamino acids.

The protein phosphorylation realm is composed of four components (Figure 1.2).
The first component comprises of protein kinases (also called the eukaryotic
protein kinases [EPKs]) that transfer the terminal y-PO,” from the high-energy
molecule adenosine 5’ tri-phosphate (ATP) onto the target proteins [15]. This
superfamily of enzymes constitutes only ~2% of the human genome, but controls
all of protein phosphorylation-based signal transduction. On the basis of their
biochemical features, the EPKs are classified into seven groups. These are the
serine/threonine-specific AGC kinases; the calcium (Ca®*)/calmodulin-dependent
CaM kinases; CDK, MAPK, GSK3 and CLK-containing CMGC Kkinases; tyrosine
kinases (TKs); tyrosine kinase-like kinases (TLK); STE kinases that are homologues
of yeast sterile kinases and casein kinases. All EPKs have a conserved kinetic
core that is mechanically equipped to carry out the phosphotransfer process on
their target proteins. These target proteins, also called as the “substrate pool” or
simply substrate proteins, form the second component of phosphorylation-based
signaling realm.

These substrate proteins include, but are not limited to, cytoplasmic receptor tails,
transcription factors, transcriptional regulators, ion channels, adaptor proteins,
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Protein kinase

Figure 1.2: The realm of reversible protein phosphorylation.

cytoskeletal proteins and also protein kinases themselves [6]. Autophosphorylation of
protein kinases forms an exquisite mode of self-regulation, wherein phosphorylation
of cognate protein kinases gives rise to signaling cascades that regulate multiple
cellular processes (Figure 1.3) [16, 17]. The third competent of the protein phosphoryla-
tion realm is composed of adaptor proteins that contain domains that recognize
and bind to phosphorylated substrate proteins, and form the links between various
cellular processes. These specialized domains recognize only specific phosphorylated
sequences on proteins to elicit an exact response. Phosphoserine, phosphothreonine
and phosphotyrosine-specific binding domains are found in various subcellular
proteins and have been keenly studied [18]. The fourth component of the phosphor-
ylation-based signaling is the enzymes that reverse protein phosphorylation and hence
shut down signaling processes. These enzymes are called protein phosphatases, and
depending on the residues that they hydrolyze, these are classified into phosphoser-
ine/phosphothreonine phosphatases, dual-specificity phosphatases, protein tyrosine
phosphatases and protein histidine phosphatases [19-22].
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Figure 1.3: Signaling cascades as
Response

regulated by protein kinases.

1.2 Origins and early work

The presence of protein phosphorylation was first detected in the egg yolk protein,
vitellin, by P.A. Levene and C.L. Alsberg from Rockefeller Institute of Medical Research
at New York, United States, as early as in 1906 [23]. It took another 26 years to elucidate
that this phosphorylation of vitellin was a phosphoserine [24]. Protein phosphorylation
was mainly associated with silent functions, wherein the negative charge provided by
the phosphate group was thought to keep proteins like vitellin and casein (milk
proteins) evenly dispersed in work media. In 1930, the proteolytic enzyme pepsin
was reported to contain stoichiometric amounts of phosphate per gram of protein
[25]. At this time, protein phosphorylation was thought as a metabolic reaction, and
it was not until 1954 that it was established to be a reversible enzymatic process [26]. In
1940s, Carl and Gerti Cori, while working on glycogen metabolism, showed that the
enzyme glycogen phosphorylase could exist in phosphorylated and unphophorylated
forms [27]. They also reported an in vitro interconversion between these two forms,
which they called phosphorylase a and phosphorylase b [28]. As no in vivo evidence or
significance of this reaction was elucidated by them, this first interconversion rever-
sible reaction went unappreciated. In the 1950s, Earl Sutherland and Thomas Rall, at
Case Western Reserve University, were working on glycogen phosphorylase in the
liver. They found that both epinephrine and insulin elicited a common response by
increasing the amounts of 3’,5’-cyclic-adenosine monophosphate (CAMP) in liver cells.
This indicated that cAMP was a “second messenger,” a mediator of cellular response
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that relayed the action of external hormones into the insides of the cell [29]. At the same
time, Edwin Krebs and Edmond Fischer focused on the interconversion of phosphor-
ylase a and phosphorylase b in muscle extracts. They found that the energy molecule
ATP was required for the conversion of inactive phosphorylase b into the active form
phosphorylase a [30]. In addition, phosphorylation of phosphorylase b occurred on a
specific serine residue, and required a divalent metal cofactor for the process. The
enzyme that catalyzed the conversion of phosphorylase b into phosphorylase a was
called phosphorylase kinase, whereas the enzyme catalyzing the reverse reaction was
named phosphorylase phosphatase. Consequently, the work of Krebs and Sutherland
converged into the identification of phosphorylase kinase as a substrate for a cAMP-
dependent protein kinase A (named as PKA). In 1968, D. Walsh purified PKA from
rabbit skeletal muscle [31], and in the next few years it was established that PKA was
the same as the glycogen synthase kinase discovered in 1963 by Joseph Larner and
Daniel Friedman [32]. The implications of these studies were multifold. These studies
elucidated a novel system of cellular communication that linked hormone action to
protein phosphorylation. The widespread abundance of PKA in mammalian tissues
prompted J.F. Kuo and Paul Greengard to postulate the unifying theory of cAMP-
mediated cell signaling by protein kinases [33]. This forms the basis of cellular signal-
ing as we understand today. The realization of multiple substrates for PKA hinted
toward the idea of protein kinase cascades that regulated protein phosphorylation.
Multisite protein phosphorylation as suggested by Philip Cohen [34] was later known to
be the norm rather than the exception. Finally, combined with the discovery and
studies on G-protein heterotrimeric receptors by Alfred Gilman, Martin Rodbell, and
Robert Lefkowitz [35], these studies formed the outlines of canonical signal transduc-
tion pathways that use protein phosphorylation as a core post-translational modifica-
tion mechanism for cellular control.

1.3 Tyrosine phosphorylation: Discovery and beginnings

While the role of serine and threonine phosphorylation was well established in 1950s
and 1960s, tyrosine phosphorylation remained undiscovered till late 1970s.
Phosphotyrosine was rather serendipitously discovered in 1979 via the study on
tumor viruses, namely, polyomavirus T antigen, the Rous sarcoma Src protein, and
the Abelson leukemia virus Abl protein [36-38]. In a detailed commentary in the
journal Cell [39], Tony Hunter and Walter Eckhart explain the role of aged running
buffer for cellulose thin layer chromatography as being critical in the rather sudden
discovery of phosphotyrosine from the polyomavirus middle T antigen. A subtle
drop in the pH of the buffer from 1.9 to 1.7 units allowed for a differential migration
of the phosphotyrosine in between phosphoserine and phosphothreonine markers
(Figure 1.4). As phosphotyrosine was unreported at that time, Tony Hunter devised a
two-dimensional separation system for the phosphoamino acids, even synthesizing
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Figure 1.4: Historic moment leading to the discovery of phosphotyrosine. Adapted from Ref. [39].

his own phosphotyrosine marker by mixing tyrosine and POCls. Subsequently, Tony
Hunter and Bart Sefton reported their findings on v-Src and c-Src tyrosine phosphor-
ylation both in vitro and in vivo [37]. In 1980, Marc Collett, Tony Purchio and Ray
Erikson purified v-Src and demonstrated its ability as a protein tyrosine kinase (PTK)
for a diverse variety of substrate proteins [38, 40]. However, specialized techniques
were now used to distinguish phosphotyrosine from phosphothreonine that migrated
closely on cellulose chromatograms. This prompted many researchers to revisit the
previously reported phosphothreonine kinases. One such protein was the epidermal
growth factor receptor (EGFR) that was reported to be protein threonine kinase in
1978 by Stanley Cohen and coworkers [41]. The authors went back on the assays and
indeed discovered EGFR to be phosphorylated at a tyrosine residue. This study [42],
while accepting the scientific process of revalidation, also provided a vital link
between growth factor signaling and retroviral oncoprotein-based signaling. The
string of events that followed these studies laid the steps for the discovery of the
first protein tyrosine phosphatase.

As the phosphotyrosine abundance in cells is much less than phosphoserine and
phosphothreonine (~0.05% for phosphotyrosine compared to 90% phosphoserine
and 10% phosphothreonine), phosphotyrosine remained undetected from whole
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cells extracts for a long time. In 1980, temperature-sensitive mutants of Src were
studied for the analysis of phosphotyrosine-based signaling in transformed cells.
Levels of phosphotyrosine were seen to increase at permissive temperatures, but
rapidly decreased to basal state with a shift to nonpermissive temperatures [43]. This
hinted toward the presence of protein tyrosine phosphatases (PTPs) that must oper-
ate alongside the PTKs to maintain basal phosphotyrosine in the homeostatic cell.
Initial efforts to identify PTPs focused on studying the then-known phosphoserine
and phosphothreonine phosphatases for their ability to hydrolyze a phosphotyro-
sine. Protein phosphatase PP1 was initially speculated to be the first PTP, but was
eventually shown to be devoid of any phosphotyrosine hydrolase activity [44].
However, PP2A and PP2C were shown to harbor PTP activity under nonphysiological
Mg?* levels and high pH [45]. PP2B/calcineurin was shown to hydrolyze the phos-
photyrosine of the EGF receptor at similar kinetics for phosphoserine/phosphothreo-
nine hydrolysis [46]. Multiple cell and tissue fractions were purified by diverse groups
to have varying levels of PTP activity [47-50]. Interestingly, PTP biochemistry includ-
ing its inhibition by Vanadate [51] and Zn** [52] were discovered much before the first
PTP itself. PTP dependence on reducing agents for proper catalysis was also realized
through these preliminary studies [53, 54).

The discovery of the first PTP was laden with various problems, mostly owing to
the lack of tissue homogenates for their proper identification [55]. While enriched
tissue fractions were available for analysis, PTP activity was mostly only monitored
by the cleavage of the small molecule para-Nitrophenyl Phosphate (pNPP). As
recombinant DNA technology was not available at that time, it was difficult to
produce the known substrates from hormone receptors to identify PTPs with cer-
tainty. Researchers tried to use tyrosine-phosphorylated samples of Bovine Serum
Albumin (BSA) and phosphorylase as more generous substrates [48, 52]. However,
the poor solubility of highly charged proteins, nonspecific phosphorylations, multi-
ple tyrosine phosphorylations and nonstoichiometric labeling were major challenges
for assay conditions. In 1986, Ronald Kohanski and Daniel Lane used chemically
modified lysozyme as a potent substrate of the insulin receptor kinase. They then
used these tyrosine-phosphorylated chemically modified lysozyme fractions as a
direct substrate to identify PTPs [56]. This indirect, but methodical, approach cleared
a vital bottle-neck in the identification of cellular PTPs. In the late 1980s, Nicholas
Tonks and coworkers started to focus on the human placenta a source for PTPs based
on literature reports highlighting high PTK activity in them [57]. Indeed the first PTP
was purified from the human placenta in 1988 [58]. The anion-exchange method used
for the purification yielded two major peaks in the salt gradient. The first fraction at a
low salt of 50-70mM NaCl was named PTP1A and the second peak eluting a higher
salt of 100 mM NaCl was named PTP1B. Thio-tyrosine-phosphorylated EGF and
insulin receptor (IR) fragments were used to immobilize and enrich the DEAE frac-
tions eluted with high salt to obtain monomeric homogenous and 20,000 times purer
fractions of PTP1A and PTP1B [58]. Both PTP1B and PTP1A were biochemically
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distinguished from phosphoserine/phosphothreonine phosphatases by chemical
assays and peptide mapping. Unlike phosphoserine/phosphothreonine phospha-
tases, PTP1A and PTP1B were inhibited by vanadate, molybdate and also Zn*.
These were unaffected by NaF and thermostable inhibitors of protein phosphatasel
(PP1). In the subsequent year, PTP1B was sequenced by Edman degradation and a
new superfamily of enzymes was detailed for the research community [59]. This book
focuses specially on the structure, function, regulation and biological implications of
this PTP superfamily of proteins.

1.4 Tyrosine phosphorylation: Current significance

An enormous body of work is now available for understanding the role of tyrosine
phosphorylation in cellular signaling. The major milestones in this work are tabulated in
Table 1.1. The emergence of the tyrosine phosphorylation is associated with cellular
communication that evolved in metazoans. The simplest PTK genes have been identified
for sponges [60], coelenterates [61] and also Dictyostelium [62]. The evolutionary

Table 1.1: Major milestones in phosphotyrosine-based signaling research.

Timeline
1979 - Discovery of “phosphotyrosine” on polyoma virus middle T-antigen
1980 - v-Src and c-Src are PTKs
- v-Ablis a PTK
— EGFR is a protein tyrosine kinase
1981 —-IRis a PTK
1982 - v-Src signaling is related to PKA signaling
- Platelet-derived growth factor receptor (PDGFR) is a PTK
1983 - Polyoma virus middle T activates Src
1985 — Bcr-Abl fusion detected in chronic myelogenous leukemia
— Src is regulated by tyrosine phosphorylation
1986 - Src is phosphorylated at Tyr527 (segment deleted in v-Src)
— Trk human tumor oncogene encodes a PTK
1988 - PTP1B is purified and sequenced
— CD45 lymphocyte receptor is related to PTP1B
1989 — Cdc2 is regulated by tyrosine phsophorylation
1990 - Yersinia plasmid encodes a PTP
— SH2 domains bind phopshotyrosine
1991 - ¢-Src knockout causes osteoporosis
1992 — Structure of SH2 bound to phosphotyrosine containing peptide
1994 — Structure of PTP1B
1995 — Structure of IR PTK domain
1997 — Structure of c-Src in the inactive state

— Structure of PTB domain
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significance of the use of phosphotyrosine for signaling over phosphoserine/phospho-
threonine is not immediately obvious. For a protein pool to be regulated by phosphor-
ylation, there must be an optimal balance between the action of kinases and
phosphatases to allow for distinct basal and excited states [63]. The intrinsic kinetic
activity of phosphoserine/phosphothreonine kinases and phosphatases is inherently
similar. Also the levels of phosphoserine/phosphothreonine kinases and phosphatases
in cells are fairly same. This indicates that differential substrate affinities of kinases and
phosphatases are being utilized for maintaining a balance in the basal phosphoserine/
phosphothreonine levels in the cell. In contrast, the PTPs are over three order of
magnitude faster than PTKs [64]. This explains the low levels of phosphotyrosine
(~0.05% of the total phosphorylations) found in cellular extracts [65].
Phosphotyrosine signaling is hence both transient and specific and low basal levels of
phosphotyrosine substrates are maintained in the signaling pool. This allows the system
to be accurately inducible with maximal sensitivity and desired amplitude. Another
aspect of phosphotyrosine signaling is the evolutionary emergence of phosphotyrosine
recognition domains like SH2 and PTB domains that allow for signaling relays for
efficient signal transfer. The higher binding energy for a bulkier phosphotyrosine
(when compared to a phosphoserine/phosphothreonine) may have allowed for the
creation of more complex networks of protein—protein interaction and cellular response.

1.5 The protein tyrosine kinases

The EPK family consists of ~518 genes [15], of which PTKs form 18% (~95 genes) and
protein TLKs constitute 8% (~45 genes) of the total complement (Figure 1.5). PTKs
can further be categorized into membrane-bound forms (receptor tyrosine kinases
[RTKs]) and the cytoplasmic proteins TKs (non-receptor tyrosine kinases [NRTKs]).
The human genome contains 58 RTKs that can be further divided into various
subfamilies [66] (Figure 1.6). All of the RTKs share a general molecular architecture.
This is made of three regions: extracellular domains that look to the outside of the
cells for ligand binding, transmembrane regions that span the cell membrane and
intracellular regions containing the catalytic kinase domain. Many of the hormone
receptors like the IR, EGFR, fibroblast growth factor receptor, PDGFR, nerve growth
factor receptor (NGF) and also the vascular endothelial growth factor receptor
(VEGF) are all RTKs. The diverse array of their extracellular regions is composed
of various globular domains that allow for ligand binding and also receptor dimer-
ization. These domains include the immunoglobulin (Ig-like) domains, fibronectin
type IlI-like domains, cysteine-rich domains and also cadherin and discoidin. The
intracellular portion consists of a juxta-membrane region, the kinase catalytic
domain and a C-terminal region. Substantial sequence diversity is seen in the
juxta-membrane and the C-terminal regions. The PDGF family of RTKs has a ~100
residue insertion in-between its juxta-membrane region and the kinase catalytic
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Figure 1.5: Protein kinase superfamily of proteins and their evolutionary relationships with each
other. Kinase tree adapted from http://kinase.com/human/kinome/.

domain. The cytosolic NRTKs subfamily of PTKs consists of various oncogenes
including Src kinase, Abl kinase and also the Janus kinases (Jaks). Many of the
NRTKs contain accessory domains other than their kinase domains to assist in
signal amplification or regulation by protein—protein, protein-lipid and also pro-
tein—-DNA interactions (Figure 1.7). These domains include the Src homology
domain (SH2) that itself recognizes and binds to a phosphotyrosine. The Abl kinase
contains a nuclear localization signal that allows for its presence in both the cytosol
and the nucleus. Abl kinase also contains F actin-binding and DNA-binding
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Figure 1.7: Classification of NRTKs.

domains. The JAKs have an N-terminal kinase-like domain that lacks any phospho-
transfer activity. This domain occurs in tandem with a fully functional protein
kinase domain.

1.5.1 The protein tyrosine kinase catalytic domain

Crystal structures of the catalytic domain of various RTKs and NRTKs are available
in the Protein Data Bank (PDB). The overall structure is highly conserved and is a
signature of the EPKs superfamily in general [67]. These catalytic domains have a
bilobal structure with a small N-lobe and a larger C-lobe (Figure 1.8). The C-lobe is
made primarily of a-helices and the N-lobe is made of five stranded B-sheet and a
conserved aC helix. The active site is formed between the two lobes that bind both
the nucleotide (ATP) and peptide/protein substrate. An activation loop connects
the two lobes. A conserved Asp—Phe—Gly motif (DFG motif) is situated at the base of
this activation loop. A conserved salt bridge (Lys72-Glu91 in PKA; Lys298-Glu313 in
Src) is a signature of the protein kinase catalytic domain. A glycine-rich loop lies
between the B1-B2 that contains a conserved hydrophobic residue (Phe/Tyr). This
loop folds over the nucleotide ATP to close the catalytic domain during catalysis.
The peptide substrate binds in an extended conformation spanning the active site
left and the C-lobe. The extended conformation allows for the positioning of the
target tyrosine to face the y-PO, of ATP during catalysis. Catalysis requires a
concerted action by key residues from a conserved loop called the catalytic loop
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Figure 1.8: Structure of the conserved protein kinase domain. The hydrophobic core of the domain
contains the regulatory and catalytic spines.

that forms the base of the active site. Conserved aspartate (Asp166 in PKA) engages
with the hydroxyl group of the substrate peptide while a conserved asparagine
(Asn171 in PKA) allows for its proper orientation. Another conserved aspartate
(Asp184 in PKA) is responsible for binding the divalent metal ions. As a part of
the conserved DFG motif, this asparagine’s own optimal conformation is regulated
by the conformation of the activation loop.

There are two important conformational transitions required for the kinase cata-
Iytic domain to function. The first transition requires the conversion of the inactive
kinase domain to an active conformation that is catalytically competent. Activation of a
kinase domain requires changes in the conserved aC helix, release of inhibitory
domains and assembly of the inner hydrophobic skeletal network. Phosphorylation
of the activation loop between the N- and C-lobes of the kinase domain forms an almost
universal mechanism of PTK regulation [66]. For example, in the IR kinase domain, its
activation loop must be phosphorylated at three tyrosines to be activated [68, 69]. In
the inactive unphosphorylated state, the activation loop folds into the active site to
occlude both nucleotide and peptide binding. Autophosphorylation of this activation
loop allows for the opening of this active site and proper orientation of the DFG motif
residues required for catalysis. Once the active conformation is achieved, the kinase is
able to toggle between the “Open” and “Closed” states that are associated with the
phosphotransfer process. The apo, activated enzyme is in the open conformation that
binds the nucleotide-Mg?* to form a catalytic intermediate. Binding of the peptide
allows for the kinase to access the closed conformation that supports the transfer of the
phosphate from the ATP to the tyrosine of the peptide. Once the products are formed,
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the kinase releases the phosphorylated peptide/protein and the nucleotide ADP to
cycle back to the open conformation.

The PDB contains various structures of protein kinases in their active and/or
inactive forms. For example, Src has been crystalized and solved in both inactive
(PDB ID: 2SRC) and active (PDB ID: 3DQW) conformations. Analysis of these various
inactive versus active structures of protein kinases has allowed for the identification
of a hydrophobic core skeleton in the kinase core by advanced computational
methods [70]. Overall 18 amino acids at the core of the kinase domain form this
hydrophobic skeleton (Figure 1.9). Kornev et al. used local spatial alignment tools to
identify four nonconsecutive residues that aligned as a “spine” in only the active
kinase structures. This spine was called the regulatory or the R-spine. The R-spine
contains elements from the conserved aC helix and also the Phe from the conserved
Asp-Phe-Gly motif. The R-spine interacts with an aspartate (Asp220 in PKA; Asp447
in Src) in the conserved oF helix at the kinase core. The R-spine contains two residues
from the N-lobe (Leu106 in PKA; Leu325 in Src and Leu95 in PKA; Met314 in Src) and
two residues form the C-lobe (Phel85 in PKA; Phe405 in Src and Tyr164 in PKA;
His384 in Src). Another motif comprised of eight residues is called the catalytic or the
C-spine. This has two residues from the N-lobe (Val281 and Ala293 in Src) and six
residues from the C-lobe (Leu346, 11e392, Leu393, Val394, Leu451 and Leu455 in Src).
The C-spine is completed by the binding of the nucleotide ATP in the active site cleft;
hence, this spine is called the catalytic spine. The completion of the C-spine primes
the kinase for catalysis. Three remaining residues of the hydrophobic skeleton are

Catalytic Regulatory
spine . 9 spine

Regulatory
spine
. Activation loop broken

phosphorylated
Activation loop
nonphosphory-
lated

ACTIVE SRC INACTIVE SRC
(PDB : 3DQW) (PDB : 2SRC)

Figure 1.9: An assembled regulatory spine is a characteristic feature of an active kinase.
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called the “shell” residues. Their importance in supporting the R-spine was estab-
lished by site-directed mutagenesis and biochemical analysis [71]. One of these shell
residues is also called the “gate keeper” (Met120 in PKA; Thr341 in Src) as it guards
access to small inhibitors to a conserved pocket adjacent to the adenine binding
pocket.

1.5.2 Protein tyrosine kinases: Src as a model

Protein kinase activity needs to be tightly regulated to prevent havoc in the cell by
nonspecific or overphosphorylation of substrate proteins. While kinase-specific
mechanisms exist for this regulation, related kinases are seen to have similar
modes of modulation. For example, receptor dimerization is an important process
for the RTKs including the IR kinase, PDGF receptor and also EGF receptors [69].
Dimerization of the extracellular domains and their association with ligands forms
the requisite conformation for the autophosphorylation and activation of these RTKs.
Sometimes, like in the case of Erb3 EGF receptor, higher order complexes may be
required for downstream signaling [69]. PTPs not only counter the signal of these
RTKs, but also help in inactivating these RTKs themselves by removing the phos-
phates from the tyrosine(s) of their activation loops [55]. Final downregulation of
RTKs also occurs through various processes including endocytosis [72] and ubiquiti-
nation followed by proteolysis [73].

In NRTKs, various modulatory domains are found adjacent to their catalytic
domains (Figure 1.7). Many of these domains not only function in downstream signal-
ing, but also in the regulation of the NRTK activity itself. The domain organization and
gene structure of Src family of kinases is shown in Figure 1.7. This family includes nine
NTKs, including Src, Lck, Hck, Fyn, Blk, Lyn, Fgr, Yes and Yrk. All of these have a
conserved domain organization that contains the kinase domain (SH1), SH2, SH3 and
SH4 domains. The SH4 domains serve as a membrane targeting domain through its
myristylation or palmitoylation [74, 75]. A unique sequence adjacent to the SH4 domain
distinguishes the various family members. A unique feature of this family of kinases in
the presence of a tyrosine phosphorylation site in their C-terminal that serves as an
inhibitory site [76]. While activation of Src family of kinases requires the phosphoryla-
tion of their activation loop (Tyr 416 in Src), phosphorylation of the C-terminal tail
tyrosine (Tyr 527) is a signature of the inactive state. In addition, the activation loop
tyrosine is an autophosphorylation site, while the carboxyl-terminal tyrosine is a
substrate site for another regulatory kinase. For Src this site is phosphorylated by
Csk or its homologue Chk [77, 78]. Phosphorylation of this tyrosine causes the SH2 and
SH3 domains of Src to fold over the kinase domain to lock it into an inactive conforma-
tion. In the resting state, Src is phosphorylated on its carboxyl-tail at Tyr 527. A deletion
of this carboxyl-tail as seen in v-Src or its substitution to a phenylalanine causes it to be
constitutively active [79, 80]. Both these mutant forms of Src are seen to be highly
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phosphorylated on their activation loop Tyr 416, indicating a reciprocal relationship in
their phosphorylation states.

1.5.3 Regulation of Src tyrosine kinase

Src activation is regulated by a conformational “latch, clamp and switch” model. In
the inactive state, Src is phosphorylated at Tyr 527 such that its latches onto its own
SH2 domain. In addition, the SH2-linker spans the SH3 domain as it folds over the
kinase domain (Figure 1.10). Although the linker lacks the signature PxxP motif
required for SH3 domain binding, the sequence adopts a left-handed polyproline
type 1I helical conformation to fit into the SH3 domain. The SH2 and SH3 domains
pack against in the kinase domain of Src at the opposite side of the catalytic cleft. The
SH3 domains pack against the N-lobe, while the SH2 domain binds the C-lobe of the

Gly-rich

Tyrosine
kinase pY#16

C-lobe

ACTIVE SRC
(PDB : 3DQW)

NH,

Tyrosine
kinase

~ooc

pY527

INACTIVE SRC
(PDB : 2SRC)

Figure 1.10: Activation and regulation of Src kinase.
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kinase domain. This is the clamped inactive conformation. These interactions perturb
the catalytic kinase domain so that the conserved lysine (Lys295) and the aC helix’s
glutamate (Glu310) are distorted into an inactive conformation. Also the activation
loop adopts an a-helical conformation that occludes the autophosphorylation of Tyr
416 or the substrate protein.

Unlatching of the SH2 domain from pTyr527 forms the prerequisite of the activa-
tion process. This can happen through a random probability of equilibrium dissocia-
tion of the pTyr527 from SH2 domain; or if the SH2 domain is sequestered away by
interacting proteins or substrates. In this unique way, the domain organization of Src
family of kinases allows for an intrinsic coupling of its activation to signal targeting
[81]. Release of Src from the inactive confirmation is aided by the sequestering of its
SH2 or SH3 domain by cognate partners [80].

Dissociation of the SH2 domain from pTyr527 allows it to be accessible to various
tyrosine phosphatases to prevent its reassembly into the clamped position. Candidate
tyrosine phosphatases that act on pTyr527 include cytosolic PTP1B and SHP1 and also
the receptor-bound tyrosine phosphatase domains of PTPa, PTPA and CD45 [82].
Following the dephosphorylation of Tyr527, the clamped position is released, and
the activation loop Tyr416 is autophosphorylated. This finally switches Src from an
inactive to an active kinase state.

Src forms an interesting model system for the use of targeting domains for auto-
regulation. The SH2 and SH3 domains have moderate affinity for the Src sequences
itself, but are sufficiently strong to bind Src in an inactivate conformation. However,
both the SH2 and SH3 domains become activated by strong binding domains that exist
in other proteins. These stronger binding partners readily out-compete the intramole-
cular interactions to make cognate complexes with Src. Simultaneously, the weak
intramolecular interactions make sure that only strong binding partners are selected
for activation and working of Src. Src uses its SH2 domain to bind to the phosphory-
lated forms of Cas, FAK, Paxillin and also growth factor receptors including EGFR and
PDGF [83, 84]. SH3 domains of Src recognize and bind substrates like Shc, phospha-
tidylinositol 3-kinase (PI3K), Cas and Tks5 [85, 86]. In a cascading effect, activated Src
can further phosphorylate these binding partners to create more binding sites for
molecular adapters that can amplify the signal.

Deactivation of Src essentially requires the reversal of the “latch, clamp and
switch” mechanism. Switching of Src to inactive state is dependent on the depho-
sphorylation of pTyr416. The established tyrosine phosphatase for this role is PTP-
BAS that is a ubiquitously expressed cytosolic enzyme with a PTP domain, FERM
domain and also five PDZ domains [82]. The reversal of the release of the clamp can,
however, override the reversal of the switching mechanism. This means that even
when Tyr416 is phosphorylated, phosphorylation of Tyr527 by Csk and Chk can push
Src into a clamped position [87]. In this clamped position of the doubly phosphory-
lated Src, pTyr527 is masked by the SH2 domain. This makes pTyr416 selectively
prone to dephosphorylation by phosphatases including PTP1B and PTPa to inactivate
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Src [88]. In summary, four phosphorylated forms of Src exist: (a) unphophorylated
Src, (b) pTyr527 Src, phosphorylated only at the C-terminal tail (this is the inactive
latched clamped conformation); (c) pTyr416 Src, phosphorylated at the activation
loop (this is the active, catalytically competent Src) and (d) pTyr527 and pTyr416 Src,
phosphorylated at both the C-terminal tail and the activation loop. Phosphorylation
at the C-terminal Tyr527 excludes phosphorylation at Tyr416 due to folding of the Src
domains on itself in an inactive clamped conformation. Phosphorylation at the
activation loop Tyr416 is indifferent to phosphorylation of Tyr527, which continues
to be a substrate site for Csk and Chk kinases. The formation of the doubly phos-
phorylated Src attempts to fold the molecule into the clamped inactive conformation
that facilitates the selective dephosphorylation of pTyr416 .

1.6 Phosphotyrosine recognition domains

The phosphotyrosine recognition domains provide for a reversible spatiotemporal
regulation of protein—protein interaction in signal transduction. These domains bind
to interacting proteins as decided by the affinity of their binding sequences [89]. These
domains help to tie-in the signaling web of phosphotyrosine-based signal transduc-
tion. The domains are found in a variety of proteins with diverse catalytic and non-
catalytic functions. Their recruitment to phosphotyrosine sites allows for the activation
and functioning of their host proteins that mediate downstream signaling. At present,
there are essentially two kinds of phosphotyrosine recognition domains known to the
scientific community. These are the SH2 domains and the phosphotyrosine interacting
domain (PTB). The human genome contains about 121 member of the SH2 domain
family [90] and about 60 proteins that contain phosphotyrosine recognition domains
[91] (Figure 1.11). A number of these domains are associated with hypothetically
annotated proteins whose functions still need to be discovered. Nonetheless, the
large numbers of these domains and diversity of protein kinases in the genome allow
for a tight modulation of signaling, preventing it from misfiring. It ensures that only a
few necessary substrates are utilized in the need of the cell and that the signal is either
amplified or nullified depending on the binding of the modular partner.

The phosphotyrosine recognition domains ensure a basal level of cell signaling
and activation following a stimulus for protein kinases. Mutations in these domains or
their binding sequences have hence been increasingly linked to various human dis-
eases and pathophysiologies. Mutation in the SH2 domain of Bruton tyrosine kinase is
linked to the atypical XChromosome-linked agammaglobulinemia [92]. XChromosome-
linked lymphoproliferative syndrome is associated with a mutation in the SH2 domain
of the SH2 domain containing protein 1A (SAP) [93]. Noonan syndrome that is char-
acterized by congenital heart defects and reduced postnatal growth is linked to muta-
tions found in the SH2 domain of the protein phosphatase SHP-2 [94]. While this set of
mutations in SHP-2 are “gain of function” and activate the phosphatase, less
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Figure 1.11: Domain organization of SH2 and PTB domain-containing proteins.

conservative mutations in the same regions of the SH2 domain of SHP2 are linked to
juvenile myelomonocytic leukemia [95]. As mentioned previously, mutation in the
C-terminal tail of Src kinases prevents its autoregulation mediated by the SH2 domain
and is sufficient to cause malignancies [96]. Efforts are being made to pharmaceutically
target the SH2 domains of Grb-2, Src, SHP-2, ZAP-70, Lck and also PI3K as potential
treatments for cardiac disease, osteoporosis and cancer. In a rat model of parathyroid-
hormone-induced bone resorption, inhibitors against the SH2 domain of Src have been
shown to be effective against osteoclast activity [97].

1.6.1 SH2 domains: Discovery and selectivity

The discovery of the SH2 domain opened unprecedented opportunities for the appre-
ciation of phosphotyrosine-mediated signaling and how it affects various aspects of
human development and disease. The domain was serendipitously discovered in 1986
as a 100 amino acid insert required for the oncogenic activity of the v-Fps/Fes gene of
Fujinami sarcoma virus [98]. Mutagenesis of this insert resulted in impaired cell
transformation of Rat-2 cells with impaired protein kinase activity of the v-fps poly-
peptide in vivo. However, overexpression of the mutant insert containing gene in
bacterial expression systems showed no effect on kinase activity of the gene in vitro.
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This meant that the insert was regulating the kinase activity of the gene in the environs
of the eukaryotic cell. Analysis of the insert sequence in related protein kinases
allowed for its identification as a conserved sequence, N-terminal to the kinase domain
of the Src family of tyrosine kinases. As the kinase domain was described as the SH1
domain, this insert was named as the Src homology 2 (SH2) domain [99].

In 1993, it was determined that SH2 domain binding to phosphotyrosine regions
was decided by the sequence flanking the phosphotyrosine residue itself [89, 100].
Affinity of SH2 domain for its target sequence was measured to be between 0.2 to 5.0
UM. This is about a 100-fold better over a random sequence that binds with only ~25 uM
affinity. Variations in the canonical binding mode of SH2 domains to their interacting
sequence gives rise to diversity as well as selectivity [100, 101]. For example, the Src
family of SH2 domains bind the pYEEI sequence, the Grb2 protein SH2 domains bind
PYXNX sequence and SH2 domains from PI3K bind the pY @X¢ (where ¢ is a hydro-
phobic residue) [89, 102]. Phosphotyrosine recognition alone accounts for the major
energetic contribution for SH2 domain binding [103]. This allows for a strong discrimi-
nation between the phosphorylated and nonphosphorylated sequences. Residues at
the C-terminus of the phosphotyrosine contribute additional weak interactions that
generate cumulative binding free energy. The distributed nature of these binding
interactions allows for quickly terminating the phosphotyrosine signal once the
sequence dissociates from the SH2 domain and is promptly dephosphorylated by PTPs.

1.6.2 SH2 domains: Structure and function

Structural studies on the SH2 domain show a conserved fold consisting of a four or
three stranded antiparallel B-sheet flanked by two o-helices [104] (Figure 1.12).

e

bacssscscssssssssssssnasnnnsasansd

SH2 domain (PDB : 2SRC) pTyr binding pocket

Figure 1.12: Structure and mode of binding of phosphotyrosine containing peptide to SH2 domains.
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Key residues required for phosphotyrosine recognition are also conserved in a Phe-
Leu-Val-Arg motif. The surface of the domain is highly positively charged so as to
efficiently bind the negatively charged phosphotyrosine. The bound phosphopeptide
spans this B-sheet in a perpendicular and extended conformation. The phosphotyr-
osine lies in a moderately deep binding cleft and is held in position by an elaborate
network of hydrogen bonds and electrostatics [105]. Two arginine residues, one from
the aA and the other from the BB strand, fold the phosphotyrosine in the binding
pocket. Residues at the C-terminal of the phosphotyrosine are recognized by the BG
and EF loops. On the basis of the structural features of these loops and the binding
surface of the SH2 domain, three classes of SH2 domains have been proposed. The
first is the phospholipase C-y1 (PLC-y1) class that uses a long hydrophobic cleft to
select from aliphatic residues from pTyr+1 to pTyr+5 positions. The second class is of
the Src family of kinases including the SH2 domains of Src, Fyn, Hck and Nck. These
domains select for negatively charged residues at pTyr +1 and pTyr+2 positions. A
hydrophobic pocket is used to select for an aliphatic residue at the pTyr+3 position. A
single point mutation in the Src class of SH2 domains can switch them to the Grb-2
class of SH2 domains. This third class of SH2 domains has bulky tyrosine in the EF
loop that blocks the pTyr+3 position, forcing the binding peptide to make a p-turn.
SH2-domain—-peptide binding is facilitated by an asparagine residue at the pTyr+2
position [104]. As an exception to this mode of peptide binding, the SH2 domain of
Grb10 and SAP proteins is reported to use residues both that the N- and the C-terminal
of the phosphotyrosine residue [106]. Their unusual pTyr-2 binding pocket allows for
a three-pronged binding mode that allows even the nonphosphorylated peptides to
bind the SH2 domain.

Tandem SH2 domains are also seen in proteins including Pt3K, Shp2 and
Zap-70 [107]. These two tandem SH2 domains can bind two closely spaced phos-
photyrosine residues as are reported to occur on the RTK tails. The affinity of the
double-phosphorylated sequence is 20- to 50-fold greater to these SH2 domains as
compared to the binding of a single phosphotyrosine to a single SH2 domain. The
spacing between the two phosphotyrosines is seen to account for this enhanced
affinity. In the case of Zap-70, the first phosphotyrosine motif binds to the SH2
domain in a canonical manner; however, the second phosphotyrosine motif binds
the tandem SH2 domains such that it contacts both the SH2 domains in a non-
conventional manner [108]. This is only possible if there is a specific spacing
between the two phosphotyrosine motifs and a defined relative orientation of the
SH2 domains. In the case of the Shp2 tandem domains, once the first phosphotyr-
osine motif binds, the orientation of the two domains is stabilized at the interface
using disulfide bonds and this conformational rigidity accounts for the high
affinity for target sequence binding [109]. The tandem SH2 domains of PI3K are
themselves under phosphorylation-dependent regulation during signal transduc-
tion. Phorbol ester stimulation of cells allows for serine phosphorylation of PI3K
SH2 domains, which makes them incapable of binding phosphotyrosine [110].
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While the overall structure and sequence of the SH2 domains is highly conserved,
a unique SH2 domain is found in the E3 ligase Cbl. Cbl functions in switching off PTKs
and targets to ubiquitination-based proteasomal degradation [111]. This Chl Sh2
domain is only 11% homologous in sequence to the conserved SH2 domain family
and lacks the conventional BG loop and secondary B-sheet [112]. This SH2 domain
contains an EF hand domain and a calcium-binding four helix bundle. The extended
Cbl SH2 domain recognizes both the N-and C-terminal of the phosphotyrosine motif
in an (N/D)XpY(S/T)XXP sequence [113]. This sequence is found in various Chl SH2
domain-binding partners including VEGF receptor, Zap-70, Src, EGFR and Syk. For
binding to protein families Met and Plexin, Cbl SH2 domain uses a shorter sequence
DpYR. The short sequence allows the Cbl SH2 domain to bind in both canonical
forward orientation and the unique reverse orientation [114].

1.6.3 PTB domains: Discovery and selectivity

The PTB domain was discovered in 1994 in the protein Shc, which also harbors a
C-terminal SH2 domain discussed earlier [115]. The domain was identified as a region
in the protein, distinct from the SH2 domain, that bound the phosphotyrosine of the
EGFR. Since then, about 60 PTB domains are known in the human genome and
mutations in many are associated with various diseases including diabetes, cardiac
diseases and Alzheimer’s [91]. It is now also known that PTB domains bind the
negatively charged phospholipid head groups, which allow for their localization on
the membrane. This allows the PTB domains to easily access the juxta-membrane
regions of various RTKs and to mediate their downstream signaling. The phospholi-
pid binding pocket is lined with highly basic residues and binding to the membrane is
a distinct event from PTB.

PTB domains bind to a target NPXY motif in their substrate binding partners (Figure
1.13). On the basis of structural and sequence studies, PTB domains are classified into
three groups: (a) the pTyr-dependent Shc-like, (b) pTyr-dependent IRS-like and (c) pTyr-
independent Dab-like [91]. The pTyr-dependent Shc-like and pTyr-dependent IRS-like
domains bind the phosphorylated NPQpY and NPApY sequences, respectively. The
pTyr-independent Dab-like domain binds the unphophorylated NPTY sequence or the
NPXF sequence, where tyrosine is replaced by a phenylalanine. Peptide-binding modes
of the three classes of PTB domains are also distinct.

The pTyr-dependent Shc-like PTB domain’s peptide binding pocket is positively
charged and forms a network of hydrogen bonds with the phosphate of the phos-
photyrosine. Two arginine residues (Arg67 and Arg175 in Shc) and a lysine residue
(Lys169 in Shc) triangulate the phosphate group. The pTyr-dependent IRS-like PTB
domains also have a similar positively charged pocket where two arginine residues
(Arg212 and Arg227 in IRS-1) bind the phosphotyrosine. The peptide binding pocket of
pTyr-independent Dab-like PTB domains is less basic and much shallow as compared
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Figure 1.13: Structure and mode of binding of phosphotyrosine-containing peptide to PTB domains.

to the other two classes. Although phosphorylation of the tyrosine is not required for
binding the peptide, the presence of an aromatic phenyl ring as a tyrosine or a
phenylalanine is essential in the NPXY/F sequence in the binding peptide. A histidine
(His136 in Dab1) makes van der Wall contacts with the phenyl ring of the tyrosine/
phenylalanine and a glycine (Gly131 in Dab1) makes hydrogen bonds with the pep-
tide. A number of hydrophobic contacts spread over the pTyr-independent Dab-like
PTB domain maintain extensive binding interactions with the NPXY/F containing
target peptides [91, 116].

1.6.4 PTB domains: Structure and function

The structure of the first PTB domain was solved in 1995, shortly after its identification
in 1994 [117]. Since then a number of PTB domains have been solved, and despite their
sequence variability, they all fold into the B-sandwich structure of the pleckstrin
homology (PH) domain “superfold”. In the case of PH domains, this B-sandwich binds
to phosphoinositides and enabled/VASP homology domains [118]. The B-sandwich is
made of one three-stranded and another four-stranded B-sheet placed orthogonally
to each other at the core of the domain. The B-sandwich is capped by a conserved
o-helix at the C-terminal. In the first two ligand-bound structures of the PTB
domains, the phosphopeptide NPXpY was seen to adopt a type-I B-turn [117, 119].
The N-terminal region of the peptide near the conserved NPXpY sequence was seen
in an extended conformation, making hydrogen bonding interactions with the 5
sheet (Figures 1.13 and 1.14). This mode of binding is called “antiparallel B-sheet
augmentation” as the binding peptide augments B-sheet of the PTB domain [120].
The NPX sequence of the NPXpY motif functions to position the phosphotyrosine to
interact with the basic residues on the surface of the PTB domain. These basic
arginine residues occur in approximately similar places in the three-dimensional

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

24 —— 1 Tyrosine phosphorylation in cell signaling: Discovery and beyond

SH2 domain ' PTB domain
(PDB : 2SRC) (PDB : 1SHC)

pTyr

)

Figure 1.14: Comparison of mode of phosphotyrosine peptide binding by SH2 and PTB domains.

structure of Shc and IRS-1 PTB domains, although they are not comparable in
sequence of the two domain types. Therefore, while the general mode of binding
the peptide by B-sheet augmentation is the same in various PTB domains, the
modes of engaging and binding the phosphotyrosine are variable.

Some studies suggest that phosphotyrosine recognition is a property of only a few
PTB domains [121]. Biochemistry and structural biology of the PTB domains of X11,
Numb, FRS2 and disabled-1 show their ability to bind nonphosphorylated peptides [122—
125]. In each case, the peptide binds in between the 5 strand and the C-terminal helix,
augmenting the B-sandwich of their PTB domains. In this way they show a peptide
binding mode identical to the Shc and IRS-1 domains, irrespective of the phosphoryla-
tion states of the peptides. The X11 PTB domain binds to the myloid B-protein precursor
protein (BAPP) at its cytoplasmic tail that contains the NPXY motif [122]. The structure of
the bound peptide to the PTB domain shows the antiparallel B-sheet augmentation
mode of binding. However also, the phosphorylation of the tyrosine in the NPXY motif
as no effect on binding. The PTB domain of disabled (Dab)-1 protein binds the NPXY
motif at the cytoplasmic tails of its target proteins, but its affinity is compromised if the
tyrosine is phosphorylated [126]. The FRS2 PTB domains bind to distinct regions in the
NGF receptor with appreciably high affinity. It binds to NPXpY site on the receptor that is
phosphorylation dependent and also a site for Shc PTB domain interaction. However,
FRS2 also binds a distinct site in the NGF receptor juxta-membrane region with the
sequence AVHKLAKSIPLRRQVTVS that lacks tyrosine residues. Binding of FRS2 PTB to
this site is phosphorylation independent [125]. NMR structure of the FRS2 PTB domain
with the peptide of this sequence shows the canonical mode of binding of the peptide
using B-sheet augmentation [127]. Peptide wrapping round the PTB domain and
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additional interactions at the peptide—protein interface stabilize this complex. Similarly,
the PTB domain of Numb binds strongly to the sequence GFSNMSFEDP as seen in the
Numb-associated kinase (Nak) [123].

The PH domain fold of the PTB domains also allows some of these proteins to bind
phosphoinositides. PTB domains of Shc and IRS-1 have both been reported to bind
phosphoinositides, but with weak affinities [128, 129]. This suggests a role for their
electrostatically polarized surfaces for their recruitment at cell membranes. The crystal
structure of the Disabled (Dab)-1 PTB domain with the phosphoinositide headgroup
phosphatidylinositol 4,5-bisphosphate (PIP2) shows phosphoinositide binding in the
basic patch of the PTB domain [116, 126]. In this particular case, peptide and phos-
phoinositide binding are seen to be simultaneous and may even cooperate in locating
the Disabled (Dab)-1 PTB domain at the membrane. In the reciprocal scenario, proteins
containing PH domains have been shown to weakly bind various signaling peptides/
proteins. The B-adrenergic receptor kinase PH domain is closest in its ability to function
as a PTB domain [130]. The B-adrenergic receptor kinase PH domain binds to PIP2 and
also the Gg, subunits of heterotrimeric G-proteins. These two interactions occur at
distinct termini of the PH domains and both interactions are required for membrane
association of the kinase. The kinase activity of the B-adrenergic receptor kinase
remains unaltered in the presence of either PIP2 or the Gg, subunits [130]. Similarly,
PH-like and PTB-like domains in various proteins have also been reported for their
ability to bind protein targets. The FERM domain of Talin binds to p-integrin at the
NPXY motifs in the cytoplasmic tail [131, 132]. Crystal structures of the FERM PH
domains bound to the peptides of the cytoplasmic tails of B-integrin and ICAM-2 are
similar to the X11 PTB domain in complex with its target peptide [133].

1.6.5 SH2 domains versus PTB domains

Structural studies are available on both the SH2 and PTB that reveal their molecular
ways of binding to a phosphotyrosine-containing peptide. Although both domains
consist of B-sheets that are surrounded by a-helices, their modes of phosphotyrosine
recognition and binding are varied (Figure 1.14). Phosphopeptide recognition by the
PTB domains is much more relaxed as compared to the SH2 domain, which primarily
recognizes the phosphotyrosine. PTB domains appear to collaborate with peptide
ligands that show a prominent propensity for B-sheet augmentation. If the peptide
forms a B-strand antiparallel to the B5 strand of the PTB and joins the cleft between 35
strand and aC helix, phosphotyrosine recognition becomes almost unnecessary. In
contrast, the presence of a phosphotyrosine is central to binding of nearly all SH2
domains. The exception to this rule is seen only in the case of the SAP protein that is
altered in XChromosome-linked lymphoproliferative syndrome. The SAP SH2 domain
is only known SH2 domain that is seen to bind tyrosine peptides independent of their
phosphorylation state [134]. Molecular interactions between the SAP SH2 domain and
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sequence of the peptide flanking both the N- and C-termini of the phosphotyrosine
allow for efficient binding and recognition [134, 135].

1.6.6 Atypical phosphotyrosine recognition domains: HYB domain

The unique HYB domain has been identified in the Hakai protein that serves as an E3
ubiquitin ligase for E-cadherin in a tyrosine phosphorylation-dependent mechanism.
Hakai protein resembles the c-Cbl E3 ligase in having a phosphotyrosine recognition
region, a proline-rich region and also a RING finger motif [136] . The HYB domain is
formed by the dimerization of two Hakai monomers mediated by Zn**-coordination.
In this way, the HYB domain is distinct from the SH2 and PTB domains and is a
feature of certain E3 ligases that are implicated in cell adhesion and cancer metas-
tasis [137]. This includes the testis-specific ubiquitin ligase ZNF645 and the Numb-
associated E3 ligase LNX. A 100-residue stretch including the RING finger motif of
each Hakai monomer dimerizes to coordinate a total of six Zn** ions between their
cysteine and histidine residues. A positively charged PTB pocket is created at the
dimer interface. Phosphorylated E-cadherin binds the Hakai dimer using the
sequence NVYpYY with a dissociation constant of ~7.2 uM [138].

1.6.7 Atypical phosphotyrosine recognition domains: PKC5 and PKCO C2 domains

About 130 residue C2 domain is a B-sandwich of eight antiparallel strands. This
domain family includes about 200 members in the human genome and primarily
binds to phosphatidylserine in cell membranes using a calcium-dependent
mechanism [139]. Calcium binding is mediated by interstrand loops of the C2
domain B-sandwich. Recent work on the C2 domain of Ser/Thr kinases PKC§ and
PKCO demonstrates their ability to bind to phosphotyrosine peptides derived from
CUB domain-containing protein 1 (CDCP1) [140]. CDCP1 is a transmembrane protein
substrate of Src family of protein kinases and is seen to be overexpressed in various
cancers [141]. The phosphotyrosine peptide binds the C2 domain in an extended
conformation across its two B-sheets. The phosphotyrosine residue is bound by
positively charged arginine and lysine residues in a deep pocket and its phenyl ring
is stabilized by ring-stacking interactions with a histidine. Peptide binding is
sequence dependent with a dissociation constant of ~240 nM [140].
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2 Protein phosphatases: Classification and domain
architecture

2.1 The protein phosphatases

Regulation of signaling response in the interior environment of the cell requires the
concerted action of protein kinases and protein phosphatases. As outlined in the first
chapter, protein kinases are a superfamily of enzymes where all the members are
extensively related to each other via their conserved hydrophobic core and the
“spines” [1, 2]. Protein tyrosine kinases (PTKs), protein serine/threonine kinases
(AGC kinases) and protein tyrosine-like kinases form three distinct branches of the
same evolutionary tree (Figure 1.5). While human genomes encode about ~518
protein kinases, the number of protein phosphatases is far less (~150 genes) [3].
Also, unlike the protein kinases, protein phosphatases have evolved from structu-
rally and mechanistically distinct ancestors.

Protein phosphatases can be structurally (not functionally) classified into seven
classes (Table 2.1), which have evolved independently from different ancestral folds
[4]. Bioinformatics studies indicate that these folds may have evolved from each
other, where the sequence conservation or active site motifs have been conserved in
evolutionary timescale. An older classification of protein phosphatases relied on
their substrate specificity and classified them into pSer/pThr-specific, pTyr-specific
or dual-specific phosphatases. This simplistic classification has since been revisited
as subtle changes in structure influence substrate specificity and also similar sub-
strate specificity of these enzymes could be achieved by subtle alterations in the
structure [5, 6]. Also, the dual-specificity phosphatases (DUSP) included highly
specific enzymes that used pTyr, pSer, phosphoinositides or mRNA as substrate.
Nonetheless, this structural classification overlaps with a broad classification of
these enzymes into two main classes: protein tyrosine phosphatases (PTPs) and the
protein serine/threonine phosphatases (PSPs). There exist four distinct evolutionary
families of PTPs: class I, Il and III cysteine-based PTPs, and a distinct aspartate-based
family of haloacid dehalogenase (HAD) phosphatases. The number of PTPs encoded
in the human genome roughly matches the PTKs (~107 PTPs for ~95 PTKs). The
number of PSPs is however much less (only ~30 genes). These PSPs exist as holoen-
zyme complexes comprising distinct catalytic (PSPs) and regulatory domains. While
the number of catalytic subunit domains is quite less, extensive functional diversity
is achieved by these phosphatases via combinatorial formation of holoenzymes with
varied regulatory domains.

PSPs comprise three families: the phosphoprotein phosphatases (PPPs), the metal-
dependent protein phosphatases (PPMs) and the aspartate-based phosphatases.
Domain organization and representatives of each family are shown in Figure 2.1. Both
PPPs and PPMs require a mechanistic role of metal ions at their active site. Metal ions

https://doi.org/10.1515/9783110421774-002

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

36 —— 2 Protein phosphatases: Classification and domain architecture

Table 2.1: Classification of protein phosphatases.

Phosphatase family Examples
" 1. PPP PP1, PP2A, calcineurin, PP5
o
4 2. PPM PP2C
3. FCP FCP
4. Class | Cys-based PTP
Ky 4.1 Classical PTPs
& - Receptor PTPs PTPa, CD45, CD148, GLEPP1
— Non-receptor PTPs PTP1B, TCPTP, SHP1, MEG2
4.2 DSP or VH1-like PTPs
- MKPs MKP1, MKP7, PAC1
- Atypical DSPs VHR, PIR, Laforin, VHZS
- Slingshots SH1, SSH2, SSH3
- PRLs PRL-1, PRL-2, PRL-3
- CDC14s CDC14A, KAP, PTP9Q22
— PTENs PTEN, TPIP, tensin, Clten
— Myotubularins MTM1, MTMR1, MTMR3
5. Class Il Cys-based PTPs CDC25A, CDC25B, CDC25C
6. Class Ill Cys-based PTPs LMPTP
7. HAD family (Asp based) Eya, CTD, cronophin

PTPs, protein tyrosine phosphatases; PSPs, protein Ser/Thr phosphatases; PPP, phosphoprotein
phosphatase; FCP, aspartate-dependent phosphatase; PPM, metal-dependent phosphatase; LMPTP,
low-molecular-mass protein tyrosine phosphatase; EyA, Eyes Absent; PRLs, phosphatases of the
regenerating liver; PTEN, phosphatase and tensin homologue; VHZ, VH1-related phosphatase Z.

are used for activation of water that dephosphorylates the substrate phosphoserine/
phosphothreonine. The aspartate-based phosphatases use their active site aspartate for
this mechanism (hence their name). FCP (TFIIF-associating component of RNA poly-
merase II C-terminal domain [CTD] phosphatase) and SCP (small CTD phosphatase) are
both aspartate-based protein phosphatases. Both FCP and SCP share a common sub-
strate, the C-terminal domain of RNA polymerase II [7].

2.2 The phosphoprotein phosphatases

Protein phosphatase 1 (PP1), PP2A, PP2B (also known as calcineurin), PP4, PP5, PP6
and PP7 are all PPPs. All these members share high sequence homology and catalytic
mechanism [8]. PP2C and pyruvate dehydrogenase phosphatase are both PPMs.
Notably, although no sequence homology exists between PPPs and PPMs, both
families have coevolved to share a metal-dependent dephosphorylation mechanism
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Figure 2.1: Domain organization of various protein Ser/Thr phosphatase gene families.

at their active sites. PPPs and PPMs also differ in domain organization, localization
and cellular targeting. PPPs usually function as holoenzymes composed of a catalytic
subunit and an associated regulatory subunit. Varied combinations of catalytic and
regulatory subunits impart biological specificity to the holoenzyme. Differential
posttransitional modifications of the catalytic and/or regulatory domains are used
for enhanced regulation and specificity of these holoenzymes [9-11]. In contrast, the
PPMs are generally reported to function as monomers [12]. Both PPPs and PPMs are
implicated in various human diseases, including cardiovascular disorders, diabetes,
Alzheimer’s disease and also cancer [13—15]. This makes pharmacological targeting of
these enzymes a lucrative strategy for dealing with these problems.

2.2.1 Protein phosphatase 1

PP1 is the major PSP present in all animal tissues. It functions in various cellular
processes including cell division, cell death, protein synthesis, metabolism, regulation
of membrane receptors and ion channels [16]. PP1 represents the historical phosphor-
ylase phosphatase as first described by Gerty Cori in 1943 [17]. The three-dimensional
structure of the first PP1 was almost simultaneously reported by two research groups in
1995 [18, 19]. The functional PP1 enzyme contains both a catalytic and a regulatory
subunit. The sequence of the catalytic subunit shows a 70% conservation across family
members with consistently placed active site residues and motifs. The backside of the
catalytic subunit contains the residues required for regulatory subunit binding. About
~200 regulatory subunits have been predicted for the PP1 catalytic subunits based on
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binding assays yielding proteins containing the common RVxF motif of the regulatory
subunit [20]. Specific interactions between a defined catalytic and regulatory couple
allow for compartmentalization of protein phosphatase activity to various cellular
locations. These interactions also allow for modulation of the chemical kinetics of
the catalytic subunit to accelerate specificity for certain substrates while simulta-
neously blocking access to others. Functionality of the PP1 enzyme complex hence
depends on the specified catalytic and regulatory subunit pair.

The PP1 catalytic subunit is ~30 kDa protein that is conserved across all eukar-
yotes with a common reaction mechanism [18]. It adopts an o/ fold with B-sandwich
structures surrounded by a large and a small a-helical domain (Figure 2.2). The joint
of the B-sandwich and the two a-helical domains makes PP1 a Y-shaped groove that
coordinates two metal ions required at the central active site. Mn?* and Fe?* are held
together by three histidines, two aspartates and one asparagine residue. These
residues form the conserved motifs GDxHG, GDxVDRG and GNHE of the protein
family that hold the metal ions required for efficient catalysis [18]. The metal ions
bind and activate a water molecule that initiates a nucleophilic attack on the phos-
phate of the phosphoserine residue. Phosphatase activity of PP1 is inhibited by
binding to inhibitory proteins expressed in the cells. These include the best studied
DARPP32 [21,22] and inhibitor-1 and -2 proteins (also called I-1 and I-2) [23,24].
Inhibition of PP1 by these proteins requires their phosphorylation on a threonine
residue that binds to lock the PP1 active site [24]. This provides an exquisite

Catalytic s Y-shaped Ankyrin
subunit B a"dWic/, groove repeats
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5 3
£ 5
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S 2 Enzyme
= )
3 &
2 - 5
K >
® g MYPT1
> _PDB ID : 4MPO (regulatory
""" subunit) PDB ID : 1570

PP1 D64 H66 D92 N124 H173 H248
H173 ! pp2A D57 H59 D85 N117 H167 H241

| PP2B D90 H92 D118 N150 H199 H281
-= PP4 D54 H56 D82 N114 H164 H238

H248 PP5 D242 H244 D271 N303 H352 H427
o PP6 D53 H55 D81 N113 H163 H237
Active site PP7 D84 H86 D113 N149 H197 H303

Figure 2.2: Molecular structure of PP1 phosphatase. The PPP family has a conserved active site with
six amino acids that coordinate two metal ions. Each catalytic subunit associates with a regulatory
subunit to form a holoenzyme.
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mechanism by which protein kinases and protein phosphatases regulate each other’s
functional activities in the cell [25]. Inhibition of PP1 by inhibitor-1 and -2 proteins is
specific and is the basis of classification of protein phosphatases into PP1 and PP2
subclasses. Both PP2A and PP2B remain uninhibited by inhibitor-1 and -2 proteins
[26]. Separate endogenous inhibitor proteins exist for PP2A and PP2B. PP2A is
inhibited by PHAP-1 (putative HLA class II-associated protein) [27]; while PP2B is
inhibited by SET protein [28, 29]. PP1 and PP2 enzymes are also inhibited a variety of
naturally occurring toxins such as okadaic acid that causes diarrhetic shellfish
poisoning and microcystin, a live toxin produced by blue-green algae. The toxins
bind in the catalytic channel of the Y-shaped PP1 and directly interrupt enzyme—
substrate interactions at the phosphatase active site. Microcystin interacts with the
two metal ions and okadaic acid binds the conserved arginine that coordinates the
substrate phosphate [30].

Regulatory subunit binding to the catalytic subunit of PP1 occurs at the backside
of the Y-shaped catalytic groove. Regulatory subunits contain a conserved RVXF/W
sequence [31]. PP1-binding assays on proteins obtained from particulate fractions of
cells for searching the interactome of PP1 identified about 78 novel proteins [20].
More sophisticated experiments have been conducted to identify a refined consensus
sequence for regulatory subunit identification. A more robust sequence of [H/K/R][A/
C/H/KM/N/Q/R/S/T/V][V][C/H/K/N/Q/R/S/T][F/W] has been proposed for the con-
sensus RVxF/W sequence [32]. The highly conserved valine and phenylalanine/
tryptophan residues are the anchors of the regulatory-catalytic subunit binding.
Mutations in these residues to alanine directly abolish this specific interaction [31].
Variations in the other consensus sequence residues allow for identification and
interaction between different catalytic and regulatory subunit pairs. Peptides corre-
sponding to the RVXF/W are able to competitively disrupt catalytic and regulatory
subunit pairs [31]. Residues of PP1 catalytic subunit interacting with the RVXF/W are
conserved in all the PP1 isoforms but not in PP2 catalytic subunits. This provides
regulatory subunit exclusivity to PP1 enzymes.

For over three decades, the main role of the regularity subunits is implicated in the
cellular targeting of the catalytic subunits of PP1 [33]. Targeting enhances PP1 substrate
specificity by making the phosphatase accessible to selected substrates in the vicinity
of the targeting complex. However, in many cases, the PP1 holoenzyme formation can
give rise to additional molecular surfaces that allow for altered and specific interac-
tions of the substrate with the catalytic subunit. Structural studies of PP1 bound to the
myosin phosphatase targeting subunit (MYPT1) shows how the binding of MYPT1 alters
the Y-shaped surface groove of the active site of PP1. This also provides as example
where regulatory subunits may use additional modes of binding to PP1 other than the
conserved RVXF/W motif. MYPT1 binds PP1 in a tripartite mode using a TKVKF motif
that interacts with a conserved hydrophobic patch on PP1, an ankyrin domain that
caps the carboxyl terminus of PP1 and a hydrophobic helix at the MYPT1 N-terminal
that docks into the PP1 surface [34]. Binding of MYPT1 to PP1 creates an additional
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protein recognition surface for the incoming substrate. The ankyrin repeats of MYPT1
allow for enhanced substrate recognition by PP1 when present as an MYPT1-PP1
holoenzyme [35].

Protein phosphorylation is also used itself as a regulatory mechanism for PP1.
Both catalytic and regulatory subunits of PP1 and also the inhibitor proteins are
substrates for protein kinases including PKA, LMKTK2 and Nek2 [36, 37].
Phosphorylation of the catalytic subunit occurs at the P[V/I]TPP site at the C-terminal
of PP1. Phosphorylation reduces the catalytic efficiency of the phosphatase, but
serves as reversible switch that controls its action. Regulatory subunits including
MYPT1 and GM are phosphorylated on multiple sites that directly alter substrate
access or kinetics of the PP1 catalytic enzyme.

2.2.2 Protein phosphatase 2A

Protein phosphatases implicated in control of cellular metabolism have been
classified into type I (PP1) and type II (PP2A, PP2B) [26]. PP2A is one of the most
abundant cellular proteins and plays important roles in cellular signal transduc-
tion and control of cell cycle as a tumor suppressor [38]. PP2A was originally
purified using histones and glycogen synthase as substrates and the first PP2A
enzyme was studied in the recombinant form in late 1980s [39,40]. In cells,
PP2A occurs in two forms - a heterodimeric form that functions as the core
enzyme and a heterotrimeric form that functions as the holoenzyme [41]. The
heterodimeric core enzyme is formed by a scaffolding subunit (A-subunit) and a
catalytic subunit (C-subunit), both of which exist in two isoforms a and B. The
a-isoform is more abundant than the B-isoform [42]. This heterodimeric core
interacts with a variety of regulatory proteins (B-subunit) to form the hetero-
trimeric ABC holoenzyme. These regulatory PP2A B-subunits can be divided into
four subfamilies: Family B (B55 or PR55), family B’ (B56 or PR61), family B”
(PR48/PR72/PR130) and family B” (PR93/PR110). Each mammalian B-subunit
gene is encoded by various isoforms and also has splice variants. This provides
a wide diversity to the regulatory subunits in the needs of the cell. Expression of
required isoforms and splice variants of regulatory proteins provides cell and
tissue-specific PP2A signaling. PP2A holoenzymes exhibit both spatially and
temporarily regulated functions alongside an exquisite substrate specificity.
Specificity is achieved by the various regulatory B-subunits. Holoenzymes com-
prising B family (B55 or PR55) of regulatory subunits but not B’(B56 or PR61) or
family B” (PR48/PR72/PR130) participate in dephosphorylation of the Tau pro-
teins that bind microtubules in the cell [43-45]. Hyperphosphorylation of Tau
proteins leads to the formation of neurofibrillary tangles in the brain, thus
becoming one of the primary causes of Alzheimer’s disease. Mutagenesis studies
on the Tau protein has unveiled regions in its microtubule-binding repeats that
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interact with the B-subunits of PP2A. Similarly, B’ (B56 or PR61) family of
regulatory subunits is specific in binding to the conserved kinetochore protein
shugoshin [46, 47].

The PP2A catalytic subunit (C-subunit) is analogous to the PP1 enzyme and has the
same arrangement of a B-sandwich flanked by two a-helical domains (Figure 2.3). Two
metal ions are coordinated at the center of Y-shaped groove at the surface of the protein
that participates in activating a water molecule for the dephosphorylation reaction.
The PP2A catalytic subunit also has a unique C-terminal tail (residues 294-309) that
harbors a motif TPDY3(;FL3e. This motif is also present in other PP2A-like phospha-
tases including PP4 and PP6. Methylation of the terminal Leu 309 allows for the
recruitment of B-subunits to A- and C- subunit heterodimers [48, 49]. Deletion of the
C-terminal tail abolishes this recruitment, compromises the function of PP2A and
contributes to Alzheimer’s disease pathogenesis [50, 51]. Methylation of Leu 309 is
also crucial for the maintenance of GO/G1 and G1/S boundaries in cell cycle [52]. The C-
subunit of PP2A is a potent target of tumor-inducing toxins including okadaic acid and
microcystin. Both inhibitors interact with the same set of residues in the active site of
the C-subunit [53]. Okadaic acid is about 100-fold potent in inhibiting PP2A than PP1 as
the hydrophobic of the PP2A C-subunit is better defined as compared to the okadaic
acid-binding site in PP1 [53]. PP2A catalytic subunit has been defined to be activated by
various polycations including protamine, spermidine, spermine and Mg?* ions [37].
The earlier “PCM” nomenclature of the PP2A enzymes indicated that they were poly-
cation modulated.

PR65/A H PDB ID : 3DW8
A-subunit

B65/PR61  B-subunit

PDB ID : 1B3U

PDB ID : 21AE

Figure 2.3: Three different constituents of PP2A holoenzyme. Shown are the molecular structures of
the A-subunit, B-subunit, B’-subunit and C-subunit.
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Although the PPP catalytic subunits share high sequence similarity in general,
association of the scaffolding A-subunit is specific for the catalytic C-subunit of only
PP2A-type enzymes. This protein—protein interaction surface is absent in the catalytic
subunits of PP1, PP2B, PP5 and PP7 and is heavily modified in PP4 and PP6. Association
of the A- and C-subunits has been crucial for the recruitment of the B-subunit to form the
ABC heterotrimer. Human lung and colon cancer mutations have been mapped to the
A-subunit of PP2A that prevents B-subunit binding to AC core enzyme [54]. Tumor-
derived mutations R418W and V454A have also been mapped to the A-subunit and are
speculated to dismember the A- and C-subunit core enzyme interface [55, 56]. The
A-subunit of PP2A is ~65 kDa and consists of 15 tandem repeats of the HEAT
(Huntington elongation A subunit-TOR) domain that come together to form a horseshoe
structure [57] (Figure 2.3). The HEAT domain is a globular domain containing primarily
o-helices. The interhelical loops of the HEAT domain are conserved, and they form a
ridge in the horseshoe-shaped structure that is exclusively recognized by the catalytic
subunit of PP2A [58]. Formation of the core AC heterodimer harnesses the conforma-
tional flexibility of the HEAT domain arrangement. HEAT repeats 13-15 are shifted as
over 20-30 A when associating the catalytic C-subunit of PP2A [53). Formation of the ABC
holoenzyme uses the N-terminal HEAT domains of the A-subunit that twist and move by
50-60 A to accommodate the regulatory B-subunit [43]. This remarkable conformational
flexihility of the scaffolding A-subunit also plays a role in substrate recruitment by the
PP2A holoenzymes.

The PP2A holoenzyme is formed by stoichiometric complexation of A-, B- and
C-subunits. Both the regulatory B-subunit and the catalytic C-subunit dock onto the
apical side of the horseshoe structure of the A-subunit via interactions with the
interhelical loops [59]. The B-subunit recognizes the amino terminal HEAT repeats
of the A-subunit. B55 (B-family) subunit identifies the HEAT 1-7 repeats while the
B65y1 (B’-family) subunit identifies the HEAT 2-8 repeats. The opposite side of the
A-subunit horseshoe structure is occupied by the catalytic subunit through inter-
actions with the HEAT 11-15 repeats [43]. Binding of the B- and C-subunits on the
A-subunit causes the HEAT repeats 10 and 11 to pivot as much as 35 A such that the
N- and C-termini of the A-subunit are now closer to each other in the heterotrimer as
opposed to AC heterodimer [60]. Extensive interactions between the B65yl
(B’-family) and the C-subunit ensure a tighter holoenzyme that is more compact
and rigid as compared to the B55 (B-subunit) containing PP2A holoenzyme
(Figure 2.4). The substrate-binding site in the ABC holoenzyme is formed at the
top proximal face of the B-subunit that faces the catalytic subunit.

Just like their substrate specificity, the different B-family subunits are drastically
different in their structures. The B55 (B-subunit) makes a seven-bladed B-propeller where
each blade is made of four antiparallel B-strands. The four strands designated as A, B, C
and D radiate from central torus-like structure of the WD40 domain [61]. In addition
to this B-propeller structure, B55 also has two B-hairpins and two o-helices. These
elements are located on the top face of the B-propeller that forms a highly acidic groove
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Figure 2.4: Comparison of ABC and AB’C-type holoenzyme of PP2A.

for substrate recruitment. Beta-strands C and D of blade 2 of the B-propeller extend out of
the propeller structure that makes a B-hairpin to contact the A-subunit at HEAT repeats
1 and 2. The bottom face of the B-propeller structure binds HEAT repeats 3-7 of the
A-subunit. Interactions between the B55 and A-subunit are tighter as opposed to the
interactions between B55 and the catalytic subunit. This indicates that the presence of
the C-subunit may not be required for the formation of a complex between the A-subunit
with the B55 protein [60]. Dephosphorylation assays have allowed for the identification
of Tau-binding regions on the B55 protein in the holoenzyme [60]. Mutations in the
central groove of the B-propeller B55 structure make the PP2A inefficient in depho-
sphorylating Tau. Biochemical analysis of overlapping Tau peptides indicates that Tau
uses two segments: residues 197-259 and residues 265-328 to binding to the PP2A
holoenzyme.

In contrast to the B-propeller structure of B55, B65y1 takes a solenoid shape made
of about eight o-helical bundles that closely resemble HEAT repeats despite no
sequence similarity with them [62]. Long interhelical loop between repeats 1 and 2
allows for contacts between the B65y1 and C-subunit. Binding of B65y1 to the A-subunit
is a loose packing that involves the binding of A-subunit HEAT repeats 2-8 to the
convex side of the B65y1 a-helical repeats. Relatively the interaction between the B65y1
and the A-subunit is weak and forms a loose AB complex. The methylated C-tail of the
C-subunit is crucial in binding together the B65y1 containing heterotrimer. This C-tail
of the C-subunit interacts with the pseudo-HEAT repeats 4—6 of the B65y1 subunit. In
the unmethylated form, the affinity between the AC core heterodimer and the B65y1 is
not enough to allow ABC complex formation. The carboxyl group of Leu309 in the
C-subunit repels the negatively charged cluster on the A-subunit comprising Glu62,
Asp63, Glu64 and Glu101. Methylation of Leu309 by phosphatase methyltransferases
neutralizes this charge repulsion, allowing the C-tail to settle down on the A-subunit
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and creating a docking site for the B65y1 subunit (Figure 2.4). Phosphorylation of the
C-subunit C-tail at Tyr307 by tyrosine kinases like Src and of B65y1 by Erk kinase allows
for regulation of PP2A holoenzyme formation and activity [63, 64]. The complex
between B65y1 containing PP2A holoenzyme has been characterized for its binding
to the substrate shugoshin (Sgo 1) [65]. Utilizing the helical structure of the B65y1, Sgo 1
binds the holoenzyme as a homodimer of coiled coils. The N- and C-terminals of the
Sgo 1 coiled coil make discrete interactions with B65y1 and the C-subunit. Each binding
surface uses its own hydrophobics, hydrogen bonds and electrostatic interactions to
make a tight holoenzyme-substrate complex.

2.2.3 Protein phosphatase 2B

Protein phosphatase 2B is also known as calcineurin that participates in various
calcium-dependent cellular signaling. These include the biological processes of
neurodevelopment, memory formation, immune response and cardiac health [66].
The PP2B enzyme is composed of a catalytic subunit called calcineurin A (CNA) and
a regulatory subunit known as calcineurin B (CNB). The CNA catalytic subunit is
structurally similar to the PP1 enzymes and uses similar metal coordination at the
active site [67, 68]. These metal ions have been identified as Zn?>* and Fe>* for CNA.
Other than the phosphatase domain, CNA contains an autoinhibitory element, a
Ca”*-calmodulin-binding motif and CNB-binding helical domain (Figure 2.5). The

CNA subunit

CNB subunit

Autoinhibitory
element
CNB-binding helix

PDB ID : 1AIU

PVIVIT
peptide

PP2B holoenzyme

PP2B holoenzyme :
substrate peptide - |

complex ~ cNB PDB ID : 2P6B

Figure 2.5: Structure of PP2B (calcineurin) showing the CNA and CNB subunits. The PP2B holoenzyme
binds the substrate PVIVIT peptide by B-augmentation.
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CNB domain contains two calcium-binding domains, each containing two helix-
loop-helix EF-hand motifs that coordinate a total of four Ca®* ions per CNB mole-
cule. The CNB-binding helix of CNA subunit binds into the hydrophobic face of the
CNB subunit in the middle of these two calcium-binding domains.

In the inactive state, the autoinhibitory element of CNA subunit blocks access to
the active site of the catalytic subunit [68]. Docking of the autoinhibitory element
uses a combination of hydrogen bonds and van der Waal contacts. Displacement of
this element away from the active site of calcineurin is key to its activation but is not
clearly understood. Also, activation of calcineurin by Ca®'-calmodulin is a topic of
intense scientific study, but a definitive answer is a long way ahead. Biochemical and
structural studies have revealed some clues to this activation. While Ca?*-calmodulin
exists as a monomer, the Ca?*-calmodulin-binding motif of calcineurin forms a
continuous a-helix that can coordinate the complexation of Ca®*-calmodulin in a
head-to-tail dimer [69]. These studies indicate that the activated calcineurin probably
functions as a dimer along with Ca®*-calmodulin. Biochemical studies suggest that it
is possible for the substrate peptide to bind calcineurin, Ca®*-calmodulin in a 2:2:1
ratio. Calcineurin recognizes its substrate proteins using the consensus recognition
sequence PxIXIT motif [70,71]. Two molecules of calcineurin can bind a single sub-
strate peptide by pB-segmentation allowing the peptide to bind the edge of their -
sheet as a B-strand [72]. Variations in the conserved PxIXIT motif allow for a wide
range (0.5-250 uM) of binding affinities between calcineurin and its substrates.

2.2.4 Protein phosphatase 5

PP5 forms a unique system of PPP where the catalytic and regulatory domains are
encoded in the same polypeptide chain. PP5 was identified late as compared to other
members of the PPP family [73]. PP5 is ubiquitously expressed in all mammalian
tissues. It plays key roles in processes of cell proliferation, cell differentiation, cell
migration and cell death [74]. PP5 is most widely studied for its effect on glucocorti-
coid receptor (GR) signaling. PP5 controls GR signaling by directly interacting with
the Hsp90-GR complex [75]. Two truncated versions of PP5 exist in the form of p56
and p50. The full-length PP5 protein is 58 kDa. The p56 isoform is generated by
cleavage of the N-terminus, while the p50 isoform is generated by the proteolytic
cleavage of a C-terminal region [76]. Formation of p50 removes the nuclear localiza-
tion signal present at the C-terminus (residues 476—491) of PP5, thus limiting the
presence of p50 isoform to the cytosol.

The phosphatase domain of PP5 lies in its C-terminal region and possesses all the
key elements of the conserved PPP domain [77]. Residues Arg275, Asn303, His304 and
Arg400 allow for direct binding of phosphoamino acids of the substrate proteins at
the PP5 active site. However, sequence of the PP5 phosphatase domain is only about
40% similar to the phosphatase domains of PP1 or PP2A and PP2B. This low-sequence
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homology between the phosphatase domains had prompted a separate classification
of PP5 into a unique class in the 1990s [78]. PP5 also contains other structural
elements unique to its sequence that include a peptidyl-prolyl cis—trans isomerase-
like domain and three consecutive tetratricopeptide repeat (TPR) domains N-terminal
to phosphatase domain. TPR domains are protein—protein interaction domains of
about 34 amino acids that fold into a pair of antiparallel a-helices [79]. Adjacent TPR
domains contact each other to pair these pairs of antiparallel a-helices generating a
groove that serves as the interacting protein docking surface (Figure 2.6). The con-
secutive TPR domains of PP5 are known to bind the C-terminal sequence of Hsp90 at
the acidic Glu-Glu-Val-Asp motif. Basic residues of PP5 namely Lys32, Arg74, Lys97
and Argl01 are crucial for this interaction. The second TPR domain of PP5 also
contributes to its autoinhibition by interacting with its own C-terminal region (a]J,
residues 490-499) [80]. The a] segment binds in the surface groove of the TPR
domains causing it to fold over the phosphatase domain and occlude substrate
binding. Truncation of the TPR domains in the p56 isoform is speculated to allow
for its constitutive activation, perhaps with altered substrate binding. Competition
assays using a peptide of Hsp90 show that it binds the isolated TPR domains more
strongly than the PP5 enzyme [81]. Structural studies on PP5 bound to Hsp90 peptide
show an induced conformational shift in the a7 helix of its TPR domain that seems
incompatible with intra-chain o] binding [82].

PDBID : 2BUG
TPR domain + Hsp90 peptide

TPR domain

Hsp90
peptide

C-terminal
o) element

PDB ID : IWAO

Figure 2.6: Molecular structure and working of PP5. Binding modes of a) and HSP90 peptide are
nonoverlapping and mutually exclusive.
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The agility of PP5 TPR domains to accommodate ligand-induced conformational
change is central to its function in the environment of cell. PP5 uses its TPR domain to
interact with various G-proteins including Gqq», Go3 and also the GTPase Rac [83, 84].
These interactions stimulate the phosphatase activity of PP5 by releasing the inhibi-
tions that account for its low basal activity. Other than proteins, long-chain polyunsa-
turated fatty acids such as arachidonic acid can also bind the TPR domains of PP5 [85].
This indicates that PP5 function is also regulated by lipid second messengers such as
arachidonyl-CoA, making PP5 a lipid-stimulated protein phosphatase.

2.2.5 Natural toxins as inhibitors of PPP catalytic subunits

Small-molecule modulators of PPPs have allowed for the elucidation of their com-
plex signaling processes, also allowing for identification of their substrate prefer-
ences. More than a dozen natural toxins have studied as potent inhibitors of PPPs
(Table 2.2). PP1 and PP2A proteins are seen to be most sensitive to these toxins,
followed by PP4, PP5 and PP6. PP2B (calcineurin) and PP7 are seen to be less
sensitive or responsive to these inhibitors such as okadaic acid, calyculin A, nodu-
larin and tautomycin. These toxins target the highly conserved catalytic center of
PPPs. This includes the six conserved amino acids and the two metal ions coordi-
nated at the active site.

Table 2.2: Natural toxin inhibitors of PP1 and PP2A.

Phosphatase Toxin PDB ID
PP1 o-lsoform, catalytic subunit Microcystin 1FJM
PP1 o-lsoform, catalytic subunit Nodularin-R 3E7A
PP1 o-lsoform, catalytic subunit Tautomycin 3E7B
PP1 y-Isoform, catalytic subunit Okadaic Acid 1)K7
PP1 y-Isoform, catalytic subunit Calyculin 1ITé6
PP1 y-Isoform, catalytic subunit Motupurin 2BCD
PP1 y-Isoform, catalytic subunit Dihydromicrocystin-LA 2BDX
PP2A AB’C holoenzyme with Shugoshin Microcystin-LR 3FGA
PP2A a-Isoform, A-subunit with a-isoform, C-subunit Microcystin-LR 2IE3
PP2A a-Isoform, A-subunit with a-isoform, C-subunit Okadaic Acid 2IE4
PP2A a-Isoform, A-subunit with a-isoform, C-subunit Dinophysistoxin-1 3K7V
PP2A a-Isoform, A-subunit with a-isoform, C-subunit ~ Dinophysistoxin-1 3K7W

One of the natural toxins frequently used to modulate PPPs is microcystin. Microcystin
is a family cyclic hexapeptides generated by cyanobacteria [86]. The most well-char-
acterized member of this hexapeptide is microcystin-LR, although about 80 known
variants are found in nature. Microcystin inhibits the catalytic subunits of PP1 and
PP2A with an equipotent inhibition constant of about 0.7 nm [87, 88]. Microcystin sits

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

48 —— 2 Protein phosphatases: Classification and domain architecture

B12-B13 loop
B12-B13 loop Okadaic acid bound B12-B13 loop
Microcystin
bound PP2A
F’¢ pp1 ‘
F276

Okadaic
acid with
PP2A

o

PDBID : K7, 21E4 1)
PDB ID : 1FJM

H19‘1

Figure 2.7: Mode of binding of natural toxins to structures of PP1and PP2A. The $12-313 loop decides
the modes of binding of microcystin and okadaic acid to PP1. Binding of okadaic acid to PP2A is
enhanced by interactions with N121 and H191 at the bottom of the binding cleft.

through the hydrophobic groove emanating from the PPP bimetal active site center
and forms a covalent bond with Cys of the B12-B13 loop (Figure 2.7). However,
mutagenesis of the Cys is shown to have little effect on microcystin binding and
could be an after-reaction upon prolonged incubation with the inhibitor [89, 90].

The other common natural toxin of PPPs is okadaic acid that causes diarrhetic
shellfish poisoning [91]. Okadaic acid is a monocarboxylic acid that inactivates the
PPPs by binding to their bimetal active site. Okadaic acid forms a cyclic structure
connecting its hydrophobic spiroketal moiety and acidic moiety by using an intramo-
lecular hydrogen bond. The hydrophobic spiroketal moiety accounts for the high
potency of okadaic acid. Okadaic acid is most potent against PP2A (ICso = 0.1 nM) as
opposed to PP1 (ICso = 15.0 nM). It is a much poor inhibitor of PP2B calcineurin with
ICs of only 4.0 pM [92]. Mutagenesis and structural studies have shown that residues
Arg96, Arg221, Tyr272 and Phe276 of PP1 are crucial for toxin binding (Figure 2.7) [93].
Difference in the potency of the toxin for various PPP is explained by the subtle
differences in the active sites of PP1 and PP2A [53]. The difference lies in the p12—-$13
loop, which also participates in binding to microcystin. Mutation of Phe276 of PP1 to
Cys (as present in PP2A) enhanced the binding affinity for okadaic acid by about ~40-
fold [94]. Also, residues GIn122 and His191 of PP2A contribute to binding of okadaic
acid from the open end of the hydrophobic groove using van der Waal interactions.

2.3 The metal-dependent protein phosphatases

The founding member of this family of protein phosphatases was purified as the
Mg?*-dependent Ser/Thr phosphatase that activated liver glycogen synthetase
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[95]. This enzyme was designated as PP2C, but now the family members are
denoted as PPM1 followed by a letter (A, B, C, etc.). The human genome encodes
16 distinct PPM genes that give rise to at least 22 distinct PP2C isoforms [96].
Sequence analysis of PPM [97], its insusceptibility to natural toxins okadaic acid
and microcystin and structural studies on the protein [98] confirm its distinct
evolutionary lineage from the PPPs. Also, unlike the PPPs, PPMs are seen to
function as monomers and no regulatory or inhibitory subunits are known. The
primary role of PPMs is seen in association with stress-related protein kinases for
the regulation of stress signaling, metabolism, apoptosis and cell survival [99]. It is
noteworthy that the plant genome contains far more PPMs than the human genome
(~80 genes in Arabidopsis) [100].

The catalytic core domain of PPMs contains a -sandwich in the center with two
flanking pairs of a-helices alongside the B-sheets (Figure 2.8) [98]. Two metal ions
are located at the base of the cleft formed between the two B-sheets. Similar to the
reaction mechanism of PPPs, PPMs function by the activation of a water molecule
through the hexacoordinated active site metals using an Sy®> mechanism. Three
accessory a-helices present attached to the core domain may contribute to its
regulation or participate in substrate selection. Compared to the human PPMs,
bacterial PPMs use three metal ions at their active site. The structural core and
the six active site residues of these bacterial homologues from Mycobacterium

; PDB ID : 5ITI

Figure 2.8: Structure of metal-dependent phosphatase (PPM), PP2C. The human structure has an
accessory three helix bundle. The prokaryotic homologue, tPphA, has a conserved active site but
binds three metal ions.
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tuberculosis and Streptococcus agalactiae are highly conserved. These bacterial
homologues also contain a loop that covers the active site and probably participates
in allowing substrate access to the metal center [101, 102].

PPM isoforms exhibit distinct functions, cellular localizations and are highly
varied in their domain organization and protein—protein interactions. PPM1A is
activated by binding and allosteric modulation by a putative insulin second mes-
senger INS2 [103]. PPM1 hence acts as the phosphatase that modulates glycogen
synthetase of the liver and participates in insulin-regulated signaling. This indi-
cates that the role of PPMs lies in hormone signaling in humans, much like in
Arabidopsis. In plants, PPM1 heterodimer binds to the START family of receptors
and increases their affinity for abscisic acid [104]. PPM1D phosphatase is also
known as Wipl. Wip1 is an oncogene whose transcription is induced by the action
of p53 in response to DNA damage [105]. In a feedback loop, Wip1 then serves to
dephosphorylate p53. Reciprocally, overexpression of Wipl is seen to increase the
level of activated p53 protein in cells [106]. Wip1 also participates in the regulation
of stress kinases including ATM, Chk2 and p38 mitogen-activated protein kinase
(MAPK) [107]. PPM1G phosphatase is a part of the spliceosome complex and binds
to YB-1 protein to modulate alternative splicing [108]. Phosphorylation of PPM1G
enhances its binding to YB-1, hence providing an additional layer to its regulation.
Some PPMs are called Pleckstrin homology (PH) domain leucine-rich repeat protein
phosphatases (PHLPP) as they contain a PH domain for association with phosphoi-
nositides. PHLPP1 dephosphorylates the kinase Akt at its Thr308 position and
promotes the cells decision to apoptosis [109]. Other PHLPPs also promote apop-
tosis by dephosphorylating the kinase MST1 [110]. PHLPP hence serves as a tumor
suppressor.

Inhibitors to PPM1A (PP2Ca) and PHLPP have been designed in attempts to study
their downstream substrates and interacting proteins [111]. 1-Amino-9,10-dioxo-4-(3-sul-
famoylanilinol) anthracene-2-sulfonic acid and (1,3-[[4-(2,4-diamino-5-methylphenyl)
diazenylphenyl] hydrazinylidene]-6-oxocyclohexa-1,4-diene-1-carboxylic acid have
been identified as PHLPP inhibitors with ICs, in the lower micro-molar range [112].
Nonphosphate-based inhibitors have been identified for PPM1A, but are weak in their
binding affinities [113]. Phosphonothioic acid inhibits PPM1A with a K; of 15.0 pM [114]. A
natural plant alkaloid, sanguinarine, has been identified as a selective inhibitor of
PPM1A. Sanguinarine serves to be specific for PPMs (IC5o = 2.5 uM) as compared to
PP1 (IC5 = 42.5 uM), PP2A (IC5o > 100.0 uM) or PP2B (ICso = 77.0 uM) [115].

Although a decent body of work is available for PPMs, more attention has been
focused on their oncogenic or tumor suppressor functions. Wipl (PPM1D) gene is
known to be amplified in over 15% of breast cancer samples [116]. Overexpression of
PPMI1D is also seen in pancreatic adenocarcinomas, ovarian cancer and also gastric
cancer [117]. Depletion of PPM1D in mouse models of breast cancer is seen to greatly
increase their viability and PPM1D null mouse fibroblasts and reported to be
resistant to transformation [118, 119]. Wip1 functions as a negative regulator of p53
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and hence directly involves in the MAPK and p16 (Ink4-a)-p19(Arf) pathways [119].
Wipl1 is a lucrative target for anticancer drug discovery initiatives. Phosphatase
activity-based assays are being used to establish compounds that can be used as
Wipl inhibitors that do not cross-react with PP2A or PPM1A (PP2Ca) [120]. Substrate-
inspired cyclic hexapeptides have also been designed as potential competitive
inhibitors of Wip1l [121]. Contrary to PPM1D oncogene, the tumor suppressor
PHLPP gene invigorates the discovery of small-molecule activators. This is a far
more challenging research pursuit than the identification of inhibitors that would
allow for trapping of the protein in inactive states. PPM1A gene encodes the PP2Ca
phosphatase that also serves as a tumor suppressor. Rigorous studies have identi-
fied a small-molecule activator for PPM1A called NPLC0393 that has shown poten-
tial to prevent liver fibrosis by enhancing PPM1A activity. Activation of PPM1A
negatively affects the transforming growth factor f pathway and rescues cells
from fibrosis [122].

2.4 FCP/SCP phosphatases

The FCP/SCP family of protein phosphatases are a subset of the HAD superfamily of
enzymes. These enzymes use the conserved aspartate in the sequence DxDxT/V to
catalyze the transfer of a phosphate to a substrate protein using a single Mg®* metal
ion [123]. Another distinguishing feature of this family is their distinct reaction
mechanism from the PPPs or PPMs. These phosphatases catalyze phosphotransfer
by orchestrating a nucleophilic attack on the phosphate group by their active site
aspartate leading to the formation of a phosphoaspartyl intermediate (Figure 2.9).
This phosphoaspartyl intermediate of FCP/SCPs has been captured and confirmed by
X-ray crystallography [124]. In the later step, a water molecule is used to break the
phosphoaspartyl and release the free phosphate and regenerate the active site
aspartate [7, 124]. This reaction mechanism resembles the mechanism of PTPs that
use an active site cysteine to make a cysteinyl-phosphate intermediate. The metal ion
Mg?* neutralizes the negative charge on the phosphate and passively participates in
catalysis; unlike in the PPPs and PPMs where the two metal ions are directly involved
in the activation of water for the dephosphorylation reaction.

In a unique order of signaling, these FCP/SCP phosphatases have only one primary
substrate. This substrate is the C-terminal domain (CTD) of RNA polymerase II that
harbors YSPTSPS repeat sequences. The number of these YSPTSPS repeats varies from
26 repeats in yeast to 52 repeats as seen in the human RNA polymerase. [125].
Phosphorylation of the second and the fifth serine cycle during different rounds of
transcription and their levels are kept under tight regulation. Phosphorylation of serine
residue at the fifth position (pSers) is required in transcription initiation and early
stages of transcription elongation. Phosphorylation of serine residue at the second
position (pSer,) is required in transcription elongation and transcription termination.
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Figure 2.9: Catalytic mechanisms of PPP/PPM and FCP/SCP family of protein phosphatases. Figure
adapted from https://commons.wikimedia.org/wiki/File:PP1_Mechanism_1.png and Ref [124].

Hence, a specific C-terminal code that uses various levels of phosphorylations on the
second or the fifth serine constitutes the signal for effective transcription [126].
Enrichment of different phosphorylated states of CTD of RNA Polymerase II allows
for its interaction with various regulatory proteins and transcriptional influencers [127,
128]. FCP/SCP hence regulate the cycling of RNA polymerase I and are essential for cell
viability [129]. FCP can dephosphorylate both the phosphoserines on the CTD
sequence, but show preference for the pSer, [129]. In Saccharomyces, this preference
of FCP for pSer, over pSers is about sixfold [130]. In contrast, SCP shows a 70-fold
preference for pSers over pSer,, and is a CTD phosphatase found only in higher
eukaryotes [131]. These unique substrate presences of SCP and FCP can allow for design
of specific inhibitor for one that may not cross-react with the other [132].

Scp1 forms an o/p fold with a central p-sheet made of five B-strands (Figure 2.10)
[7, 131]. The active site motif DxDXT is located C-terminal to the first B-strand in the core
of the domain. An insertion domain made of three a-helices immediately follows the
conserved motif. This domain of ~40 amino acids is the most divergent in SCP sequence
and is reminiscent of WW domains that recognize prolines in interacting proteins.
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Figure 2.10: Structure and substrate-binding modes of Fcpland Scpl. The substrate contains tandem
repeats of YSPTSPS motif.

Phosphoserine containing CTD peptides have been structurally characterized to bind
between the active site cleft of the motif and the insertion domain. Substrate recognition
is provided by the proline residue of the CTD sequence YSPTSPS that interacts with the
hydrophobic residues on the insertion domain. Mg®* binds to the pSers of the peptide
and stabilizes the charges at the active site. Fcpl, on the other hand, forms a Y-shaped
structure that has the FCP-Homology (FCPH) domain as its stem [133]. One arm of the Y-
shaped molecule is formed by the BRCA1 C-terminal (BRCT) domain and the other arm is
an insertion domain analogous to the insertion domain of Scpl. These two arms create a
deep cleft in the Y-shaped molecule. Substrate peptide binds in the deep cleft to access
the active site DxDxT motif at its base (Figure 2.10).

Recent work has suggested that Scpl may use Smad protein as its substrate [134].
Another body of work has identified the role of Scp1 as a corepressor that associates
with repressor element 1 silencing factor (REST) complex [135]. Both Scpl and REST
work toward silencing of specific genes in neuronal cells and their inhibition is a
strategy for promotion of neuronal regeneration. It has been demonstrated that a
dominant mutant of Scpl (D96E or D98N) includes neuronal regeneration in mouse
embryonic cells. Knockdown mutant of Scpl directly promotes neural differentiation.
Also, targeting of untranslated regions of Scpl by micro RNA-123 can antagonize its
antineural effect and promote neuronal differentiation [136, 137].

Emerging evidence has identified another member of HAD family of aspartate-
based PSP that is distinct from FCP and SCP. Chronophin contains the conserved
DxDxT active site motif and has a similar site to FCP/SCP. Chronophin removes
phosphates from a protein cofillin which is a regulator of cytoskeletal dynamics in
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cells [138]. While the structure of chronophin has been solved by x-ray crystallogra-
phy, its mechanism of substrate identification, binding and processing remains to be
elucidated.

2.5 Protein tyrosine phosphatases

The PTPs are a distinct superfamily that can be further divided into four separate
subfamilies based on the amino acid composition of their catalytic domains
(Figure 2.11) [3, 4]. Classes I-III include tyrosine phosphatases that use an active site
cysteine that is placed in a conserved reaction center. The class I PTPs include the
classical PTPs and DUSPs. The classical PTPs include both receptor and non-receptor
tyrosine phosphatases. These proteins are explained in detail in the following sections
of this chapter. The class II subfamily is represented by a sole member known as the
low-molecular-mass protein tyrosine phosphatase (LMPTP). It is a cysteine-based
phosphatase that is evolutionarily linked to the bacterial low-molecular-mass tyrosine
phosphatase and uses phosphotyrosine as substrate [4]. The class III subtype consists of
cysteine-based phosphatases that are related to rhodanese enzymes and use both
phosphotyrosine and phosphothreonine as substrates. This subtype includes cell
cycle regulating phosphatases that modulate the activity of cyclin-dependent protein
kinases [139]. The class IV subtype includes the recently discovered aspartic acid-based
tyrosine phosphatases that include the EyA (Eyes Absent) phosphatase of the HAD
phosphatases. The HAD phosphatases use sugars, phospholipids, nucleotides and
proteins as substrate and are very heterogeneous enzymes [140].

Receptor protein tyrosine

phosphatases
—— [ Classical '—
Nonreceptor protein

Class | —  tyrosine phosphatases

—— MAPK phosphatases
——— Slingshots

Protein tyrosine

phosphatases Dual-specificity
phosphatases | — PRLs
—_—

|— Cdcl4s
— PTENs
Low-molecular-mass protein ——  Myotubularins
— Classll — N
tyrosine phosphatase

Atypical DUSPs
——— | Classlll  ——| Cdc25 phosphatases

L ClasslV ——| EyA (eyes absent)

il

Figure 2.11: Classification of protein tyrosine phosphatase superfamily.
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2.5.1 The dual-specificity phosphatases

DUSPs get their name from their unique ability to dephosphorylate the phosphotyr-
osine and phosphoserine/phosphothreonine residues within the same substrate.
Their conserved active site contains the HCxxxxxR motif with a nucleophilic
cysteine that allows the formation of a stable phosphoryl intermediate [141]. As in
the case of classical PTPs, a conserved aspartic acid functions as general acid/base
to stabilize the said phosphoryl intermediate (see Chapter 3). The shallow active site
of DUSPs allows them to accommodate more than one type of phosphoamino acid
residue than their active site [142]. The human genome has about 61 genes that
encode for the various DUSPs (Table 2.3). Members of this subtype include the
MAPK phosphatases, slingshots, phosphatases of the regenerating liver (PRLs),
Cdcl4s, phosphatase and tensin homologues (PTENs), myotubularins and the
atypical DUSPs. DUSPs are the most diverse group of phosphatases in the super-
family and have varied substrate preferences (Figure 2.12). The MAPK phosphatases
dephosphorylate phosphothreonine/phosphotyrosine residues. Slingshots depho-
sphorylate phosphoserines while Cdcl4s dephosphorylate phosphothreonine/

Table 2.3: Various dual-specificity phosphatases.

Dual-specificity phosphatases

MAPK Slingshots  PRLs Cdcl4s  PTENs Myotubularins Atypical
phosphatases DUSPs
DUSP1 SSH1L PTP4A1 Cdc14A  PTEN MTMR1 Laforin
DUSP2 SSH2L PTP4A2  Cdc14B  TNS1 MTMR2 PTPMT1
DUSP4 SSH3L PTP4A3  CDKN3 TNS2 MTMR3 STYX
DUSP5 PTPDC1  TPTE MTMR4 DUSP3
DUSP6 TPTE2 MTMR5 DUSP11
DUSP7 MTMR6 DUSP12
DUSP8 MTMR7 DUSP13A
DUSP9 MTMRS8 DUSP13B
DUSP10 MTMR9 DUSP14
DUSP16 MTMR10 DUSP15
MK-STYX MTMR12 DUSP18
MTMR14 DUSP19
MTM1 DUSP21
SBF1 DUSP22
SBF2 DUSP23
DUSP26
DUSP27
DUSP28
DUPD1

MAPK, mitogen activated protein kinase
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Dual-specificity phosphatases
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Figure 2.12: The dual-specificity phosphatases.

phosphoserine residues. Nonprotein substrate utilizing DUSPs include DUSP11 that
dephosphorylates mRNA; PTENSs that are specific for phosphoinositol; myotubular-
ins that are specific for inositol-4-phosphatases; and laforin that uses carbohy-
drates as substrate.

The first discovered DUSP was VH1 from vaccinia virus [143]. The phosphatase
was reported to be present in the encapsulated fluid of the virus to be released into
the intracellular spaces of the host upon viral attack [144]. Inside the host cell VH1
dephosphorylates STAT1 and host cell proteins by targeting their phosphotyrosine,
phosphoserine and phosphothreonine residues [145]. VH1 is reported to be critical for
maintaining viability of the virus and also for dephosphorylating viral proteins that
participate in viral morphogenesis [145, 146]. The human homologue of VH1 was
discovered soon after and was named VHR [147]. VHR is reported to regulate signal
regulating cell proliferation and differentiation. It dephosphorylates the phosphotyr-
osine and phosphothreonine residues of Erk and Jnk protein kinases and their
signaling partners [148, 149].

2.5.1.1 MAPK phosphatases

The MAPK phosphatases are a well-characterized subgroup of DUSPs that simulta-
neously dephosphorylate the phosphothreonine and phosphotyrosine residues in a
conserved TxY motif. These phosphatases target MAPK to antagonize their signaling
cascades. These phosphatases have an N-terminal Cdc25-like (or Cdc25 homology 2)/
Rhodanese domain that contains unique kinase interaction motifs. These motifs
allow for specificity in the interaction between various MAPK and MAPK phosphatases
(Table 2.4). The C-terminal region of these phosphatases has the conserved tyrosine
phosphatase domain with the extended consensus sequence DX,4(V/L)X(V/I)HCXAG
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Table 2.4: Interaction between various MAPK and MAPK phosphatases.

Phosphatase Other names MAP kinase association
DUSP1 MKP-1, CL100, hVH1,3CH134, PTPN10erp p38 = JNK > ERK
DUSP2 PAC-1 ERK = p38 > JNK
DUSP4 MKP-2, hVHR-2, TYP1 ERK= JNK > p38
DUSP5 hVHR3, B23 ERK

DUSP6 MKP-3, Pyst1, rVH6 ERK > JNK = p38
DUSP7 MKP-X, Pyst2, B59 ERK > JNK = p38
DUSP8 hVH5, M3/6, HB5 JNK= p38 > ERK
DUSP9 MKP-4, Pyst3 ERK > p38 > JNK
DUSP10 MKP-5 p38 = JNK > ERK
DUSP16 MKP-7 JNK = p38 > ERK
MK-STYX syx- ————

(I/V)SRSXT(IV)XXAY(L/I)M. The extended consensus sequence contains the nucleo-
philic cysteine for phosphoryl intermediate formation and also an upstream aspartate
that allows for stabilizing the said intermediate [150, 151]. The structural folding of the
active site region is highly conserved and mutation of the conserved cysteine residue
abolishes all phosphatase activity (Figure 2.13) [141, 152, 153]. Production of reactive

- S —
- qlf\,\_\ \ i SSH2L
2 ‘_3__ o/ il

;"JMAPK phosphatases

PDB ID: 1XM2 PDB ID: 1VHR

Figure 2.13: The dual-specificity phosphatase catalytic domain as seen in the various DUSP subtypes.
Active site shows the nucleophilic cysteine and an inorganic phosphate.
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oxygen species in the cells leads to oxidation-based inactivation of the nucleophilic
cysteine that also leads to altered configuration of the MAPK phosphatase active site
[154, 155]. One member of this subtype called MK-STYX (MAPK serine, threonine,
tyrosine and tyrosine-specific phosphatase) has its nucleophilic cysteine substituted
naturally for a serine residue. MK-STYX is an inactive phosphatase or a pseudopho-
sphatase [156].

Expression and activity of MAPK phosphatases is critically regulated and is
maneuvered in response to various stimuli in the cellular context [157-159]. Their
expression is reported to be low in resting or unstressed cells and increases in
response to stimulation by cytokines, growth factors or serum. Induction of their
expression is also reported to be varied in various cell lines and tissues and is often
correlated with MAPK activation in these cells. MAPK phosphatases hence work in a
feedback mechanism with the MAPK to regulate mitotic signaling. The catalytic
activity of some of these phosphatases is reported to be enhanced upon binding to
their interacting MAPK [160]. This is suggested to occur via conformational changes
in the active site, particularly around the general acid/base aspartate residue that
stabilizes the phosphoryl intermediate [161]. MAPK phosphatases are also substrate
of their target protein kinases and undergo phosphorylation. Erk is reported to
phosphorylate DUSP1 at Ser359 and Ser364 [158]. Protein kinase p53 phosphorylates
DUSP16 at Ser446 [162]. Phosphorylation of these MAPK phosphatases is reported to
enhance their half-life in cells by sequestering them away from ubiquitin-mediated
degradation. Expression of these phosphatases is also under epigenetic control by
modifications of their promoter regions. Hyper-methylation of the DUSP1 promoter
leading to its loss of expression has been reported in pancreatic cancer [163].
Acetylation of this promoter in response to Toll-like receptor stimulation serves to
activate DUSP1 expression. DUSP1 then dephosphorylates p38 to decrease the innate
immune response [164].

MAPK phosphatases are major regulators of some of the most critical biologi-
cal processes. DUSP1, DUSP2 and DUSP10 are important regulators of immune
signaling [165, 166]. DUSP1 inactivates p38 and Jnk, and plays critical roles in both
adaptive and innate immune response [167-169]. DUSP2 is reported to regulate
both p38 and Erk in in vitro experiments [170]. Knockout mouse models have
provided a role for DUSP2 in cross-talk between the Erk and Jnk kinases [171].
DUSP10 functions to inactivate Jnk kinases and regulate inflammatory response
[172]. Functional roles of DUSP4, DUSP6, DUSP7, DUSP10 and DUSP16 have been
reported in various types of cancers [173-176]. DUSP6 is upregulated as a nega-
tive-feedback regulator or mitogenic signaling in cancers that have aberrant
receptor tyrosine kinase and Ras/Raf signaling [177]. Expression profiles of
these phosphatases are seen to be highly contest specific. For example, DUSP1
is reported to exhibit increased expression in glial, gastric and prostate cancer cell
lines but decreased expression in ovarian and testicular cancer [178-182]. DUSP1
is reported to sensitize cancer cells to cisplatin-mediated apoptosis [183].
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2.5.1.2 Slingshot phosphatases

Slingshot phosphatases were first discovered in the fruit fly Drosophila melanogaster,
where their mutants caused disorganized epidermal cell morphogenesis [184]. The
human slingshots include three members, namely SSH1L, SSH2L and SSH3L. All
three slingshot phosphatases are widely expressed and are suggested to have a
regulatory role in actin polymerization [185, 186]. These phosphatases suppress
actin filament assembly by dephosphorylating phosphoactin depolymerization fac-
tor and phosphocofilin [187]. All the three slingshot phosphatases have a conserved
catalytic domain that can use both phosphoserine and phosphothreonine residues as
substrates (Figure 2.13). They also contain 14-3-3 binding motifs, and SH3 region and
a C-terminal F-actin binding site [187]. These phosphatases negatively regulate actin
polymerization induced by LIM domain kinase 1 (LIMK1) and the testis specific kinase
(TESTK1). SSHIL is reported to directly dephosphorylate LIMK1 [187].

2.5.1.3 PRL phosphatases

The PRLs are a subgroup of DUSPs that include PRL-1, PRL-2 and PRL-3 proteins
encoded by the PTP4A1, PTP4A2 and PTP4A3 genes [188, 189]. These are small ~20
kDa proteins that contain a PTP domain followed by a polybasic region. This poly-
basic region is suggested to facilitate the binding of these phosphatases to membrane
lipid and also promote their localization in the nucleus [190]. A conserved CAAX
sequence motif at the C-terminal end of these proteins allows for their farnesylation
and consequent association with the plasma membrane and early endosomes [191].
Structural analysis of PRLs has been done using crystallographic and nuclear mag-
netic resistance-based methods [192-194] (Figure 2.13). PRLs are reported to regulate
the activity of Src and Erk kinases [195, 196]. These phosphatases also regulate the
Rho GTPases (RhoA and RhoC) and other DUSPs called the PTENSs [197, 198]. PRL-3 is
reported to dephosphorylate the protein Ezrin at pThr567 [199]. PRLs are reported to
regulate cell proliferation, migration, transformation and invasion. All three PRLs are
reported to be overexpressed in cancer cell lines [188]. PRL-1 and PRL-3 are reported
to be associated with migration and invasion of epithelial cells [200, 201]. PRL-3 is
reported to be upregulated in breast, gastric, liver and ovarian cancer and various
other tumors [202-205].

2.5.1.4 Cdc14 phosphatases

The Cdc14 phosphatases are evolutionarily conserved from yeast to humans and
function as key regulators of cell cycle progression. In yeast, Cdc14 dephosphorylates
cyclin-dependent kinase substrates Cdhl and Sicl and allows cells to exit mitosis
[206]. In humans, Cdcl4 subgroup comprises four phosphatases: Cdcl4A, Cdcl4B,
CDKN3 and PTP9Q22/PTPDC1 (annotated). These phosphatases are closely related to
the class II Cdc25 phosphatases [3]. These Cdcl14 phosphatases dephosphorylate the
phosphoserine/phosphothreonine residues next to a proline residue (P + 1), as seen

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

60 —— 2 Protein phosphatases: Classification and domain architecture

in substrate sequences of proline-directed cyclin-dependent kinases and mitogen-
activated kinases. The structure of their phosphatase region is unique in having
tandem A and B DUSP domains that have the active site as a groove in between
these two domains (Figure 2.14) [207]. The nucleophilic cysteine is contained in the
CxxxxxR motif in the B-domain. The active site lies in the inter-domain region as a
long groove. The acid-base aspartate containing loop and a5A/a6A loops of the
A-domain line the groove on one end and the acid-base aspartate containing -loop
of the B-domain lies at the opposite face.

Cdc14B
A-domain -domain
1\ 44 386 T 459
Nucleolar ystei E:;:I)?;ignal
localization
Signal Active site
groove

p-domain

- -. ; -
| @)
Linker helix =" opB ID: 10HD

Figure 2.14: Domain organization in the Cdc14 DUSPs.

Three acidic residues (Glu206, Glu209 and Asp215 in Cdc14B) cluster to form an acidic
patch at one end of the substrate groove. This acidic patch is suggested to engage the
basic residues commonly seen at P+2 to P+4 positions in cyclin-dependent kinase
substrates [208]. The Cdcl4s are also suggested to work in concert with Pin1, the proline
cis—trans isomerase, to allow for optimal binding of proline containing substrate at the
active site [209].

Cdc14 phosphatases are reported to play crucial roles in spindle stabilization and
centrosome maturation associated with cell cycle progression [210, 211]. Cdc14B is
targeted to the nucleus during interphase and to the mitotic spindle during mitosis
[212]. Cdc14A is localized at the centrosome during interphase and later at the spindle
mid-zone. Overexpression of Cdc14A causes multipolar spindle formation because of
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premature splitting of the centrosome, while downregulation of Cdc14A induced cell
death [213]. Cdc14 phosphatases are reported to inhibit RNA polymerase and also to
allow for chromosome disjunction during mitosis [214]. Substrates of Cdcl14 phos-
phatases include Cdc25A and p53 protein kinases and the Rab5 activating protein RN-
tre [215-217].

2.5.1.5 PTEN phosphatases

This subgroup of phosphatases gets their name from their member PTEN that depho-
sphorylates phosphoinositide substrates. The protein is coded by the PTEN gene
located on chromosome 10 (band 10¢g23.31) [218]. PTENSs contain a tensin-like domain
(C2 domain) attached to their DUSP domain (Figure 2.15). The C2 domains have a
CBR3 loop that allows PTEN to bind phosphatidylinositol-3-phosphate of membrane
lipids [219]. The N-terminal region of PTEN contains a nuclear localization signal
(residues 7-31) and also a cytoplasmic localization signal (residues 19-25) [220].
Residues 6-15 have a motif that binds phosphatidylinositol 4,5-bisphosphate (PIP,)
and is called the PIP, binding motif [221]. A naturally occurring variant of PTEN is
formed by the alternate start site readout of the PTEN gene and makes PTEN long that
has about 173 extra amino acids at the N-terminus [222]. PTEN also has a disordered
region at its C-terminus (residues 353-403) that contains various phosphorylation
sites and is responsible for modulation of its phosphatase activity [223].

Myotubularins Active site
Sy groove

PDB ID: 5BUG P T PDB ID: 125Q

Figure 2.15: The distinct catalytic domains of PTEN and myotubularin DUSPs.

PTEN uses phosphoinositide substrates to control the levels and cellular signaling by
the phosphatidylinositol 3,4,5-trisphosphate (PIP3) [218]. PTEN removes the 3’ phos-
phate from PIP; to release PIP, and inhibit Akt signaling. PTEN has recently been
shown to also use protein substrates including IRS1 and Dishevelled [224, 225]. The
nucleophilic Cys214 is present in the phosphatase domain in a deep and wide pocket
that accommodates the substrates of PTEN.

Mutations and deletions that lead to loss of function of PTEN are correlated with
glioblastoma, and cancers of the liver, prostate, breast and endometrium. PTEN is
reported to be the most common tumor suppressor gene lost in prostate and other
cancers [226]. Deletions and mutations of the PTEN gene cause PTEN hamartoma
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tumor syndrome that includes Cowden syndrome, Bannayan—Riley—Ruvalcaba syn-
drome and Proteus-like syndrome [227]. Deficient function of PTEN is reported in
patients with learning disabilities and broad-spectrum autism [228].

2.5.1.6 Myotubularins

Myotubularins are also a subtype of DUSPs that, like the PTENs, dephosphorylate D3-
phosphorylated inositol phospholipids [3, 229] (Figure 2.15). This subtype includes 15
gene products, about half of which are inactive phosphatases due to the lack of critical
amino acid residues in their catalytic domains [230]. Missing residues include the active
site nucleophilic cysteine, the conserved arginine or the acid/base aspartate. The role of
inactive myotubularins is unclear, but they are suggested to work in concert with the
active group members to regulate phosphoinositide-based signaling [231].
Myotubularins possess additional domains and motifs, other than their phosphatase
domain, that allow for them to interact with other proteins and the plasma membrane.
These include an N-terminal PH domain, a FYVE (Fablp, YOTB, Vaclp, and EEA1)
domain and a C-terminal coiled-coil domain [232]. These coiled coil regions allow the
inactive myotubularins to make pairs with the active ones; like MTMR1 (active) with
MTMRS5 (inactive) and MTMR6 (active) with MTMRO (inactive) pairs. Mutations in myo-
tubularins leading to a loss of function are associated with neuromuscular disease [233].

2.5.1.7 Atypical DUSPs

The atypical DUSPs are a set of about 19 proteins that are phylogenetically distinct, but
share characteristic features with MAPK phosphatases and the VH1 phosphatase origin-
ally discovered from vaccinia virus [145]. These proteins contain the DUSP domain but
lack the Cdc25 Homology 2 (CH2) domain seen in the MAPK phosphatases [234]. The
literature is crowded with conflicting reports regarding these phosphatases and these
proteins have also been renamed and reclassified by various research groups (Table 2.5).

Table 2.5: Alternate names of atypical DUSPs in literature.

Atypical DUSP Other names in literature

DUSP3 - VHR (VH1-related)

DUSP11 - PIR1 (phosphatase that interacts with RNA-ribonucleoprotein complex 1)
DUSP12 — GKAP (glucokinase-associated phosphatase)

DUSP13A — TMDP (testis- and skeletal muscle-specific DUSP)

DUSP13B — MDSP (muscle-restricted DUSP)

— BEDP (branching-enzyme-interacting DUSP)
- SKRP4 (stress-activated protein kinase pathway-regulating phosphatase-4)

DUSP14 — MKP-L (MKP-1-like protein tyrosine phosphatase)
- MKP-6
DUSP15 — VHY (VH1-like memberY)
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Table 2.5: (continued)

Atypical DUSP Other names in literature

DUSP18 - DUSP20
— LMWDSP20 (low-molecular weight DUSP20)
DUSP19 - DUSP17
— SKRP1 (stress-activated protein kinase pathway-regulating phosphatase 1)
DUSP21 LMWDSP21 (low-molecular-mass DUSP21)
DUSP22 — VHX (VH1-related phosphatase-related X)
- MKP-X

— LMWDSP2 (low-molecular-mass DUSP2)
- JKAP (NK pathway-associated phosphatase)
- JSP1 (NK-stimulating phosphatase 1)

DUSP23 - VHZ (VH1-related phosphatase 2)
- DUSP25
— LDP-3 (low-molecular-mass DUSP3)
DUSP26 - DUSP24
- MKP-8

— LDP-4 (low-molecular-mass DUSP4)
- SKRP3 (stress-activated protein kinase pathway-regulating phosphatase 3)
— NEAP (neuroendocrine-associated phosphatase)

The first atypical DUSP to be discovered and structurally characterized is DUSP3
(or VHR as mentioned earlier) [235, 236] (Figure 2.13). DUSP3 is constitutively
expressed and is localized to the nucleus. It plays an important role in regulation
of cell cycle, MAP kinase activity and DNA damage and repair [237]. DUSP3 specifi-
cally dephosphorylates Erk 1/2 but not the p38 or JNK MAPKSs [149]. It is also reported
to dephosphorylate pTyr996 of the ErbB receptors [238]. DUSP3 shows dimerization-
based regulation of activity and is also phosphorylated by ZAP-70 on Tyr138 [239,
240]. DUSP3 is reported to be overexpressed in cervix cancer cell lines, including
SiHa, CaSki, C33 and HT3 [241]. It is also overexpressed in prostate cancers [242]. The
DUSP23 phosphatase is similar to DUSP3 and is hence also known as VH1-related
phosphatase Z. DUSP23 is the smallest DUSP with a single phosphatase domain [243].
It localizes to the centrosome and is crucial for regulation of the cell cycle. It is
implicated in various cancers and is also required for placental development [244].
DUSP23 is reported to dephosphorylate the transcription factor glial cells missing
homologue 1 [245]. In contrast to the MAPK phosphatases, DUSP23 is reported to
enhance the activity of p38 and JNK proteins [246].

DUSP13 is expressed in the skeletal muscle, testes, heart and blood. Two alter-
nate reading frames of the DUSP13 gene allow for generation of two isoforms:
DUSP13A or TMDP (testes and skeletal-muscle-specific DUSP) and DUSP13B or mus-
cle-restricted DUSP (also called branching enzyme interacting DUSP) [247]. DUSP13B
is crucial for regulation of meiosis and spermatogenesis in the testes [248] and shows
specific phosphatase activity for MAPKs, not shown by DUSP13A [249].
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DUSP26 is expressed in many tissues including skeletal muscles, heart, ovaries
and brain. It is reported to localize mainly to the nucleus and the Golgi complex
[250]. It dephosphorylates and inactivates p38 MAPK and abrogates its apoptotic
signal in Anaplastic thyroid cancer (ATC) cell lines [251]. DUSP26 is reported to
associate with the KIF3 motor protein complex that regulates the transport of
intracellular proteins. It is suggested to bind the kif3a subunit of the complex and
dephosphorylate Kap3 [252]. DUSP26 is reported to dephosphorylate pSer20 and
pSer37 of p53 kinase [253]. DUPDI1 is another DUSP expressed in skeletal muscles,
liver and adipose tissues [254]. The exact biological role of DUPD1 remains elusive,
although its phosphatase domain has been characterized [255]. DUPD1 is referred to
as DUSP27 in many places in literature; which is misleading as DUSP27 is a distinct
gene product and another atypical DUSP. The actual DUSP27 is an evolutionarily
conserved protein that is expressed in the heart and skeletal muscle. It is charac-
terized by a long C-terminal region of around 700 residues and an inactive phos-
phatase domain where the nucleophilic cysteine is substituted to another residue
(varies from fish to human).

Another inactive atypical DUSP is the serine/threonine/tyrosine interacting
protein (STYX). The catalytic domain of STYX has the nucleophilic cysteine sub-
stituted by a glycine residue [256]. Reverse mutation of this Gly120 to a cysteine
converts STYX into an active phosphatase. STYX binds to phosphotyrosine contain-
ing regions in proteins and competes with other phosphatases for their target
substrates [257]. Important binding partners of STYX include Erkl1/2 whom it assists
in nuclear export and the testicular RNA-binding protein Crhsp-24 implicated in
spermiogenesis [258, 259].

DUSP12 is characterized by the presence of a C-terminal Zinc-binding domain
alongside its N-terminal functional DUSP domain [260]. This Zinc-binding domain
is suggested to work as redox sensor that may protect the DUSP12 phosphatase
domain from oxidative stress [261]. DUSP12 is suggested to be a putative oncogene
that functions to regulate key cellular processes [262, 263]. Most notably, DUSP12
interacts with Hsp70 chaperone proteins to prevent heat shock-induced cell death
[264]. Overexpression of DUSP12 is reported to block adipogenesis and its poly-
morphisms are associated with type II diabetes [265, 266]. The rat DUSP12 is
reported to directly interact with glucokinase enzyme and enhance its rate of
glucose phosphorylation [260]. DUSP12 is hence also known as glucokinase-asso-
ciated phosphatase.

DUSP15 and DUSP22 are DUSPs that have an N-terminal myristoylation site (Gly2)
that allows their targeting to the plasma membrane [267]. DUSP15 is transcriptionally
regulated during oligodendrocyte differentiation where its role is to dephosphorylate
Platelet-derived growth factor (PDGF)-receptor beta and SNX6 protein [268]. DUSP22
regulates cell migration and motility by dephosphorylating pTyr397, pTyr576 and
pTyr577 of FAK protein kinase [269]. It also dephosphorylates pSer118 of estrogen
receptor alpha [270]. It is also reported as a negative regulator of STAT3 signaling [271].
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DUSP18 is a DUSP that is widely expressed and was first identified from the fetal
brain [272]. It dephosphorylates JNK but not p38 or Erk MAPK [159]. DUSP19 interacts
with MAPK MKK7 and inhibits JNK-mediated signaling [273]. It is also reported to
interact with apoptosis signaling regulating kinase 1 or ASK1 [274]. DUSP14 is
reported to negatively regulate tumor necrosis factor-induced activation of nuclear
factor kappa B [275]. DUSP21 is a cancer testis antigen and is a therapeutic target for
hepatocellular carcinoma [276].

DUSP11 was originally discovered as being associated with ribonuclear com-
plexes and was called phosphatase interacting with RNA-ribonucleoprotein 1 or
PIR1 [277]. DUSP11 is suggested to function in RNA splicing where it dephosphor-
ylates the 5’ ends of RNA strands. Its catalytic domain is closely related to RNGTT
protein which is an mRNA capping enzyme [278]. Another DUSP that uses nonprotein
substrates is Laforin. Laforin or the Lafora disease phosphatase uses its N-terminal
CBM20 carbohydrate-binding domain to target polyglycan bodies [279, 280]. It uses
its C-terminal phosphatase domain to dephosphorylate complex carbohydrate gly-
cans [281]. Epilepsy causing mutations have been reported in both domains of Laforin
[281]. Laforin also serves as an adaptor protein and modulates PPPIR3D regulatory
subunit of PP1 [282]. A study suggests that Laforin can dephosphorylate pSer9 of
glycogen synthetase kinase 3 [283].

PTPMT1 is the first PTP reported to be localized to the mitochondrion where it
dephosphorylates phosphatidylinositol-5-phosphate [284, 285]. It contains an
N-terminal mitochondrial targeting sequence followed by a phosphatase domain that
resembles PTEN. PTPMT1 is also reported to dephosphorylate phosphatidylglcerolpho-
sphate to release phosphatidylglycerol in the cardiolipin biosynthesis pathway [286].

2.5.2 The class Il protein tyrosine phosphatases

The class I PTPs are small-sized (~15-18 kDa) enzymes that are also called the low-
molecular-weight protein tyrosine phosphatase (LMW-PTP). These are specific for
using phosphotyrosine as substrate but not phosphoserine or phosphothreonine
[287, 288]. These enzymes catalyze phosphotyrosine dephosphorylation under acidic
conditions (pH < 6.0) and are also classified as acid phosphatases (hence the name
ACP) [289, 290]. These were first identified from red blood cells, but are now known to
be ubiquitously expressed in various tissues and cell types [291-293]. Human express
four LMW-PTPs that are actually isoforms created by alternate splicing of the tran-
script of the same ACPI gene [294]. Two of the four isoforms are reported to lack any
catalytic activity. The active isoforms named IF1 (and HCPTPA) and IF2 (and HCPTPB)
differ in the loop regions around their active site. These small differences provide
them distinct substrate specificities and ligand-binding abilities [295, 296]. The
inactive isoforms named SV3 and LMW-PTP-C are reported to regulate the activity
of the active isoforms by binding and sequestering their substrate proteins [297, 298].
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The catalytic domain of LMW-PTP has five a-helices flanking four B-sheets from
either site (Figure 2.16) [299, 300]. The catalytic loop (or phosphate-binding loop,
P-loop) containing the nucleophilic cysteine is located at the N-terminal region
between the B;-sheet and a;-helix. This loop is surrounded by a V-loop (that varies
in the isoforms) and another DPYY loop that contains the general acid/base aspartate
for catalysis [301]. The V-loop and DPYY loop configure around the catalytic loop to
create a compact active site that is similar but smaller than that of the classic class I
PTPs. This is despite the catalytic domain of LMW-PTPs having no sequence similar-
ity with the class I PTPs [300].

Class Il protein tyrosine phosphatases .
Mol. weight. (Da)

HCPTP-A | | 18042
1 158
| | altered T ] 17977
HCPTP-B | 4 74 158
[ | deleted | | 14342
LMW-PTP-C 1 s 74 124
| [ _altered ] _ deleted | 12230
| |
svu 1 78 112 113 158 '112

Figure 2.16: Domain architecture and active site of the class Il protein tyrosine phosphatases.

LMW-PTPs regulate and inhibit signaling of various receptor PTKs including that
of the insulin receptor, epidermal growth factor receptor, fibroblast growth
factor receptor and the vascular growth factor receptor [287, 302-304]. Loss of
function of LMW-PTP activity is implicated in various diseases including auto-
immune disorders, allergy, asthma, Alzheimer’s and also cancer [305-308].
Overexpression of active LMW-PTP in NIH3T3 cells is reported to cause larger
tumors in nude mice. Accordingly, phosphatase-dead LMW-PTP is reported to
inhibit tumor growth of NIH3T3 cells [309]. This transforming property of LMW-
PTP is suggested to be due to the dephosphorylation of the EphA2 receptors
[310]. The crucial role of LMW-PTPs in mitogenic signaling has made them a
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target for cancer therapeutics [311-313]. Inhibitor development for LMW-PTPs
has been especially challenging as inhibitory drugs have shown cross-reactivity
with the classic PTP1B [314, 315].

2.5.3 The class lll protein tyrosine phosphatases

The class III PTPs are controllers of cell division that function to activate cyclin-
dependent protein kinases (Cdks) by removing their inhibitory phosphorylations
[316]. Accordingly, these are also called as Cdc25 phosphatases and are reported to
be expressed in all eukaryotes [316, 317]. Class III PTPs were first identified in fission
yeast [139]. The human Cdc25 phosphatases are three proteins named as Cdc25A,
Cdc25B and Cdc25C [318]. Cdc25 isoforms dephosphorylate the dually phosphorylated
Thr-Tyr motifs in the N-terminal regions of cyclin-dependent protein kinases (Thr14-
Tyr15 in Cdk1) [319, 320]. As these phosphatases use a phosphothreonine and a
phosphotyrosine in a dual motif as substrates, they are sometimes referred to as
DUSPs. However, structurally and evolutionarily, these are quite distinct from the
class I DUSPs. It is noteworthy that while the Cdc25 phosphatases share the catalytic
mechanism and active site structure with the class I PTPs, they are suggested to have
evolved separately from independent ancestral genes [3]. Cdc25 proteins are related
to the rhodanese-type sulfur transfer enzymes that may have evolved to become
cysteine-based protein phosphatases [321, 322].

The size of Cdc25 phosphatases ranges from 300 to 600 residues and they have
distinct N- and C-terminal regions. The N-terminal region is the most diverse in the
various isoforms and contains phosphorylation, ubiquitination and protein—protein
interaction sites [323-326]. The C-terminal regions contain the catalytic domain of
about 200 residues with the CxxxxxR motif and the nucleophilic cysteine. The motif
sits in a cradle-shaped conformation to allow optimal substrate binding at the active
site (Figure 2.17) [327, 328]. This catalytic domain of the Cdc25 phosphatases contains
less a-helices and B-sheets compared to the catalytic domains of class I and class II
PTPs. Also, the loops surrounding the active site of class I and class II PTPs are absent
from the structures of Cdc25 and indicate their distinct evolutionary lineages.
Molecular dynamics simulations on the catalytic domain of Cdc25B has provided
evidence for flipping of the phosphate-binding loop (P-loop) to accommodate an
incoming ligand [329].

Class III PTPs are positive regulators of cell cycle progression and are hence
implicated in various cancers as oncogenes [330]. At the same time, Cdc25 phospha-
tases are reported to be responsible for prevention of Cdk activation under conditions
of DNA damage or incomplete replication in cells [331]. Cdc25 phosphatases are under-
standably targets of drug discovery efforts for anticancer therapeutics. Various Cdc25
phosphatase inhibitors have been reported in literature. These include natural pro-
ducts, electrophiles, phosphate mimetics and peptide-based inhibitor molecules [332].

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

68 =—— 2 Protein phosphatases: Classification and domain architecture

Class Ill protein tyrosine phosphatases
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Figure 2.17: The catalytic domain of class Il protein tyrosine phosphatases/Cdc25 phosphatases.

2.5.4 The class IV protein tyrosine phosphatases

The Eyes-Absent (Eya) proteins are a unique class of PTPs that use an aspartate-based
catalytic mechanism [333]. Eya proteins are named after their functional role as a
component of the SIX-EYA-DACH transcription factor network required for eye speci-
fication in D. melanogaster [334]. Eya proteins are critical for formation of various
tissues and organogenesis and Eya mutations are linked to congenital disorders in
humans [335]. These Eya proteins have provided the first biological example of a
transcription factor having phosphatase activity [336, 337]. Humans have four paralogs
of this family named as Eyal, Eya2, Eya3 and Eya4. The four proteins have a unique
~270 amino acid region that is specific to them and is known as the Eya domain (Figure
2.18). These domains allow Eya proteins to interact with transcription factors such as
Dachshund homologue 1 (in mice) and the homeodomain proteins Sine oculis (in
Drosophila) and Six (in vertebrates) (Figure 2.18). Increased levels of Eya and Six
have been reported in breast and ovarian cancers and also in malignant peripheral
nerve sheath tumors [338-340].

The catalytic domain of Eya phosphatases belongs to HAD superfamily of
enzymes. These phosphatases dephosphorylate phosphotyrosine residues using an
aspartyl-phosphate intermediate [341]. This is in contrast to the cysteinyl-phosphate
intermediate-driven catalysis by the class I, II and III PTPs. The conserved catalytic
core of the HAD phosphatase domains of Eya proteins is defined by four signature
motifs and the presence of a bound Mg?* ion [342]. Motif I contains the nucleophilic
aspartate required for the aspartyl-phosphate intermediate formation. Another aspar-
tate in this motif allows Eya to chelate an Mg?* ion at the active site. The motif Il has a

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

2.5 Protein tyrosine phosphatases =——— 69

Class IV protein tyrosine phosphatases

Eyal [ [ Eya domain /592 aa
Eya2 I Eya domain |538 aa
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Figure 2.18: The aspartate-based class IV protein tyrosine phosphatase catalytic domain.

crucial serine/threonine residue that allows for proper orientation of the substrate at
the active site. Motif III is essentially a critically placed lysine residue that stabilizes the
aspartyl-phosphate intermediate. Motif IV works together with motif I in the active site
to chelate the Mg?* ion required for catalysis. The general acid/base that allows for
hydrolysis of the aspartyl-phosphate intermediate and release of inorganic phosphate
from the active site is harbored in Motif I [343].

Eya has been identified to dephosphorylate histone H2A.X and regulate the
switch between DNA repair and apoptosis under conditions of DNA double-strand
break and damage. Under normal conditions H2A.X is constitutively phosphory-
lated on its C-terminal Tyr142 (done by Williams Syndrome Transcription Factor
(WSTF) tyrosine kinase) [344]. Under conditions of DNA damage, the Tyr142-phos-
phorylated H2A.X histone can recruit JNK1 and initiate the apoptotic signal.
However, these conditions trigger ATM/ATR proteins to phosphorylate Eya3 on
Ser219 and H2A.X on Ser139 (now called yH2A.X). This phosphorylation event
allows the Eyal/Eya3 complex to dephosphorylate pTyri42 of H2A.X and also
allow to recruit DNA repair enzymes. In this way a fine switch is created between
DNA repair and apoptotic cell death in response to DNA damage [345, 346].
Dephosphorylation of yH2A.X is critical for resisting apoptotic cell death and can
be crucial for mammalian organogenesis. Phosphothreonine dephosphorylation
activity has been suggested for Eya4 in innate immune response to intracellular
pathogens [347].

Mutations in Eya proteins are linked to various autosomal dominant human
diseases. Mutations in Eya4 have been identified in deafness [348] and also dilated
cardiomyopathy type I J [349]. Phosphatase activity of Eya proteins is reported to
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be essential for promoting cell migration, invasion and transformation as seen
in breast cancer cells [339]. Mutations in Eya that lead to its loss of interaction
with the transcription factor SIX1 are associated with branchio-oto-renal
syndrome [350].
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3 Protein tyrosine phosphatases: Molecular
structure and mechanism

3.1 The protein tyrosine phosphatases

The importance of tyrosine-based phosphorylation in cell signaling is eminent in the
various human diseases that rise due to erroneous activities of various protein
tyrosine kinases and/or protein tyrosine phosphatases (PTPs) [1-3]. Overall, there
are about ~107 PTPs for about ~95 protein tyrosine kinases to maintain a balance of
tyrosine-based phosphorylation in the cell [4]. Historically, the PTPs have been
undermined and were looked merely as “housekeeping” genes that allowed for
keeping a basal level of tyrosine phosphorylation. In the present times, the role of
PTPs is more recognized as their exquisite regulation in both space and time is being
appreciated [4]. This chapter discusses their domain organization with a specific
emphasis on the molecular structure of their catalytic domain.

The PTPs are the largest superfamily of protein phosphatase genes with about ~107
members. These genes are defined by their active site motif that CxxxxxR where the
cysteine residue is a must for its catalytic function. On the basis of the sequence of their
domains, the PTPs can be divided into three main classes: class I PTPs, class II PTPs
and class III PTPs [5] (Table 3.1). The class I PTPs include the majority of the human PTP
genes. They are further divided into the classical PTPs and the dual-specificity DUSP
protein phosphatases. The classical PTPs are also of two types: the membrane-bound
receptor protein tyrosine phosphatases (RPTPs) and the cytosolic non-receptor protein
tyrosine phosphatases (NRPTPs). All the class I PTPs are speculated to have a common
structural ancestor that has provided them a distinct molecular fold [6]. The DUSP
subfamily is the most diverse and includes about ~61 human genes. Members of this
family include the phosphothreonine/phosphotyrosine-specific mitogen-activated
protein (MAP) phosphatases; the phosphoserine-specific slingshot phosphatases;
phosphotyrosine-specific phosphatases of the liver (PRLs). This family also includes
the mRNA-specific atypical DSPs; the phosphoserine/phosphothreonine-specific
Cdc14 phosphatases; the phosphatidylinositol-(3,4,5)-triphosphate utilizing PTENs
and the myotubularins that can use both phosphatidylinositol-3-phosphate and phos-
phatidylinositol-(3,5)-bisphosphate as their substrates. The class II PTPs are repre-
sented by a lone member — the phosphotyrosine-specific low molecular weight
protein tyrosine phosphatase (LMPTP). The LMPTP is evolutionarily more ancient
than the class I PTPs and shows resemblance to the bacterial arsenate reductases [7].
The class III PTPs are related to the bacterial rhodanese-like enzymes. These include
the phosphothreonine/phosphotyrosine-specific Cdc25 phosphatases [6].

The PTP domain is a catalytic machine of about ~280 residues. However, other
than the catalytic domain, various noncatalytic domains occur alongside the PTPs in
various family members of the PTP family. These noncatalytic domains play their own
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Table 3.1: PTP proteins in the human genome.

Class PTP category

Gene name (protein name and synonyms) [UniProt]

Class | RPTPs

PTPRA (RPTPa) [P18433], PTPRB (RPTPB) [B2RU8O], PTPRC (CD45, LCA)
[PO8575], PTPRD (RPTP3) [P23468], PTPRE (RPTPg) [P23469], PTPRF
(LAR) [P10586], PTPRG (RPTPy) [P23470], PTPRH (SAP1) [Q9HD43], PTPRJ
(DEP1, CD148, RPTPn) [Q12913], PTPRK (RPTPK) [Q15262], PTPRM
(RPTPp) [P28827], PTPRN (IA-2, Islet cell antigen 512) [Q16849], PTPRN2
(PTPRP, RPTPm,IA-2B, phogrin) [Q92932], PTPRO (GLEPP1, PTP-U2,
PTPROT isoforms A/B/C) [Q16827], PTPRQ (PTPS31) [Q9UMZ3], PTPRR
(PTP-SL, PCPTP, PTPBR7, PC12-PTP1) [Q15256], PTPRS (RPTPo)
[Q13332], PTPRT (RPTPp) [Q99M80], PTPRU (PTPJ/PTP-U1/PTPRomicron
isoforms 1/2/3) [Q92729], PTPRZ (RPTPQ) [P23471]

Class | NRPTPs

PTPN1 (PTP1B) [P18031], PTPN2 (TCPTP, MPTP, PTP-S) [P17706],
PTPN3 (PTPH1) [P26045], PTPN4 (PTP-MEG1, TEP) [P29074], PTPN5?
(STEP) [P54829], PTPN6 (SHP1, PTP1C,SH-PTP1, HCP) [P29350],
PTPN7 (HePTP, LCPTP) [P35236], PTPN9 (PTP-MEG2) [P43378],
PTPN11 (SHP2, SH-PTP2,Syp, PTP1D,PTP2C, SH-PTP3) [Q06124],
PTPN12 (PTP-PEST,PTP-P19, PTPG1) [Q05209], PTPN13 (PTP-BAS, FAP-
1,PTP1E, RIP,PTPL1, PTP-BL) [Q12923], PTPN14 (PTP36, PEZ, PTPD2)
[Q15678], PTPN18 (PTP-HSCF, PTP20,BDP) [Q99952], PTPN20
(TypPTP) [Q4JDL3], PTPN21 (PTPD1, PTP2E, PTP-RL10) [Q16825],
PTPN22 (LYP) [Q9Y2R2], PTPN23 (HD-PTP, HDPTP, PTP-TD14,
KIAA1471) [Q9H3S7]

Class | Map kinase
phosphatases
(MKPs)

DUSP1 (MKP-1, 3CH134, PTPN10, erp,CL100/HVH1) [P28562], DUSP2
(PAC-1) [Q05923], DUSP4 (MKP-2, hVH2/TYP1) [Q13115], DUSP5
(hVH3/B23) [Q16690], DUSP6 (MKP-3,PYST1) [Q16828], DUSP7 (MKP-X,
PYST2, B59) [Q16829], DUSPS (hVH5, M3/6, HB5) [Q13202], DUSP9
(MKP-4, Pyst3) [Q99956], DUSP10 (MKP-5) [Q9Y6W6], DUSP16 (MKP-7,
MKP-M) [Q9BY84], DUSP24 (MK-STYX, MKSTYX,DUSP24, STYXL1)
[QoYe)8]

Class | Atypical dualspe-
cificityphospha-
tases

DUSP3 (VHR, T-DSP11) [P51452], DUSP11 (PIR1) [075319], DUSP12
(HYVH1, GKAP, LMW-DSP4) [Q9UNI6], DUSP13AP (BEDP) [Q6B8I1],
DUSP13BP (TMDP, TS-DSP6) [Q9UII6], DUSP14 (MKP6, MKP-L)
[095147], DUSP15 (VHY, Q9H1R2) [Q9H1R2], DUSP18 (DUSP20, LMW-
DSP20) [Q8NE)0], DUSP19 (DUSP17, SKRP1,LDP-2, TS-DSP1)
[Q8WTR2], DUSP21 (LMW-DSP21,BJ-HCC-26 tumor antigen) [Q9H596],
DUSP22 (VHX, MKPX, JSP1,LMW-DSP2,TS-DSP2, JKAP) [Q9NRW4],
DUSP23 (VHZ, DUSP25,FLJ20442,LMW-DSP3) [Q9BV)7], DUSP26
(MKP-8, DUSP24, LDP4, NATA1, SKRP3) [Q9BV47], PTPMT1 (MOSP,
PLIP) [Q8WUKO], DUSP27¢ (FMDSP, DUPD1) [Q5VZP5], DUSP28 (VHP,
DUSP26) [Q4GOW?2], EPM2A (Laforin) [095278], RNGTT (mRNA cap-
ping enzyme) [060942], STYX (STYX) [Q8WU)0]

Class | Slingshots

SSH1 (SSH1, slingshot 1) [Q8WYL5], SSH2 (SSH2, slingshot 2)
[Q76176], SSH3 (SSH3,slingshot 3) [Q8TE77]
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Table 3.1: (continued)

Class PTP category Gene name (protein name and synonyms) [UniProt]

Class|  PRLs PTP4A1 (PRL-1) [Q93096], PTP4A2 (PRL-2, OV-1) [Q12974], PTP4A3
(PRL-3) [075365]

Class | CDC14s CDC14A (CDC14A) [Q9UNHS5], CDC14B (CDC14B) [060729], CDKN3
(KAP) [Q16667], PTPDC (PTPDC, PTP9Q22) [A2A3K4]

Class | PTENs PTEN (PTEN, MMAC1, TEP1) [P60484], TPIP (TPIPa, TPTE) [Q6XPS3],
TPTE (PTEN-like,PTEN2) [P56180], TNS1 (Tensin-1, TNS) [Q9HBLO],
TENC1 (C1-TEN, TENC1, KIAA1075, TNS2) [Q63HR2], TNS3 (Tensin 3)
[Q68CZ2]

Class | Myotubularins MTM1 (Myotubularin) [Q13496], MTMR1 (MTMR1) [Q13613], MTMR2
(MTMR2) [Q13614], MTMR3 (MTMR3, FYVE-DSP1) [Q13615], MTMR4
(MTMR4, FYVE-DSP2) [Q9NYA4], MTMR5 (MTMR5, SBF1) [095248],
MTMR6 (MTMR6) [Q9Y217], MTMR7 (MTMR?7) [Q9Y216], MTMRS
(MTMRS) [Q96EF0], MTMR9 (MTMR9, LIP-STYX) [Q96QG7], MTMR10
(MTMR10) [Q9NXD2], MTMR11 (MTMP11, CRA o/B) [A4FUO1], MTMR12
(MTMR12, 3-PAP) [Q9CO0I1], MTMR13 (MTMR13, SBF2,CMT4B2)
[Q86WG5], MTMR14¢ (hjumpy, FLJ22075, hEDTP) [Q8NCE?2]

Class | Inositol INPP4A (Inositol 4-phosphatase type 1) [Q96PE3], INPP4B (Inositol
4-phosphatases  4-phosphatase type 1) [015327]

Class Il Class Il PTPs ACP1 (LMPTP, low Mr PTP,LMWPTP, BHPTP) [P24666]

Class Ill  Class Ill PTPs CDC25A (CDC25A) [P30304], CDC25B (CDC25B) [P30305], CDC25C
(CDC25C) [P30307]

Class IV Class IV PTPs EYA1[Q99502], EYA2 [000167], EYA3 [Q99504], EYA4 [095677]

Table adapted from Ref [5].

a STEP has two alternately spliced forms, STEP,¢ and STEPq;.

b Human DUSP13 gene has two DSP coding regions: DUSP13A (3 exons) and DUSP13B (3 exons).
These are separated by two noncoding exons.

¢ Formerly DUPD1.

d Lacks typical myotubularin domain characteristics, but has phosphatidylinositol-(3,5)-bispho-
sphate phosphatase activity.

roles relevant to signal transduction and needs of the cell. Many of these domains or
motifs allow for compartmentalization of PTPs in varied locations in the cell. For
example, DUSP1 (MKP-1), DUSP2 (PAC-1), DUSP4 (MKP-2), DUSP6 (MKP-6) and
DUSP16 (MKP-7) contain a nuclear localization signal that allows for their movement
into the nucleus. Similarly, PTPN3 (PTPH1), PTPN4 (PTP-MEG1) and PTPN13 (PTP-BAS)
have PDZ domains that allow for their targeting and functioning on the cell cytoske-
leton. Specific interaction motifs are required by the PTPs to mediate interactions with
unique substrates. For example, a proline-rich motif in PTPN22 (LYP) binds to the SH3
domain of Src kinase and directs its substrate preference [8]. Similarly, both PTPN5
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(STEP) and PTPN7 (hematopoietic PTP [HePTP]) have a kinase interaction motif (KIM)
that allows them to access MAP kinase substrates. Some noncatalytic domains also
allow for the regulation of PTPs. In the case of PTPN6 (SHP1) and PTPN11 (SHP2), both
contain two tandem SH2 domains that they use for recognizing target phosphotyrosine
residues. However, in the resting state, these SH2 domain fold over the SHP1 and SHP2
to lock them in an autoinhibited states. Only upon stimulation, these inhibited states
are released for appropriate signaling activity [9]. The membrane-bound receptor PTPs
have diverse extracellular domains including Fibronectin type III repeats, MAM
(meprin, A-5 protein, and receptor protein-tyrosine phosphatase mu) domains, immu-
noglobulin domains and carbonic anhydrase domains that they employ to interact
with the extracellular matrix and ligands. Many members of these RPTPs contain a
second PTP domain that functions as a pseudophosphatase and cannot catalyze
dephosphorylation. This silent second domain is used for the modulation of activity
of the active PTP domain [10].

3.2 The PTP catalytic domain

PTPs have been extensively characterized for the molecular details of their catalytic
domains. PTPN1 (PTP1B), the first PTP to be purified and sequenced, was also the first
to be crystallized and structurally explored [11-14]. Since 1994, PTP1B serves as the
prototype of the PTP superfamily of proteins and is used as the reference. The
structure of the domain is a well-conserved central twisted B-sheet flanked by an
array of a-helices (Figure 3.1). The active site is highly conserved wherein essential

PRLs (PRL-1, PTP4A 12x4)

CDC14 (CDC14A 10HC)

g; ) Class Il PTP
* 29 ACP1
LS
L =~ (LMPTP
RPTP (PTP10D 3S3E)  pDUSP (VHR 1VHR) 1712)
| Class Il PTP
@ . 3¢ cocas
) N (CDC25B
L) &7 2A2K)

MKP (MKP-4 3L)8) Slingshots (Slingshot 2 2NT2) PTEN (PTEN 5BUG)

Figure 3.1: Catalytic domains of representative cysteine-based PTPs.
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PTP1B
PDB ID: 1SUG Active site
E-loop
El15
R21

WPD-loop
D181

Figure 3.2: Structural elements of the conserved PTP domain. The classic PTP domain of Class | PTPs
is shown.

loops orchestrate the functioning of the conserved PTP active site (Figure 3.2); (a) the
phosphate-binding loop (P-loop) has the conserved active site cysteine alongside an
invariant arginine; (b) the WPD-loop has the conserved aspartate that behaves as the
acid-base in the catalysis; (c) the Q-loop has the invariant glutamine residues that
activate water molecules in the active site to break the cysteinyl-phosphate inter-
mediate and (d) the E-loop that coordinates the dynamics and working of the active
site. Various subclasses show some peculiarities in the loops, but the P-loop is the
uniform signature of the PTP domain. In the classical PTPs, the WPD-loop is flexible
and forms a lid over the active site [15]. However in the DUSPs and the PTENs, this
loop is short and relatively much less flexible [16]. In contrast, the myotubularins and
the Cdc25 phosphatases have displaced or missing WPD-loop, and use an alternate
mechanism of catalysis that does not require the WPD-loop aspartate [17]. In the
classical class I PTPs, there is also a phosphotyrosine recognition loop that contains a
conserved phenylalanine or tyrosine to identify and mediate the entry of the phos-
photyrosine into the PTP-active site. This specific loop lines the active-site cleft to
allow for the specific entry of phosphotyrosine substrates over phosphothreonine/
phosphoserine [18]. Understandably, this loop is absent in DUSPs, which allow for
the entry of phosphothreonine/phosphoserine substrates into their shallower active
sites [19].

An evolutionary analysis of the class I classical PTPs has allowed for a ten-
motif-based description of their ~280 amino acid catalytic domain (Figure 3.3) [6].
This exclusive description of the classical PTP domain is based on an analysis of multiple
sequence alignments that allow for defining a motif to be a stretch of at least three
residues, wherein two of the three amino acids are 80% conserved throughout the
sequence alignment of the family members [6]. In addition, a low-resolution homology
modeling called the Ca-regiovariation score analysis [20] was used to analyze these
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Figure 3.3: The ten motifs defining the core of the PTPs.

sequences on a tertiary structure template described by highly conserved PTP fold of ~37
nonredundant PTP catalytic domains known at that time. Using a sphere of influence of
7.0A per residue, the average degree of conservation was calculated for each residue in
the conserved PTP tertiary structure template. An amalgamation of these sequence-based
and low-resolution homology modeling studies has allowed for defining these ten motifs
that are the signature of the classical PTP domain (Table 3.2). On the basis of their
contributions to the working of the PTP domain, these motifs can be understood as
functional (motifs 1, 8, 9 and 10) or structural motifs (motifs 2, 3, 4, 5, 6 and 7). The
functional motif-9 VHCSXGXGR(T/S)G along with the structural motif-4 (F/Y)IAXQGP are
most conserved in all PTP domains. The motif 9 includes the nucleophilic cysteine and
the CxxxxxR sequence at the active site and motif 4 forms the hydrophobic core of the
PTP domain. Understandably, the various loops that form the active site of the PTP
domain find an obvious place in these ten motifs. Motif-8 (Y/F)xxWPDxGxP includes the
WPD-loop; motif-1 Nxx(K/R)NRY contains phosphotyrosine recognition loop and motif-
10 (V/I/L)QTxxQYXF harbors the Q-loop in its sequence. The highly conserved motif-4
(F/Y)IAXQGP packs together with motif-3 DYINA(N/S) in a parallel-antiparallel -sheet
arrangement at the core of the PTP domain. The dense hydrophobic PTP domain core
also includes motif-2 DxxR(V/I)XL, motif-5 TxxDFWx(M/L/V)x(W)(E/Q), motif-6 (I/L/V)
(V/DMXT and motif-7 KCxxYWP. Aromatic residues form motif 5 and motif 7 engage in T-
stacking [21] of their aromatic rings (Phe95, Trp96, Tyr124 and Trpl125 in PTP1B) to
stabilize the core of the PTP domain. As the hydrophobic packing of any protein domain
contributes to its thermodynamic stability, aberrations in these key structural motifs are
linked to temperature sensitivity and structural fragility of mutant PTPs [22, 23].
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Table 3.2: Ten motifs define the conserved class | classical PTP catalytic domain.

Motif Motif
(residues PTP1B)  Sequence

Function

Motif 1(40-46) Nxx(K/R)NRY

pTyr-recognition loop

Asn 44: Coordinates Asné8 that links Arg257

Arg 45: Putative substrate binding site, electrostatic attrac-
tion of ligand

Tyr 46: Hydrophobic packing with phosphotyrosine residue of
substrate

Motif 2(53-59) DxxR(V/I)xL

Conserved secondary structure (B1 sheet), surface exposed
Arg 56: H-bonds to Aspé65lle 57: Hydrophobic core cluster
(residues 57, 67, 69, 82, 98)

Leu 59: Hydrophobic core

Motif 3(65-70) DYINA(N/S)

Core structure

Tyr 66: Coordinates Asn44 through hydrogen bondinglle 67:
Hydrophobic core cluster (residues 57, 67, 69, 82, 98)

Asn 68: H-bonds with Arg257

Ala 69: Hydrophobic core cluster (residues 57, 67, 69, 82, 98)

Motif 4(81-87) F/Ma/vy
AXQGP

Core structure surrounding the PTP-looplle 82: Hydrophobic
core cluster (residues 57, 67, 69, 82, 98)

Ala 83: Packs/surrounds the PTP-loop

Gln 85: H-bonds with highly buried water molecule

Gly 86: Packs/surrounds the PTP-loop

Pro 87: Packs/surrounds the PTP-loop

Motif 5(91-101) TxxDFWx(M/
L/V)x(W)(E/Q)

Conserved secondary structure (a2 helix)

Asp 94: Contributes to conserved subdomain at the “back
side”

Phe 95: Energetically favored T-stacking arrangement with
invariant Trp96

Trp 96: H-bonds to backbone of invariant Tyr124

Met 98: Hydrophobic core cluster (residues 57, 67, 69, 82, 98)
Trp 100: Contributes to conserved subdomain at the “back side”

Motif 6(107-111)  (I/L/V)(V/D)
MxT

Hydrophobic core structure

Ile 107: Hydrophobic core structure packs with invariant Trp96
Val108: Hydrophobic core structure packs with invariant
Trp96

Met 109: Packs with invariant Trp125

Thr 111: Packs with PTP-loop

Motif 7(120-126)  KCxxYWP

Hydrophobic core structure

Lys 120: Interacts with Asp181 (ligand induced)

Tyr 124: H-bonds with His214, stabilizing T-stacking
arrangement with Trp125

(continued)
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Table 3.2: (continued)

Motif Motif
(residues PTP1B)  Sequence

Function

Trp 125: Favored T-arrangement of aromatic ring system with
Tyr124

Motif 8(176-185)  (Y/F)
xXWPDxGxP

WPD-loop, surface-exposed loop containing general acid

Trp 179: Center of movable WPD-loop, mediating motion of
loop

Pro 180: H-bonds to NH2 of Arg221, mediating motion of loop
Asp 181: General acid catalyst

Gly 183: Energetically favorable in loop motion (acts as hinge)
Pro 185: Energetically favorable in loop movement (no backbone
H-bonding)

Motif 9(210-223)  Pxx(V/I)
Pxx(V/1)
(T/S)G

P-loop containing the active site Cys

Pro 210: Structural hydrophobic core

His 214 : Lowers pKa of Cys215

Cys 215: Nucleophile

Ser 216: H-bonds with Tyr46 stabilizing its interaction with
substrate

Ala 217: Phosphotyrosine binding, nonpolar interaction with
substrate phenyl

Gly 218: Phosphotyrosine binding

Gly 220: Phosphotyrosine binding

Arg 221: H-bonds with phosphate oxygens (transition-state
stabilization)

Thr 222: Lowers pKa of Cys215

Motif v/1/1)
10(261-269) QTxxQYxF

Q-loop: Interaction with active site water molecule

Gln 262: H-bonds with scissile oxygen and active site water
molecule

Gln 266: H-bonds with active site water molecule

Tyr 267: Defines a6’ helix structure

Phe 269: Defines a6’ helix structure

Table adapted from Ref [6].

3.2.1 The P-loop

The base of the PTP-active site is the P-loop that contains the active site cysteine in
the conserved CxxxxxR motif. This cysteine transiently accepts the incoming
phosphate group to form a cysteinyl-phosphate intermediate that is directly
stabilized by the arginine of this motif [24]. The P-loop pocket is lined by residues
that provide a high positive charge to the active site to attract the incoming
phosphotyrosine. This microenvironment of the high positive charge allows for
an altered pKa of the active site cysteine and stabilizes its thiolate anion (Cys-S™)
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form. The pKa of a cysteine side chain sulfhydryl is about ~8.18 under regular
conditions [25]. However, this high pKa is ineffective for using the cysteine as an
effective nucleophile in the phosphatase catalytic cycle. The positively charged
active of the PTPs and the conserved arginine of the CxxxxxR motif ensure that the
structural pKa of the PTP-active site cysteine drops to about ~4.5-5.0 pH units [26].
This allows the thiolate form the active site cysteine to be stable at physiological pH
and function as an effective nucleophile. The low pKa of the active site cysteine
also allows for its regulation by reversible oxidation by reactive oxygen or nitrogen
species [27, 28].

In the class I classical PTPs, the P-loop is a part of motif-9 VHCSXGXGR(T/S)G
that includes the CxxxxxR motif in itself. Importantly, a conserved glutamate reside
from the E-loop (Glu115 in PTP1B) makes a salt-bridge with the CxxxxxR arginine (Arg
221 in PTP1B). The conserved nature of this interaction across all PTP domains defines
the architecture and functioning of the P-loop. The serine residue adjacent to this
arginine (Ser 222 in PTP1B) is also known to stabilize the active site cysteine and
contribute to the kinetics of the PTP domain [29]. Another conserved arginine that is
placed in between motif 9 and motif 10 (Arg257 in PTP1B) also contributes to the
electrostatic potentials of the active site [30]. Mutation of the active site cysteine to
serine silences the phosphatase activity of PTP domain but leaves the positive charge
of the active site undisturbed. This cysteine to serine mutants hence retain their
ability to bind substrates and are also seen to naturally occur as silent tandem
domains in many bi-domain receptor PTPs [10]. This property of these mutant
domains has been used to study the various interaction of PTPs with their substrate
peptides [31, 32].

3.2.2 The WPD-loop

The WPD is present in all PTP domains with the exception of Cdc25 phosphatases and
myotubularins. The loop contains the conserved residues tryptophan—proline—
aspartate (WPD) and is found in about approximately 30-40 upstream of the active
site P-loop in phosphotyrosine-specific PTPs and DUSPs. In the class II LMPTP, the
WPD-loop is located about ~120 residues downstream of the P-loop. This is unique to
the LMPTPs where the P-loop itself is located toward the N-terminus of the protein
[33] . The tryptophan of the WPD-loop forms the hinge required for loop flexibility
during catalysis [34]. Biochemical studies have validated that mutations in this
conserved tryptophan abrogate the phosphatase activity of PTPs [34, 35]. The aspar-
tate residue of the WPD-loop forms the general acid/base required for the activity of
the PTP domain. Mutation of this aspartate to alanine creates a “substrate-trap”
wherein the substrates enter the active site of the PTP domain but are trapped inside
as the second step of donation of proton to the leaving phenolate group is compro-
mised [35]. In addition, the mutation of aspartate to alanine reduces the possible
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electrostatic repulsion between the WPD-loop and the incoming phosphotyrosine. In
this way, these aspartate to alanine mutants bind the substrate even more efficiently
than the P-loop mutants that use the cysteine to serine mutation. This strategy has
been successfully used for the identification of various PTP substrates both in vitro
and in vivo [36-38]. PTPs with natural variations in the aspartate of the WPD-loop are
either inactive or have minuscule phosphatase activity. For example, this residue is
naturally a glutamate in the silent tandem domains of bidomain receptor PTPs like
LAR, PTP8 and PTPa [10]. The non-receptor HD-PTP also has the same aspartate to
glutamate mutation and is inactive [39]. The only exception here is PTPD1 that also
has the same glutamate mutation but has been shown to dephosphorylate the pTyr
527 or Src protein kinase [40].

The WPD-loop essentially acts as “gate” to the active site of the PTP domain and
its flexibility allows it to operate as a regulatory switch. In the absence of the
substrate, in the apo-enzyme, dynamics of the WPD-loop allow it to sample all
possible conformations between the “open” and “closed” states [41]. A substrate
can access the active site when the WPD-loop is “open.” The loop then closes upon
the formation of the enzyme - substrate complex and places the general acid/base
aspartate at its required position for catalysis. In the class I classical PTPs, the WPD-
loop is a part of motif-8 (Y/F)xxWPDxGxP that moves several angstroms during the
catalytic cycle. Consequently, the WPD-loop has been characterized in various
“open” and “closed” conformations (Figure 3.4) [42]. The two prolines and the central
glycine are critical for this dynamic motion of the WPD-loop [43]. Mutation of the
WPD-loop proline to tyrosine occurs naturally in IA-2f (PTPR N2) and makes IA-28 a

I

PTP1B PDBID: 1SUG i WPD-loop
1
i

- P-loop

gi=dl o @O,
_ g, | pY-loop

Figure 3.4: Concerted movement to the WPD-loop with the P-loop at the active site allows for proper
positioning of the general acid/base aspartate at the active site during the course of the catalytic
cycle.
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silent PTP [40]. The crucial dynamics of this WPD-loop make it an attractive target for
the design of various allosteric inhibitors that compromise its flexibility and allow for
modulation of PTP function [44, 45].

3.2.3 The Q-loop

The Q-loop is a characteristic feature of all classical PTPs and is named after the 97%
conserved glutamine residue that appears in it. A similar positioned loop is also
present in the DUSPs, albeit lacking the glutamine residue [46]. In the classical class I
PTPs, this loop forms a part of motif-10 (V/I/L)QTxxQYXF that shows two conserved
glutamines. The Q-loop also functions to maintain hydrogen interactions with the
P-loop and also combines with the aspartate of the WPD-loop to maintain the
required active site confirmation that is optimal for catalysis. The first glutamine of
the motif 10 (GIn 262 in PTP1B) serves to activate a water molecule at the active site
that serves to hydrolyze the cysteinyl-phosphate intermediate in the second step of
PTP catalysis [47]. Most importantly, the two glutamines (GIn262 and Gln266 in
PTP1B) restrict the activity of classical PTPs to work as a hydrolase that transfers
phosphate only onto a water molecule [48]. Mutations in these glutamines are
enough to modulate the PTPs from being hydrolases to phosphotransferases.
Intriguingly, DUSPs (that lack the glutamines) and LMPTPs (that lack the Q-loop),
are both able to catalyze the transfer of the phosphate moiety from the cysteinyl-
phosphate intermediate onto alcohols as the nucleophilic acceptors [48] .

3.2.4 The pY-recognition loop

The phosphotyrosine recognition loop is also referred to as the substrate-binding
loop in literature. This loop that is exclusive to the classical PTPs as a part of motif-1
Nxx(K/R)NRY defines the depth of the PTP-active site. The loop contains a 84%
conserved tyrosine or phenylalanine residue that acts as a causeway to the active
site, providing it a depth of about ~9.0 A [49]. The aromatic ring of the tyrosine/
phenylalanine of the loop makes n—mn stacking interactions with the incoming phos-
photyrosine and facilitates its entry into the PTP-active site (Figure 3.5) [18]. In this
way it allows the PTP to exclusively choose a phosphotyrosine as its substrate as
opposed to the much shorter phosphoserine/phosphothreonine. Mutation of this
aromatic tyrosine or phenylalanine causes a major decrease in the kinetic parameters
and efficiency of the PTP domain [18].

The highly conserved arginine residue of the loop is essential to maintain
the loop conformation on the surface of the active site. In addition, this arginine
also provides a positive charge that can attract the negatively charged phospho-
tyrosine to the active site. An asparagine or aspartate residue found two residue
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Figure 3.5: Role of the phosphotyrosine-recognition loop in mediating proper substrate entry into the
PTP-active site.

C-terminal to the pY-loop forms bipartite hydrogen bounds with the incoming
substrate and contributes to its binding at the active site surface [50]. The pY-
loop is naturally mutated at its tyrosine/phenylalanine residue in a few PTPs.
The most prominent occurrence of this alteration occurs in the silent domains of
bi-domain PTPs including LAR, PTPa, PTPo and PTPe, where their WPD-loop
aspartate is also replaced by a glutamic acid [10]. These PTP domains hence lack
any detectable phosphatase activity despite a well-formed P-loop and the pre-
sence of a functional active site cysteine. Sequence analysis-based computa-
tional studies have been used to assess coevolution of these mutations in the
pY- and WPD-loops to understand this specific set of inactive PTP domains [10,
51]. Interestingly, just two-point mutations in these PTP domains to recreate the
conserved pY-loop and WPD-loop are enough to activate these domains into
functional phosphatases [52].

3.2.5 The E-loop

The E-loop is also a signature of the class I classical PTPs, where it contains an
absolutely conserved glutamate residue that makes bipartite hydrogen bonds with
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the arginine of the CxxxxxR motif of the P-loop. This loop is not conserved in the
DUSP or other family members. This glutamate allows for the proper positioning of
the P-loop that is optimal for catalysis. The E-loop tends to adopt a B-hairpin
structure and also contains two lysine residues (about 85-90% conserved) that
also play important roles in structuring of the PTP-active site. The lysine adjacent to
the E-loop glutamate makes salt-bridging interactions with the aspartate of the
WPD-loop in the closed conformation. In this way, it allows for stabilization of the
substrate-bound PTP domain. Mutation of this lysine to alanine results in a
decrease in catalytic efficiency of HePTP [53]. The second lysine lies directly in-
line with the center of the active site and provides the active site a positive charge to
stabilize the incoming phosphotyrosine and also reduce the pKa of the active site
cysteine as described earlier. The E-loop has been observed in multiple conforma-
tions in various crystal structures of PTPs and its conformation ranges from a -
hairpin to a fully disordered loop (Figure 3.6) [54—56]. However, in all the structures
with regard to the interaction between the CxxxxxR arginine and the glutamate, the
role of the lysine residues is conserved and consistent.

E-loop
PDB ID : 2HNQ ) PDB ID: 1SUG E-loop

D81 )
WPD-loop [
open

. : - ' k120
K120 WPD-loop | \'\5-
0181 _—

closed

c25 R221 = 215

P-loop P-loop

Figure 3.6: The E-loop works in coordination with the WPD-loop and the P-loop. The open and closed
conformation of the WPD-loop are shown.

3.3 Catalytic domains of different PTP classes

All the PTPs are analyzed to have evolved from a common ancestral gene that coded for
the conserved CxxxxxR motif. This ancestral oxyanion-binding protein then diversified
into various other enzyme classes. The structural resemblance and relation of class II
PTPs to bacterial arsenate reductase and class III PTPs to bacterial rhodanases suggests
an early divergence of these three classes of PTPs. Structurally, class II PTPs closely
resemble the class I PTP domains. Both consist of a central twisted f-sheet that is
surrounded by a-helices (Figure 3.1). However, the arrangement of these secondary
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Figure 3.7: The catalytic domain and active site of class Il PTPs/LMPTP.

structure elements is distinct in the two classes, making their domains non-
superimposable (Figure 3.7). The class II PTP catalytic domain is much smaller
(~18 kDa) as compared to the class I PTP domain (30 kDa). Peculiarly, the phosphate-
binding P-loop is present in the extreme N-terminus of the class II PTP catalytic domains.
Class II PTPs also have the well-characterized WPD-loop with the conserved aspartate
that serves as the general acid/base in the catalytic reaction. Although distinct from the
phosphotyrosine recognition loop, the class II PTPs have a similar loop defining its
depth and substrate recruitment [57]. In the human genome, there is only a single
member of the class II PTPs — LMPTP, coded by the ACPI gene [7]. The protein has
three main splice variants: LMPTP isoform A (exon 3 spliced), LMPTP isoform B (exon 4
spliced) and LMPTP isoform C (both exon 3 and 4 spliced) [58, 59]. These two exons
encode the loop analogous to the phosphotyrosine binding loop and the substrate
binding loop in classical PTPs. Nonetheless, LMPTP isoforms A and B both show
detectable phosphatase activity and are crucial role players in human cell physiology
[7]. LMPTP isoform C and a fourth splice variant SV4 are small proteins (12-15 kDa) that
are catalytically deficient [60].

The class III PTPs in the human genome are composed of three members: Cdc25A,
Cdcd25B and Cdc25C. Just like the class II member, these three proteins also have
isoforms formed by alternate splicing of their mRNA transcripts [61]. Just like the class
II PTPs, the class Il PTPs are much smaller in size than the class I members owing to their
narrower [3-sheet surrounded by smaller helices. The architecture of the class III PTPs is
most similar to prokaryotic sulfur transport protein [62]. Their catalytic domain can be
distinguished into two regions: the N-terminal region and the C-terminal region. In
contrast to the class II PTPs that contain the CxxxxxR motif in their extreme N-terminus,
the class III PTPs have their active site in their C-terminal region (Figure 3.8) [61]. Unlike
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Figure 3.8: The catalytic domain and active site of Class Ill PTPs/Cdc25 phosphatases.

the class I PTPs, the class III PTP catalytic domains do not contain any equivalents of the
WPD-loop, phosphotyrosine binding loop or the Q-loop. Their shallow active site con-
tains the CxxxxxR motif and accepts both phosphotyrosine and phosphothreonine as
substrates. This C-terminal region that harbors the active site is the most conserved
region of the domain. The N-terminal region of class III PTPs allows for their posttransla-
tional modification, ubiquitination, protein—protein interaction with various partners
and contributes the regulation of their catalytic activity [63—-65].

3.4 The catalytic mechanism

The catalytic mechanism of PTPs essentially is made of two chemical steps [66, 67]. In
the first step, the active site cysteine of the P-loop (that is present in the thiolate form)
acts as a nucleophile and initiates the breaking of the phosphorus—oxygen bond of
the substrate phosphotyrosine (Figure 3.9). In this step, the aspartate of the WPD-
loop acts as the general acid and donates a proton to the leaving hydroxyl group. The
product of this step is a released tyrosine moiety on the substrate peptide and the
formation of the cysteinyl-phosphate intermediate at the PTP-active site. In the
second catalytic step, the WPD-loop aspartate acts as a general base that extracts a
proton from an activated water molecule. This activation and splitting of water is
assisted by the glutamine residue from the Q-loop. Activated water attacks the
phosphorus—sulfur bond of the cysteinyl-phosphate intermediate to release an
inorganic phosphate and replenish the thiolate form of the active site cysteine [68].

The aforementioned mechanism of PTP-based dephosphorylation of phospho-
tyrosine has been extensively characterized both biochemically and structurally
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nucleophilic cysteine attacks the incoming substrate and a conserved aspartate acts as a general
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Figure 3.10: Various stages of the PTP catalytic cycle as visualized by X-ray crystallographic studies.

(Figure 3.10). Various residues have been identified that allow for orchestrating the
catalytic steps. Substrate recruitment is assisted by the tyrosine/phenylalanine of the
phosphotyrosine binding loop [18]. Substrate entry and optimal positioning is mediated
by the phosphotyrosine recognition loop and the E-loop lysine. As the substrate enters
the active site, the WPD-loop closes over the substrate. A semiconserved phenylalanine
(adjacent to the acid/base aspartate) of WPD-loop makes n—m stacking interactions with
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the substrate phosphotyrosine, placing it directly in-line to the active site thiolate
cysteine for an optimal nucleophilic attack. The cysteinyl-phosphate intermediate is
also stabilized by various amino acid residues in the active site, including the conserved
arginine from the P-loop. Mutants that lack this arginine show decreased residual
catalytic activity [68]. Mutants of conserved glutamine required for the second step of
catalysis have been used visualize the cysteinyl-pshopahte intermediate [69, 70].
Mutants of the WPD-loop aspartate have been used to make “substrate trap” mutants
of PTP to fish-out their cellular target proteins [37, 71]. Active site cysteine mutations
have been used to visualize the PTP-substrate peptide complexes [72, 73].

3.5 Differences in the mechanics of class I, Il and Ill PTPs

The PTPs use the mechanics of a conserved nucleophilic cysteine in concert with key
motifs present in the various loops surrounding the active site. The class I and II PTPs
use their general acid/base aspartate residue in the WPD-loop (or DPYY-loop) in the
mechanism detailed earlier. This loop is, however, missing in the class III Cdc25 PTPs.
Hence, the role of the general acid/base in the mechanics of the CDC25 catalytic cycle
has been controversial. Early studies on Cdc25 phosphatases suggested an aspartate
located in a nonconserved region to serve as the general acid/base [74]. However,
structural studies on the catalytic domain of Cdc25A did not corroborate the speculating
and suggested only as a structural role for this residue [75]. Consequent structural
studies on Cdc25B prompted speculations about two glutamates present in the Xs-
segment of the P-loop to be the plausible general acid/base [76]. Although molecular
dynamics simulation studies have provided some support for this interpretation [77],
the exact mechanism of Cdc25 phosphatase catalytic cycle remains controversial.
Alternate explanations have also been provided for the working of Cdc25 phosphatases.
These include the suggestion that the general acid/base may in fact be provided by the
incoming substrate itself [78]. Another explanation eliminates the requirement of a
general acid/base in the Cdc25 phosphatase catalytic mechanism, suggesting pH
changes at the Cdc25 phosphatase-active site during the course of the catalytic cycle
to compensate for lack of a committed acidic amino acid proton donor. The glutamates
of the Xs-segment of the P-loop are suggested to be involved in the activation of water
for the hydrolysis of the cysteinyl-phosphate intermediate [61, 79].

3.6 Crystallographic strategies to study PTP structure

The PTP catalytic domain has been extensively characterized for its structural determi-
nants [18]. Most common form is the Apo-form that is used form foundational structural
analysis [80]. The most common product-trap complexes of PTPs include the structures
with phosphate or phosphate mimetics like sulfate, vanadate or tungstate groups in the
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Figure 3.11: Dynamic movement of the WPD-loop at the HePTP-active site.

active site [18, 53]. In the case of the HePTP, crystal forms are available that show
movements in the WPD-loop dynamics in direct correlation with the occupancy of the
sulfate ion at the active site (Figure 3.11) [53, 81]. In addition to these small ions bound
to the PTP-active site, crystal structures have also been obtained with PTPs bound to
small molecules like p-nitrophenylphosphate (pNPP) [82] and p-nitrocatecholsulfate
[18]. Several strategies have been employed to inactivate PTPs to aid formation of stable
PTP-phosphopeptide complexes. As mentioned earlier, essentially three positions are
targeted in the PTP structure: the P-loop cysteine, the WPD-loop aspartate and the Q-
loop glutamine [37]. The active site cysteine is either mutated to an alanine [73, 82] or a
less intrusive serine residue [83, 84]. The WPD-loop aspartate has been mutated to an
alanine [37, 85|, which has also been used as a double modification with the Q-loop
glutamine to alanine mutation [86]. These combinations of mutations have allowed for
a thorough investigation of the PTP catalytic mechanism and also made way for
efficient analysis of their substrate proteins. Many structures of PTPs have been solved
as peptide complexes from their target substrate proteins [32, 49, 84, 87].

3.7 Active site determinants

While the active site of classical PTPs is extremely well conserved, subtle differences
on the surface are enough to provide for variability. This has been studied using a
generic substrate pNPP, a small molecule that resembles the phosphotyrosine. This
molecule has slower rate of entry into the PTP-active site owing to the lack of a peptide
backbone that allows for substrate anchoring on the PTP surface [88]. Nonetheless,
PNPP provides the simplest method to access the PTP-active site. This simple substrate
has been handy in measuring the differences the catalytic efficiencies of various PTP
catalytic domains. It is surprising how a conserved active site provides for a broad
range of catalytic prowess. For example, the human HePTP is almost tenfold less
efficient than the placental PTP1B [89]. In contrast, the parasitic Yersinia PTP YopH
is about tenfold more efficient than PTP1B [90]. One of these variations is provided by
the microenvironment around the WPD-loop whose dynamics can directly affect
catalytic activity [45, 91]. Hence, subtleties in the microenvironment of the active site
are sufficient for variability. In the case of myotubularins, a sequence motif WDR

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

3.8 Accessory substrate binding determinants =—— 107

(tryptophan—aspartate—arginine) is embedded in its CxxxxxR motif to form the
CxxxWDR-active site motif. This sequence makes the myotubularins specific to phos-
phatidylinositol-3-phosphate and phosphatidylinositol-(3,5)-bisphosphate substrates.
Mutation of the WDR aspartate is enough to inactivate the enzyme [92].

Another determinant of substrate specificity and catalytic efficiency is contained
in the phosphotyrosine-binding loop. As explained before (Section 3.2.4) the phos-
photyrosine binding loop (or motif-10 Nxx(K/R)NRY in classical class I PTPs) uses its
tyrosine/phenylalanine residue for defining the depth of the active site, phosphotyr-
osine specificity and recruitment. The residue present two places downstream of this
tyrosine/phenylalanine is usually an aspartate or asparagine for optimal substrate
utilization [93]. In the KIM family of PTPs (HePTP, STEP), this residue is a threonine
and negatively influences recruitment of phosphotyrosine substrates [94]. Mutation
of this threonine to aspartate or asparagine allows for a 10- to 70-fold increase in
catalytic turnover rates and efficient utilization of Erk2-based phosphopeptides.

Alongside these subtle microenvironment determinants of substrate recruitment,
protein—protein interactions are critical to functional efficiency of PTP catalytic
domains. For example, the DUSP MAP kinase phosphatase (MKP-3) is over a mil-
lion-fold more efficient in dephosphorylating the Erkl/2 protein as compared to
utilizing its activation loop-based phosphopeptide [95]. Both structural and biochem-
ical studies explain a significant conformational change of the active site loop may be
achieved for MKP-3 upon Erk1/2 binding. This explains how the use of phosphopep-
tides may perhaps be a limiting strategy in understanding the mechanics of the PTP
domain.

3.8 Accessory substrate binding determinants

A combination of sequence analysis and low-resolution homology modeling has
allowed for the characterization of both conserved and variable pockets around the
PTP-active site that could serve as secondary spots of substrate binding. These
pockets provide for a novel perspective for structure-based drug design and are
being explored by various research groups [80]. In the case of PTP1B, a secondary
phosphotyrosine binding site has been located that lies just proximal to the active
site [6]. The architecture of this site is crucial for PTP1B’s ability to bind the phos-
phorylated insulin receptor kinase activation loop that contains two phosphotyrosine
residues placed adjacent to each other [73].

This pocket is defined as the “second site” and is defined by the residues of the
helices a2’ and the loop that connect a2’ to al. Two arginine residues, Arg24 and
Arg254, provide the positive charge required for binding the second phosphotyrosine
(Figure 3.12). The base of the pocket is formed by a small glycine (Gly259) that serves
as a “gateway” residue. This glycine is a key determinant in deciding substrate
recognition by PTPs. PTP domains like in LAR and PTPa show a limited substrate
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Figure 3.12: The second phosphotyrosine-binding site of PTP1B.

preference. Mutation of the corresponding gateway residue of PTPa to a glycine
switches its substrate preference to be more like that of PTP1B [96]. An effective
paradigm for inhibitor design utilizes accessing both the active site and this second
site by a bidentate ligand [13]. This approach has allowed for designing of PTP1B-
specific inhibitors (e.g. compound 901; K; = 76 nM) that are over five-fold more
selective for PTP1B over its closely related TCPTP [97]. Moreover, peptides containing
two adjacent nonhydrolysable phosphotyrosine mimetics have been shown to be
effective inhibitors of PTP1B [98].

The second site in PTP1B has been explored in molecular detail in other known PTP
structures [80]. Using the architecture of the second site (as defined by the Arg24
residue and the gateway Gly259), Alastair J. Barr and coworkers have grouped the
known structurally characterized PTP domains into five categories (Table 3.3 and
Figure 3.13). These workers define the second site by an additional gateway residue
(Met258 in PTP1B) alongside Gly259 at the base of the pocket. They also define the a2’-
alloop as a “second site loop” that shows extreme conformations (ranging from closed
in HePTP to open in PTPy). The first category includes PTP1B, TCPTP, SHP1, SHP2,
BDP1, DEP1, PTPBAS, LYP, PTPy, PTPJ and PEST catalytic domains. All of these have a
secondary site similar to that in PTP1B that has a basic residue in the Arg24 position
and the second site loop is open. PTPy and PTPP have bulkier aromatic residues as at
the gateway and are hence slightly different from the other category members.

The second category includes the pseudophosphatases 1A2 and 1A2f that have a
cysteine residue at Arg24 position, proline and glycine at the gateway positions and
the second site loop in an open conformation. The third category has receptor PTPs:
LAR, PTPo and PTP§ (which also have similar composition of their extracellular
domains). These PTP catalytic domains have a restricted second site, with an acidic
residue at the Arg24 position, and bulkier residues at the gateway positions. Their
second site loop is open. The fourth category includes the catalytic domains of
PTPH1, MEG1, PTPD1, PTPD2, CD45, PTPy, PTPk, PTPp, PTPe and PTPa. Their second
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Table 3.3: Five categories of PTP domains based on the “second site”.

Category PTP Gateway residues Second-site Second-site loop
loop residue conformation
PTP1B Met?%8 Gly?>® Arg?* Open
TCPTP Met Gly Arg Open
MEG2 Ala Phe Arg Open
BAS His Gly Gln Open
TYP Ser Gly Gln n/a
HDPTP Lys His Gln n/a
PTPB Val His Arg Open
DEP1 Pro Leu Arg Open
GLEPP1 Met Ser Arg Open
SAP1 Val Leu Ser n/a
PTPS31 Met Cys Pro n/a
SHP1 Ser Gly Gln Open
SHP2 Ser Gly Gln Open
BDP1 Pro Ala Gln Open
LYP Pro Ser Lys Open
PTPy Asn Tyr Gln Open
PEST His Ser Arg n/a
PTPZ Asn Tyr Gln Open
Il I1A2 Pro Gly Cys Open
1A2B Pro Gly Cys Open
1] PTPS Asn Tyr Asp Open
LAR Asn Tyr Asp Open
PTPo Asn Tyr Asp Open
\% PTPK Ile Asn Phe Closed
PTPu Val Asn Phe Closed
PTP 1 Val Asn Pro Closed
PTPA Val Asn Phe n/a
PTPa Cys Gln Pro Closed
PTPe Pro Gln Pro Closed
CD45 Cys Leu Pro Closed
MEG1 Ala Met Tyr Closed
PTPH1 Ala Met Tyr Closed
PTPD1 Met Met Leu n/a
PTPD2 Met Phe Pro Closed
v PCPT1 Gly Gly Pro Closed
STEP Gly Gly Pro Closed
HEPTP Gly Gly Pro Closed

Table adapted from Ref [74].
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Figure 3.13: The second site and gateway residue allow for the classification of classic PTP catalytic
domains into five categories.

site is completely inaccessible: an aromatic residue or a proline fills the Arg24
position, aliphatic residues occupy the gateway positions and second site loop is in
a twisted closed conformation. The fifth category includes PCPTP, STEP and HePTP
catalytic domain. In this case, the gateway positions are both glycine residues, but
the Arg24 position is blocked by aromatic residue or a proline making the site
inaccessible. In addition, their second site loop is in the closed conformation.

3.9 The unique class IV PTPs

The class IV PTPs contain four paralogs Eyal, Eya2, Eya3 and Eya4. These are
evolutionarily distinct from the class I, II and III PTPs. The Eya proteins are
structurally and mechanistically a part of the haloacid dehalogenase (HAD) super-
family of enzymes. The HAD superfamily mainly includes phosphotransferases
(including phosphatases) that are diverse in sequence but conserved in their active
site arrangement and mechanism [4, 99]. All members of the HAD superfamily share
a conserved active site machinery positioned in a modified Rossman fold [100, 101].
The central sheet of the Rossman fold consists of at least five -strands in a 54123
arrangement; displaying the connecting loops that contain the core catalytic resi-
dues (Figure 3.14). The HAD phosphatases also have three additional structural
elements known as the squiggle, flap and cap domains [101, 102]. These elements
allow for conformational flexibility in these phosphatases to promote substrate
recognition and recruitment.
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Figure 3.14: The catalytic domain and active site of class IV PTPs.

The squiggle and the flap elements are located next to the 1 strand of the core
Rossman fold. Squiggle is a small stretch of amino acids (about six residues) that
forms a single helical turn that connects to the flap that adopts a -hairpin turn. The
squiggle can wind its helix to trigger a movement of the flap located next to active site
[102]. The concerted movement of the squiggle and flap elements allows for regulat-
ing solvent access and exclusion from the active site during the course of the catalytic
cycle. The cap domain functions in concert with the squiggle and flap elements to
shield the active site cavity. These cap domains are reported to be of three types,
named as CO, C1 and C2. These cap domains are reported to contain determinants of
substrate specificity and also oligomerization. The Eya proteins contain a unique C1
cap domain that has a helical bundle comprising of seven a-helices (residues 283-423
in Eya2; Figure 3.14) [103].

The conserved catalytic core of the HAD phosphatases is defined by four
signature motifs that are distinct from the ten motifs defining the classic PTPs
[104]. Motif I contains the active site nucleophilic aspartate in a conserved
dddDxDx(T/V)(L/V)d sequence, where ¢ is a hydrophobic amino acid. The two
aspartate residues (Asp274 and Asp276 in Eya2) of the motif coordinate an Mg”* ion
that is conserved at the HAD phosphatase-active site (Figure 3.14) [105]. Motif II
contains a serine or threonineresidue in the sequence ¢pddddD(S/T) (Thr278 in
Eya2). This serine/threonine makes hydrogen binds with the incoming substrate
and promotes its proper configuration at the active site. Motif III is less conserved
and is essentially a critical lysine residue (Lys480 in Eya2) that is positioned about
18-20 amino acids upstream of motif IV. This lysine stabilizes the aspartyl-
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phosphate intermediate at the active site. Motif IV is the conserved (G/S)(D/S)xxxx
(D/E)dpddd or a (G/S)DDddd sequence [106]. The aspartate (and/or glutamate)
(Asp502 in Eya2) from motif IV works with the dual-aspartates of motif I to assist in
the chelation of the Mg?* ion at the active site.

3.10 An alternate mechanism for the Class IV PTPs

The class IV PTPs use an aspartyl-phosphate intermediate dependent catalytic
mechanism. Much like the catalytic mechanism of the class I-III PTPs, it is sug-
gested to take place in two sequential steps (Figure 3.15). In the first step, the
catalytic aspartate of motif I (Asp274 in Eya2) initiates a nucleophilic attack on
the incoming substrate to form the aspartyl-phosphate intermediate. The Mg?* ion
coordinated at the phosphatase active site aids the optimal positioning of the
substrate relative to the two aspartates of motif I. Residues from other motifs and
loop, along with the Mg®" ion, stabilize the intermediate [107]. The Asp + two
residue of motif I (Asp276 in Eya2) functions as a general acid/base to protonate
the leaving group. In the second step of the reaction, the same aspartate (Asp276 in
Eya2) functions as a general base to deprotonate water and allow for the hydrolysis
of the aspartyl-phosphate intermediate. Structural studies using BeF; and AlF; as
the transition-state mimetics of the phosphoenzyme of Eya2 are available (Figure
3.15) [103]. The BeF5;.bound Eya2 shows the extensive interactions of key residues
Asp274, Asp276, Lys480, Thr4a47 and Thr448 with the transition state mimetic. The

Eya2-BeF,

0 - 0
7 R-PO,2 y
Asp-C = 4 Asp-C ~ :
~OH  d SOH | Mgz
A C//o A //0
sp ~o0- © Sp = C-...,,O
(._J f-——OR »
=N
o~ f P02~
R-oH "/
v
A4 [np-c7 ( ™w
ot
0 o—H
Za¥ il
Asp - C"“O/ P\""HO‘
o~ PBDID: 3HBL |

Figure 3.15: The catalytic mechanism of aspartate-based class IV PTPs. Transition state mimetics
bound to the active of Eya2 allow for a structural understanding of its mechanics.
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structural shift in the orientation of Asp276 is correlated with the positioning of an
ordered water molecule between Asp276 and Glu277. Glu277 is hence suggested to
function like the Q-loop glutamine residues of the classic PTPs to activate water
molecules at the Eya2-active site. Mutagenesis of Glu277 of Eya2 is reported to
decrease its activity by 100-fold, thereby providing support for the structural
analysis [68]. In contrast, no ordered water molecule is seen in the required position
in the AlF3-bound structure thereby suggesting a hitherto unknown mechanism of
catalytic cycle regulation of Eya2.
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4 The receptor protein tyrosine phosphatases:
Structure and function

4.1 Classification of protein tyrosine phosphatases

The class I classical protein tyrosine phosphatase (PTP) family has been thoroughly
analyzed for the sequence evolution of their catalytic domains using phylogenetic tree
analysis [1]. The various branches of the phylogenetic tree have allowed for the
classification of PTPs into 17 distinct groups (Figure 4.1) [1, 2]. Essentially there are
two main types of PTPs: the membrane-bound receptor PTPs and the cytosolic non-
receptor PTPs. The sequence ontology-based approach allows for their further classifi-
cation into eight types of receptor PTPs (Figure 4.2) and nine types of non-receptor
PTPs. A previous classification of the receptor PTPs grouped them into nine types based
on their extracellular domains [3]. However, based on their functional PTP catalytic
domains, these receptor PTPs were reclassified using sequence-based ontology. This
has allowed for the reclassification of various proteins like the chicken PTPA, which was
earlier a stand-alone member of the R6 subtype, but its sequence closeness with CD45
has allowed for the formation of a composite R1/R6 category [1, 2]. Interestingly, some
receptor PTP types also contain non-receptor PTPs due to the high sequence identity
between their catalytic PTP domains. For example, the R7 subtype includes the cyto-
solic striatal-enriched PTP (STEP) and HePTP. Similarly, the R3 subtype includes both
the transmembrane and cytosolic isoform of GLEPP1 (mouse PTP¢) [4] and the R4
subtype includes both the transmembrane and cytosolic isoform of PTPe [5]. Also,
under this classification, the receptor PTPs that contained two tandem PTP catalytic
domains clustered separately from the ones having only one catalytic PTP domain. This
has provided for a PTP “supertype” that includes the classes R1/R6, R2A, R2B, R4 and
R5. Interestingly, the D1 domains of this supertype share a much higher sequence
identity (60-80%) when compared to the sequence identity between the PTP domains
of the R3 type (45-60%). Also, the D2 domains of the supertype cluster separately into a
distinct branch of the phylogenetic tree [2]. This sequence analysis hence confirms prior
speculations [6] that intragenic duplication leading to formation of bi-domain proteins
has preceded gene duplication that gave rise to various subtypes of receptor PTPs. A
thorough tabulation of the 22 human receptor PTPs along with their mouse, rat or
chicken homologues is provided in Tables 4.1 and 4.2 (adapted from [1]). Table 4.1 also
includes their synonymous names used in literature.

4.2 The R1/R6 subtype

The only human gene that is a part of the R1/R6 subtype of receptor PTPs is PTPrc that
encodes for CD45 (cluster of differentiation 45). CD45 was the first receptor PTP to

https://doi.org/10.1515/9783110421774-004
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Inconsistent gene nomenclature is highlighted in red
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Figure 4.1: Evolutionary classification of the catalytic domains of classic protein tyrosine
phosphatases. Adapted from Refs [1, 2].

be discovered in 1988 [7, 8], based on its high sequence homology with PTP1B.
Understandably, it served as the prototype for understanding the receptor PTPs for
sometime. CD45 was earlier known as leukocyte common antigen (LCA) as it is
specifically expressed in hematopoietic cells and regulates B-cell and T-cell antigen
receptor (TCR) signaling. The gene is located on chromosome 1q and is encoded by 34
exons. Three exons on the primary transcript can be alternatively spliced to generate
the RA, RB and RC isoforms [9]. Using all splicing combinations, about eight different
CD45 isoforms are generated: CD45RA, CD45RB, CD45RC, CD45RAB, CD45RAC,
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Figure 4.2: The receptor protein tyrosine phosphatases and their various subtypes.

Table 4.1: Tabulation of the 22 human receptor PTPs along with their mouse, rat or chicken homologues.

Subtype Name Full name Other names in literature
R1/R6 hCD45 Cluster of differentiation 45 Leukocyte common antigen (LCA),
T200, PTPRC
mCD45 Cluster of differentiation 45 LCA, T200, Ly5
rCD45 Cluster of differentiation 45 Leukocyte common antigen
cPTPlambda PTPlambda
R2B hPTPlambda RPTPlambda PCP2, PTPomicron, PTPfmi,PTPpi,
PTPi, PTPRO
mPTPlambda RPTPlambda PTPftp1, PTPpsi
rPTPpsi RPTPpsi
hPTPkappa RPTPkappa
mPTPkappa RPTPkappa
hPTPmu RPTPmu
mPTPmu RPTPmu
hPTPrho RPTPrho
mPTPrho RPTPrho
R2A hLAR LCA-related PTP PTP-LAR
mLAR LCA-related PTP PTP-LAR
rLAR LCA-related PTP PTP-LAR
hPTPdelta RPTPdelta
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Table 4.1: (continued)

Subtype Name Full name Other names in literature
mPTPdelta RPTPdelta
cLAR LCA-related PTP CRYPalpha
hPTPsigma RPTPsigma
rPTPsigma RPTPsigma LAR-PTP2, PTP-PS, PTP-P1
mPTPNU3 PTPsigma, PTPT9a, PTPT9b
R3 hPTPS31
rPTPGMC Glomerular mesangial cell PTPRQ, PTPGMC1
receptor
hGLEPP1 Glomerular epithelial pro- PTPU2, PTProt
tein 1
mPTPphi PTP-BK, PTP-ro, mGLEPP1
rPTPBEM1 Brain-enriched membrane- PTPD30, BSM-1
associated PTP1
rabPTPoc Osteoclastic PTP
cPTPcryp2 CRYP-2
hPTPbeta RPTP
mPTPbeta Vascular endothelial PTP(VE-PTP)
hDEP1 Density-enhanced PTP PTPeta, CD148, F-36-12
mPTPBYP RPTPbeta-like PTP PTPeta
rDEP1 Density enhanced PTP Vascular PTP-1
hSAP1 Stomach cancer-associated  hPTPH
PTP
rPTPBEM2 Brain-enriched membrane-
associated PTP2
mPTPesp Embryonic sterm cell PTP OST-PTP
rOSTPTP Osteotesticular PTP
R4 hPTPalpha RPTPalpha
mPTPalpha RPTPalpha LCA-related PTP
rPTPalpha RPTPalpha
cPTPalpha RPTPalpha
hPTPepsilon RPTPepsilon
mPTPepsilon RPTPepsilon
rPTPepsilon RPTPepsilon
R5 hPTPgamma RPTPgamma
mPTPgamma RPTPgamma
cPTPgamma RPTPgamma
cPTPzeta RPTPzeta
hPTPzeta RPTPzeta
rPTPzeta RPTPzeta
R7 hPCPTP1 PC12-derived PTP PTPch1g, PTPCOM1,hCh1PTP, PTPEC
rPCPTP1 PC12-derived PTP PC12-PTP1, CBPTP
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Table 4.1: (continued)

Subtype Name Full name Other names in literature
mPTPSL PTPBR7, PTP-SL, PC12-PTP1
hSTEP Striatum-enriched

phosphatase
mSTEP61 Striatum-enriched
phosphatase
rSTEP Striatum-enriched
phosphatase
hHePTP Hematopoietic PTP Leukocyte PTP
rLCPTP Leukocyte PTP Hematopoietic PTP

R8 hPTPIA2 Islet cell antigen Islet cell antigen, ICA- 512
mPTPIA2 Islet cell antigen PTP35
rPTPIA2 Islet cell antigen BEM-3, PTPN, ICA105,PTPLP
bPTPIA2 Islet cell antigen ICA512
hPTPIA2beta PTP-IA-2beta IAR, RPTPX
mPTPNP Nervous system andpan- IA2beta, RPTPX,PTPNP-2

creatic PTP
macPTPIA2beta IA2beta
rPTPNE6 IA2beta, phogrin

Table 4.2: Physiological substrates and disease associations of various receptor PTPs.

Protein Chromosome Subtype Major substrate Related diseases
(Gene) location
CD45(Ptpre)  1q R1/R6 Janus kinase, Src-family Autoimmune disorders
kinases
PTPk(Ptprk)  1p R2A EGFR, B-catenin Cancer
LAR(Ptprf) 6q R2B B-Catenin, p130, Src-family Cancer
of kinases, EGFR, RET
DEP-1(Ptprj)) 11p R3 PDGFR, HGFR, Src-family of Cancer
kinases, VEGFR2, Erk
PTPa(Ptpra)  20p R4 Src-family kinases Cancer, gastric ulcers

PTPZ(Ptprz) 749

R5 B-Catenin, Git1, Magi1,
RhoGAP, B-adducin, ALK,
TrkA, Src-family kinases

Parkinson’s disease,
Gastric ulcers, demyelinat-
ing disease

PTPRR(Ptprr) 12p R7 Erk Cancer, psychological dis-
orders, endometriosis
IA2(Ptprn) 2q R8 N/A (inactive phosphatase) Diabetes

EGFR, epidermal growth factor receptor; HGFR, hepatocyte growth factor receptor; DEP-1, density-
enhanced phosphatase; PDGFR, platelet-derived growth factor receptor; VEGFR2, vascular endothe-
lial growth factor receptor 2.
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CD45RBC, CD45RO0 and CD45R (ABC) [10]. CD45RO lacks the RA, RB and RC exons,
and is the smallest isoform. CD45RO is expressed by memory or activated T cells,
while the naive T cells express CD45RA.

The largest isoform is CD45R that migrates on the gel at a molecular weight of 200
kDa. B cells express a heavily glycosylated CD45R that runs slower on a gel with a
molecular weight of 220 kDa. When isolated in the glycosylated form, CD45R is also
called B220. Although there is limited evidence for the functional variation in the CD45
isoforms, it is clear that expression levels of these specific isoforms are critical at
different stages of leukocyte development [11]. Isoforms CD45R, CD45RB and CD45R0O
when expressed alone are unable to sustain normal B-cell maturation but are competent
to support peripheral T-cell function and development [12]. Expression of a CD45
minigene has been reported to restore B-cell and T-cell function, but the optimal
expression requirements and isoform combinations for this result are still unclear [13].

Two polymorphisms in the CD45 gene have been reported to play important roles
in human physiology. A high-frequency CD45 polymorphism is the A138G allele that
mutates its Thr47 to an alanine. This substitution removes a glycosylation site from
its N-terminal region [14, 15]. This polymorphism is advantageous in preventing
Graves’ thyroiditis and also provides immunity against hepatitis B. The other CD45
polymorphism is the C77G mutation in exon 4 that prevents its excision [16]. Affected
populations with this polymorphism are unable to express the isoform CD45R0 in
their memory/effector T cells. These individuals hence have compromised immunity.
The frequency of this mutation is seen to be elevated in patients with multiple
sclerosis, autoimmune hepatitis, Langerhans cell histiocytosis and human immuno-
deficiency virus infections [17, 18].

The extracellular region of CD45 consists of distinct structural regions. The
N-terminal region has an extended conformation and contains multiple sites for
O-linked glycosylations. This region provides the CD45 isoforms of all their variation.
Of course, the smallest isoform CD45RO is least glycosylated and the largest isoform
CD45R is the most glycosylated. The variable glycosylation of CD45 isoforms allows for
specification in shape, and charge influences its ligand-binding properties and intra-
cellular signaling [19]. The variable N-terminal region is followed by a cysteine-rich
domain rich in B-sheets but lacking any o-helices. Mammalian CD45 contains five
conserved cysteines in this region that engage in two intra-domain disulfide bonds
and a fifth disulfide bond with a cysteine from the adjacent fibronectin type III repeat
[20]. The extracellular region of CD45 also has two to three fibronectin type III domains
that contain sites for N-linked glycosylations. These N-linked glycosylations are crucial
for the proper biological function of CD45 including its proper transport and presenta-
tion on the cell surface [21]. These glycosylations also serve as ligand-binding sites for
extracellular ligands such as galectins, CD22 and macrophage mannose receptors [22,
23]. Galectins are B-galactoside-binding proteins that contain carbohydrate recognition
sites [24]. Galectin-1 and galectin-3 have been reported to be extracellular binding
partners for CD45 and also PTP«k. Galectin-1 is the ligand for CD45 expressed on T cells
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[25, 26]. Galectin-1 interaction with CD45 is crucial for regulation of T-cell death at
various stages of their maturation and development [27]. Galectin-1 binding induces
clustering of CD45 leading to the inhibition of its intracellular PTP activity [28]. Several
binding sites on CD45 assist in its interaction with galectin-1, all which are dependent on
the glycosylation state of CD45 [22]. Hence, isoform diversity, glycosylation levels and
galectin-1 binding, all contribute to various stages of T-cell development.

A single transmembrane helix connects the extracellular region to the cytosolic
region that has a juxtamembrane region with a wedge-like structure that is followed
by two tandem PTP domains and short =80 amino acid C-tail (Figure 4.3) [29]. Of the
two tandem PTP domains, the membrane proximal domain is known as the D1
domain and the membrane distal domain is termed as the D2 domain (Figure 4.2).
Almost all of CD45 protein’s phosphatase activity is limited to its D1 domain [30]. The
D2 domain serves as a cognate activator of the D1 domain [31] and is reported to be
catalytically active in certain deletion constructs of the D1-D2 bidomain protein [32].
The D2 domain of CD45 has critical mutations in its WPD-loop and P-loop, although it
does possess the conserved active site cysteine [33]. Major mutations that contribute
to inactivity of the D2 domain are the conserved acid/base aspartate (WPD loop)
mutation to valine (Val1102), and the conserved HCS-motif serine (P-loop) mutation
to arginine (Arg1145). The electrostatics of the active site is disturbed by the presence
of aspartate (Asp1146). Also, a glutamine residue (Q1149) projects into the active site,
while the conserved tyrosine/phenylalanine of the phosphotyrosine recognition loop
is mutated to asparagine (Asn949).
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Figure 4.3: The R1/R6 subtype of receptor protein tyrosine phosphatases and the crystal structure of
CD45. Active site arrangement of the membrane proximal domain (D1) and membrane distal domain
(D2) show their differences.
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CD45 is an important player in the immune system development. CD45 is
required for antigen-specific lymphocyte stimulation, maintaining lymphocyte
survival and modulating cytokine response. CD45 negatively regulates cytokine
receptor activation by dephosphorylating Janus kinases [34]. In B cells and T cells,
CD45 regulates the phosphorylation levels of Src family of protein tyrosine kinases
including Fyn and Lck [35]. CD45 knockout mouse have been used to understand
thymocyte development dependent on Fyn and Lck signaling [36, 37]. Fyn and Lck
protein tyrosine kinases phosphorylate the signal-transducing subunits CD3 and
TCRC of the TCR. Phosphorylation of these subunits creates docking sites for the Src
homology 2 (SH2) domains of ZAP-70 that is also phosphorylated by Fyn and Lck
leading to its activation. Activated ZAP-70 now functions as a protein kinase to
phosphorylate LAT and SLP-76 proteins that regulate T-cell development and
maturation [38, 39] . In CD45-deficient thymocytes, Fyn and Lck remain inactivated;
hence, the TCR also remains unphosphorylated. Owing to its critical role in immune
development and regulation, CD45 deficiency or suboptimal function gives rise to
various diseases [17]. The severe combined immunodeficiency phenotype results
from CD45 deficiency [40, 41].

4.3 The R2A subtype

The R2A family of receptor PTPs is composed of proteins having immunoglobulin-like
(C2-set) domains and fibronectin type III (FNIII) repeats in their extracellular por-
tions. A single transmembrane helix connects the extracellular region to two tandem
PTP domains in the intracellular space (Figure 4.4) [33, 42]. Members of this subtype
include PTPg, PTPS and the Leukocyte common Antigen-Related (LAR) [43]. The
extracellular domains of this subtype can undergo proteolytic cleavage to form two
fragments that continue to associate noncovalently [44]. Proteolytic cleavage occurs
by subtilisin-like endoprotease and is predicted to occur intracellularly. The cleavage
site is a paired basic amino acid sequence, which can block proteolysis via a single
point mutation. In LAR, the two cleaved fragments are called E-subunit and P-subunit,
respectively [45]. The E-subunit contains all the extracellular domains required for cell
adhesion. The P-domain contains the transmembrane region and the two tandem PTP
domains. The E-subunit of LAR is discarded during cell growth in a process called
“ectodomain shedding.” This is an extremely specific and well-regulated process
wherein only about 2% of cell receptors shed their ectodomains in the extracellular
milieu [46]. Also, LAR undergoes tightly regulated alternate splicing to generate iso-
forms that have variations in their extracellular domains [47]. Another soluble form of
the ectodomain region called LARFN5C is formed by the N-terminal signaling sequence
and has the fifth FNIII repeat at the C-terminal. This segment makes homophilic
interactions to bind the FNIII repeats of full-length LAR in neurons and this interaction
is required for mediating neurite outgrowth [48, 49].
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Figure 4.4: Domain organization and crystal structure of the R2A subtype LAR protein tyrosine
phosphatase.

Members of the R2A subtype are the main modulators of signaling pathways for a
variety of protein tyrosine kinases including those of epidermal growth factor receptor
(EGFR), insulin receptor (IR), hepatocyte growth factor receptor (HGFR)/MET, Lck and
Fyn [50-52]. LAR, PTPo and PTP§ show overlapping expression in a variety of tissues
[53]. LAR is reported to coimmunoprecipitate alongside IR [54], and its overexpression
in mice models have suggested its role in insulin resistance and diabetes [55]. LAR
knockout mice are unable to mediate normal differentiation of alveoli during preg-
nancy and have abnormally developed mammary glands [56]. These mice also have
abnormal forebrain size and hippocampal organization [57]. Similarly, mice deficient
in PTPS also show retardation in growth, deficiency in hippocampal long-term poten-
tiation and also abnormal behavior [58, 59]. The role of PTP§ has been assessed in
glioblastoma multiforme, the most aggressive form of brain cancer [60]. PTP§ homo-
zygous deletions have been reported in melanomas [61], and re-expression of PTPS is
seen to curb cell growth and promote their apoptosis [60]. Overexpression of LAR is
associated with thyroid cancers and also breast cancer, small-cell lung cancer and
colon cancer [62-65].

LAR protein is seen to be localized on focal adhesions, and its phosphatase
activity is crucial for maintenance of focal adhesion turnover [66]. Focal adhesion
molecules, B-catenin and p130cas, have been reported to be substrates of LAR [67].
The multifunctional signal assembly protein p130cas co-localizes on focal adhe-
sions and stress fibers with LAR. Dephosphorylation of p130cas by LAR induces
apoptosis through the caspase-dependent pathway [68]. Association between LAR
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and the catherin—catenin complex is required for abscising tumor formation in
nude mice [69]. Drosophila LAR (DLAR), along with Lirpin-a, is required for normal
morphology of neuromuscular synapsis [70]. DLAR also associates with two
heparin sulfate proteoglycans named syndecan (sdc) and Dallylike (Dlp) [71]. Sdc
binds the Ig repeats of DLAR and decreases its phosphatase activity. This allows for
promotion of neuromuscular junction formation in Drosophila. Suppression of
synaptic morphogenesis is mediated by the binding of Dlp to DLAR. Hence, sdc
and DIp compete for DLAR to balance the biological process of synaptic develop-
ment [72]. From the extracellular matrix, laminins and nidogen are reported to be
ligands for LAR [73].

The two tandem domains of the R2A family are closely related in sequence,
wherein the sequence similarity between the D2 domains of LAR, PTPo and PTPS is
higher than the similarity of these D2 domains with their cognate D1 domains [74].
Also, the sequence similarity between the D1 and D2 domains of this family is more
than the similarity between their D1 domains [74]. This observation alongside the
clear clustering of D2 domains in a separate phylogenetic branch has provided
evidence that intragenic gene duplication to yield tandem PTP domains occurred
early in evolution [75]. These D2 domains have acquired only two crucial point
mutations around their active site that makes them inactive phosphatases [30, 31].
The first point mutation is in the WPD-loop that has a mutated general acid/base
aspartate to glutamate. An additional methylene group in the longer side chain of
glutamate doesn’t allow for oxyanion formation and proper functioning of the WPD
loop acid/base during catalysis [76]. Also, interaction of the carboxylate group of this
glutamate with the main chain of nearby residues compromises the opening—closing
dynamics of the WPD loop. The second mutation occurs in the phosphotyrosine
recognition loop, wherein the substrate-guiding tyrosine/phenylalanine is mutated
to a smaller aliphatic residue like leucine [42]. Interestingly, reverse double muta-
tions of these residues (L1644Y of the pY-loop and E1779D of the WPD loop) are
enough to activate the D2 domain of LAR [42].

While the D2 domain of this subfamily is inactive, its presence is seen to mod-
ulate the activity of its cognate D1 domain [31, 77]. The removal of the D2 domain of
human Lar results in a twofold increase in the activity of its D1 domain [30]. The
active site cysteine to serine mutant of the D2 domain (C2823S in human LAR)
increases the activity of the D1 domain for Raytide, Maltose Binding Protein (MBP)
and IR substrates [30, 52]. Additional experiments in COS-7 cells have revealed the
requirement of an intact D2 domain of LAR for proper association with the IR as a
substrate. Mutation in the D2 active site P-loop (C2823S) or the double mutant of both
D1 and D2 (C1522S/C2823S) were unable to immunoprecipitate the LAR-IR complex
[52]. These studies explain how the D2 domain in these bi-domain receptor PTPs
functions in substrate recruitment. A more convincing result was obtained in
Drosophila embryos where the DLAR cytoplasmic PTP domains were required to
rescue lethality [78]. In this system, the D1 and D2 domains of DLAR were expressed

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

4.3 The R2A subtype =— 129

DLAR PR P No DLAR Depleted
e — 2 JNNY j_ PTP action
| P e N P
_g— Pl P> P t PTP action H P..P.P ot
D1 ’) P P ! - Pl No required
> V i P P signal
L | Required H B PI P
D2 | si H
), —. ‘)E stgnal ; » No
1 i hysiological
> ! Physiological ! 3 i?;OZi:a
! response )
@@ SN ¢ (b)
DLAR DLAR P
» »
D1-HSS = 2 P . (D1-only) P Pl » Excess
PR P " sub y 3 3 PTP action
- P 1 Sul strate | 7 Y
D1 P 1 sequestering 1 = P .
HSS ) P > e F » i ' ;1 ) F PR P No required
> D! Required : » =, * signal
1
D2 )} ’i sigc:ml E e
i | \ 'ﬁ‘ physigluogical
! Physiological | — response
I R |
© L esponse | (@ €« o ’

o

Figure 4.5: Biological experiments using lethality rescue of Drosophila embryos allow for examining
the role of the inactive D2 domain of DLAR protein. Experiments using wild-type DLAR (a), absence of
D1 DLAR (b), serine mutant of the D1 domain of DLAR (c) and D1 domain alone of DLAR (d) explain the
sequestering effect of the D2 domain in contributing toward physiological function.

in various combinations of their P-loop mutants under the control of a galactose
operon in a DLAR 7/ background. Embryo lethality would be rescued in cases where
the D1 and/or D2 domains would be able to signal their downstream substrate
proteins (Figure 4.5). Intriguingly, while the D1 domain has a higher catalytic activity
than the D1D2 bi-domain protein [77], it can only rescue about 50% of the embryos.
These studies explain how the D2 domain allows for the modulation of DLAR activity
in “space” and “time.” The D2 domain binds substrates to either sequester them away
from D1, or only make the appropriate substrate available to its D1 domain (modula-
tion in space). The D2 domain also slows down the catalytic turnover rates of the D1
domain so that only a well-quantitated required signal is allowed to pass through
(modulation in time). Thus while the active site serine mutant of the D1 domain (D1
HSS/D2 construct) is able to rescue embryo lethality as it has a functional D2 domain,
the lack of D2 domain completely results in embryo death (Figure 4.5) [78].
Biochemistry experiments with the recombinant forms of the DLAR D1 and D2
domains have confirmed the modulatory properties of the D2 domain [77]. These
studies demonstrate how the active site of the D2 domain is equally accessible, yet
independent from its D1 domain. The D1 and D2 domains individually expressed
recombinant constructs bind the small molecule p-Nitrocatechol Sulfate with com-
parable affinities (Kp D1 = 234.8 uM; Kp D2 = 214.4 uM) [77]. The D1D2 bidomain
recombinant protein shows two site binding of the small molecule with comparable
binding affinities for the two sites (Kp; = 159.6 puM; Kp, = 172.7 pM). Surface plasmon
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resonance studies on tyrosine phosphorylated peptides showed efficient binding of
substrate peptide by the D2 domain, with a distinct preference for flanking regions of
the phosphotyrosine [77].

4.4 The R2B subtype

Members of the R2B subtype are recognized by the unique meprin/A5(neuropilin)/p
(MAM) domain in their extracellular regions. Subtype includes four members: PTPx,
PTPy, PTPp and PTPA. They also have Ig and FNIII repeats in their extracellular
regions. Their intracellular regions contain a juxtamembrane region with very high
sequence similarity to classical cadherins. Just like their related R2A subtype mem-
bers, these receptor PTPs also have two tandem PTP catalytic domains in their
cytosolic portions. The overall sequence identity between the members is about
55% but the catalytic domains are about 68% identical in member sequences [79].
All of the catalytic activity is localized to the D1 domains where the active site
cysteine is apt at acting as a nucleophile and has a low pKa of about 5.5. The crystal
structure of the D1 domain of PTPk has been characterized, but the structure of the
D1D2 bidomain protein remains unavailable [80]. The D2 domains lack activity and
show heterogeneous mutations around the active site (Figure 4.6). These domains
hence cannot be reverse activated by simple point mutations [81]. Mutations are seen
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Figure 4.6: The R2B subtype of receptor protein tyrosine phosphatases. Mutations in key motifs of
their D2 domains explain their inactivity.
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to disrupt especially the P-loop and the Q-loops of the catalytic domain, which allow
for complete breakdown of the D2 domain’s catalytic machinery.

Members of the R2B subtype have been reported to sustain homophilic inter-
actions through their ectodomains that mediate cell-cell aggregation [79, 82-84].
Homophilic interaction-mediated cell aggregation is reported for PTPyu, PTPp and
PTPx [85-87]. PTPA seems to be the exception in this case [79]. Initially, the Ig
domain of PTPp was reported to be the mediator of these homophilic interactions
[88, 89], but now the MAM domain and the first three FNIII repeats are also known
to participate in the interaction [79]. Crystal structures of the N-terminal region of
PTPp showed that the MAM and Ig domains form a seamless interface. These are
collectively called the MIg domain [90]. The structure of the full ectodomain was
later analyzed by the same research group [91] that showed two PTPy molecules to
make a homophilic antiparallel dimer in an extended conformation (Figure 4.7). At
the dimer interface, the MAM and Ig domains of one monomer clamp onto the FN1
and FN2 FNIII repeats of the other monomer. Formation of aggregates as a measure
of ectodomain adhesion was tested in Sf9 cells that were transfected by baculoviral
expression constructs of PTPu. Immuno-electron microscopy studies were used to
visualize the intermembrane spacing in cells expressing different lengths of PTPy,
keeping the MAM-Ig-FN1-FN2 unit untouched (Figure 4.7). The intermembrane
distance in cells expressing full-length PTPu is about 23.7 nm, which is a signature
of cadherin-mediated cell junctions [92]. Upon deletion of the ectodomain C-term-
inal region that includes the linker of the FN4 domain, the intermembrane spacing
shrinks to about 17.2 nm. Further deletion of the FN4 domain decreases the
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Figure 4.7: Homophilic interactions mediated by the MAM and Ig containing ectodomains of PTPp.
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intermembrane spacing by another 4 nm to become 13.1 nm [91]. This ectodomain-
regulated localization of PTPu is seen to play an important role in its function.
Ectodomain size and rigidity are key to modulate intercellular spacing and also
intracellular assembly of multimolecular substrates. Several components of the
cadherin—catenin complexes are reported to the substrates of R2B receptor PTPs
[93, 94]. Also, a highly similar mode of molecular interactions allows these receptor
PTPs to directly associate with cadherins and modulate their adhesive properties
[95]. Surface presentation (but not gene expression) of PTPy is seen to increase by
almost threefold as cells reach confluence upon growing. Almost all the PTPy is
localized to the cell-cell junctions [96, 97]. Deletion mutants of PTPp lacking the Ig
domain show a diffused expression pattern in confluent cells indicating that
homophilic binding is key to their localization at the membrane [88]. The present
model of adhesion-regulated PTPp signaling focuses on the trans-interaction of its
ectodomains that matches cadherin-mediated cell contacts. This allows the ecto-
domains of PTPp of two interacting cells to lock each other at cell junctions so that
phosphatase activity of PTPp is also localized to the cell contacts.

The R2B-type receptor PTPs use their extracellular regions as a “spacer clamp” to
hold their positions on cell-cell contacts. The polar nature of the homophilic ecto-
domain interface ensures that homodimers are not formed in the secretory vesicles
that have an acidic pH [98]. The receptor PTPs keep re-circulating from the mem-
brane, until another molecule contacts it from the neighboring cell. The slightly basic
pH of the extracellular space (pH 7.4) allows for a strong dimer formation with high
buried molecular surface of about 1,630 A per molecule of the PTP ectodomain [91].
Modularity in cell-cell contacts is achieved by the proteolytic processing of these R2B
subtype members. Protein convertases can cleave the FN4 domain from the extra-
cellular regions while the receptor PTP re-circulates through the trans-Golgi network
of the cell [99]. ADAM 10 protease cleaves the ectodomains at the C-terminal region
close to the transmembrane helix. This contributes to “ectodomain shedding” and
allows for the circulation of homodimeric ectodomains in the extracellular milieu
[100]. This may be followed by cleavage of the tandem PTP domains from the
transmembrane helix by a y-secretase-mediated intramembrane proteolytic clea-
vage. In the case of PTPx, this process allows for the release of its phosphatase
intracellular catalytic (PIC) fragment from the membrane and its subsequent trans-
location to the nucleus. In the nucleus, the PIC of PTPx dephosphorylates B-catenin
and enhances its transcriptional activity [100].

PTPx uses both B-catenin and y-catenin as its substrates [94] and also regulates
EGFR signaling by dephosphorylating its C-terminal phosphotyrosine residues [101].
As cells reach confluence, the expression of PTP«k is enhanced in order to negatively
regulate EGFR activity [102]. Transforming growth factor-f induces the expression of
PTPx; hence serving as an inhibitor of EGFR activity. As EGFR is a mitogen, its
negative regulator PTPx functions as a tumor suppressor. Genetic data of cancer
patients shows that 18 of 29 primary nervous system lymphomas map to a 140 kb
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deletion in the PTPk gene [103]. Also, PTP« lies on chromosome 6 on a region reported
to be frequently associated with deletions that cause ovary carcinomas, melanomas
and hematological neoplasia. All these cancers are associated with increase in EGFR
activity and an abnegated PTPxk function. In fact PTPx is reduced and almost unde-
tectable in almost 20% of melanoma biopsies [104].

4.5 The R3 subtype

The R3 subtype includes the members, density-enhanced phosphatase (DEP-1) (also
called as CD148 and PTPn), SAP1, GLEPP1 and PTPS31. The well-studied invertebrate
R3 subtype members include PTP10D, PTP52F and PTP4E from Drosophila melano-
gaster and DEP-1/F44G4.8 from Caenorhabditis elegans [105]. All these members are
active PTPs, except PTPS31 that dephosphorylates phosphatidylinositol moieties
[106, 107]. The R3 members have varying numbers of FNIII repeats in their extra-
cellular regions, a single transmembrane helix and an active single PTP catalytic
domain. The FNIII repeats of the R2 members allow for the control of their biological
function by regulation of their cellular localization [108]. Genetic studies elucidate
that R3 subtype members are crucial for tubular organ development in both verte-
brates and invertebrates. They also serve important functions in nervous system
development and serve as tumor suppressors in various cancers [53]. Disruption of
DEP-1 gene in transgenic mice leads to embryonic lethality and mutations in the gene
are associated with vasculature deformities and growth retardation [109]. The phos-
photyrosine phosphatase activity of the R3 members is key to their role in endothelial
vessel formation and their promise as therapeutic targets for angiogenesis-related
diseases [110].

DEP-1 was the first receptor PTP to be implicated as a tumor suppressor when its
role as a negative regulator of platelet-derived growth factor receptor (PDGFR) was
studied in detail [111]. Inhibition of PDGFR signaling was reported to depend on the
phosphatase activity of DEP-1. DEP-1 catalytic domain active site cysteine mutant
(C1239S) enhanced cell migration and was a dominant negative over the wild-type
endogenous DEP-1 gene. In contrast, the C1239S mutant delayed cell-substrate inter-
action that was promoted by the wild-type DEP-1, hence showing a positive role of
DEP-1 in adhesion-stimulated downstream Src kinase signaling. Similarly, the antipro-
liferative effects of DEP-1 have been reported in various systems where DEP-1 negatively
regulates the activity of various tyrosine kinases, including PDGFR, VEGFR2 (vascular
endothelial growth factor receptor 2), HGFR, RET and Erk [112-116]. DEP-1 is reported to
control various stages of EGFR signaling including its endocytosis and recycling at the
membrane [117]. DEP-1 also regulates the internalization of VEGFR complex and nega-
tively controls VEGFR signaling to block cell proliferation upon reaching confluence
[113, 118]. In various forms of cancers, loss of heterozygosity has been mapped to the
DEP-1 gene locus [119]. Various polymorphisms have been mapped to the DEP-1 gene
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Figure 4.8: Domain organization of the R3 subtype of receptor protein tyrosine phosphatase DEP-1.
Polymorphism linked to cancers map to various regions on the protein.

and are associated with various forms of cancer in mouse models and also human
breast, thyroid, colon and lung cancers (Figure 4.8) [110, 120, 121].

4.6 The R4 subtype

The R4 subtype members are unique as they contain no cell adhesion molecules
(CAM)-like domains in the extracellular regions. Their short extracellular region is a
highly glycosylated segment that is connected to two tandem PTP domains via a
transmembrane helix [122]. Two receptor PTPs of the human phosphatome, PTPa and
PTPe, belong to this subtype. No extracellular ligands have been reported for PTPa
and PTPe; however, PTPa is reported to interact with cell surface receptors of con-
tactin (CNTN) and N-CAM [123]. PTPa is reported to cocluster with N-CAM in lipid rafts
in antibody-mediated clustering assays [124]. This coclustering is thought to promote
localization-dependent access of PTPa to Fyn and other Src family kinases that are
PTPa substrates.

The two tandem PTP domains of this subtype share a high sequence similarity
and also molecular structure [125]. Interestingly, unlike the other bi-domain contain-
ing receptor PTPs, PTPa is reported to exhibit phosphatase activity in both its tandem
PTP domains [126, 127]. This is despite Y536V and D671E mutations that occur in its
phosphotyrosine recognition loop and the WPD-loop. In this way the R4 subtype
tandem PTP domains resemble those of the R2A family members [31]. The D2 domain
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of PTPa shows a distinct substrate preference form its cognate D1 domain and is also
reported to bind the SH2 domain of Src kinase [128]. Reverse mutations in the D2
domain in its phosphotyrosine recognition loop and WPD-loop (V536Y/E671D double
mutant) allow for a 90-fold increase in catalytic efficiency [129]. In contrast, introdu-
cing these mutations in the D1 domain (Y243V/D382V double mutant) decreases the
D1 domain’s catalytic efficiency by 150,000-fold [130].

PTPa is reported to exist predominantly as a dimer when expressed exogenously
which also reduces its catalytic activity [131, 132]. Molecular analysis of the crystal
structure of the PTPa D1 domain showed that an N-terminal wedge of the PTP domain
made of a helix-turn-helix motif that allowed for its dimerization [133]. In the symme-
trical PTPa D1-D1 dimer, the wedge from one monomer swaps over to bind the active
site of the other monomer and occludes any substrate access (Figure 4.9). This study
allowed for the scientific community to suggest a dimerization-based inhibition of
receptor PTPs. Supporting evidence came from the studies on R2A subtype member
LAR, where the peptides containing the wedge region of LAR were successful in
inhibiting LAR activity by homophilic binding to the LAR catalytic domains [134].
Similarly, PTPp wedge peptides showed inhibitory effects on the interaction of PTPu
with its substrates. However, as the structure of PTPp bidomain protein was pub-
lished, this model of inhibition became less relevant. Subsequent analysis of the
bi-domain structures of PTPy, LAR and CD45 indicated that the placement of the D2
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Figure 4.9: Domain organization and crystal structure of the R4 subtype PTPa. Crystal structure of the
D1 domain of PTPa shows the N-terminal a-helices to form an inhibitory wedge that occludes the
active site of its cognate partner. This wedge-mediated dimerization is contra-indicated in the D1-D2
structures of double-domain receptor protein tyrosine phosphatases.
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domain does not allow for wedge region-based dimerization (Figure 4.9) [33, 42].
Consequently, a head-to-tail dimer was seen and analyzed for the bi-domain PTPy
[135]. The exact physiological relevance of this dimerization is a subject for further
studies.

The catalytic activity of PTPa is regulated by its phosphorylation at serine and
tyrosine residues by protein kinases. The helix-turn-helix wedge domain of PTPa is
phosphorylated at Ser180 and Ser240 by protein kinase C [136]. This is speculated to
alter PTPa activity by interfering with its dimerization as described earlier. PTPa is
also reported to be constitutively phosphorylated at its C-terminal Tyr789 [137]. This
allows PTPa to interact with Grb-2 in a phosphorylation-dependent manner [138].
Phosphorylation of Tyr789 is crucial for the interaction of PTPa and its substrate Src
[139]. pTyr789 is speculated to bind the Src SH2 domain and allow for the release of
the locked Src conformation that would release the Src C-terminal pY527 to be
dephosphorylated by PTPa. An interplay between Grb-2 binding and Src SH2 domain
binding allows for the maneuvering of Src kinase signaling pathways. Consistent
with this model, Y789F mutation of PTPa abrogates PTPa—Src interaction [139]. As
the C-terminal inhibitory pY527 of Src is a substrate for PTPa, PTPa functions to
release Src inhibition to allow for its activation. Understandably, the PTPa knockout
mice show reduced Src and Fyn kinase activity [140], while overexpressed PTPa
allows for enhanced Src activity in cells [141]. Activation of Fyn by PTPa is crucial
for a,/Ps-integrin-based cell matrix connection formation [142]. PTPa is reported to
colocalize with a,/Bs-integrins and also immunoprecipitate with o,-integrins during
cell spreading on a fibronectin matrix.

PTPa is reported to be a potential suppressor of breast cancer wherein high
levels of PTPa correlated with low tumor grades. Also, expression of PTPa in
carcinoma cells leads to delayed tumor growth [143]. Mutations in PTPa at F245
(extracellular region), G445 (P-loop of D1 domain) and L652 (in the D2 domain) are
linked to neoplasia and reported in about 30% of breast, liver and colon cancers
[144]. PTPa is also linked to gastric ulcer pathogenesis caused by Helicobacter
pylori. PTPa is reported to associate with Helicobacter secreted vacuolating cyto-
toxin VacA allowing for its association with epithelial cells [145]. Entry of the
cytotoxin causes progressive vacuolation, mitochondrial damage and subsequent
apoptosis of gastric epithelial cells.

4.7 The R5 subtype

The R5 subtype of receptor PTPs includes PTP{ (also known as PTP in literature)
and PTPy. These proteins are characterized by a carbonic anhydrase domain and a
single FNIII domain in their extracellular regions [146]. The carbonic anhydrase
domain lacks its active site histidine residue and is an inactive anhydrase that
cannot catalyze the hydration of carbon dioxide. However, this atypical carbonic
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Figure 4.10: The R5 subtype of receptor protein tyrosine phosphatases. Mutations of the P-loop, WPD
loop and Q-loop explain the lack of activity in their D2 domains. PTPZ uses its extracellular carbonic
anhydrase domain to bind contactins. A secretory version of the protein contains only the extra-
cellular regions.

anhydrase domain can use its non-catalytic active site as a hydrophobic pocket for
binding extracellular ligands [147]. The intracellular region of the R5 members
includes two tandem PTP catalytic domains. Similar to the other bi-domain receptor
PTPs, all the catalytic PTP activity is limited to the D1 domain. The D2 domain has
several mutations in the P-loop, WPD-loop and Q-loop, wherein the active site
cysteine, the water activating glutamine and the conserved acid/base aspartate
are all modified (Figure 4.10) [31].

The R5 subtype is especially characterized for its role in axon guidance and
neurite outgrowth in the vertebrate nervous system [53]. PTP{ and PTPy are both
expressed in the developing and also the adult vertebrate brain. PTPC is predomi-
nantly found oligodendrocytes and astrocytes whereas PTPy is expressed in the
neurons [148]. Both PTP{ and PTPy bind cell adhesion molecules (CAMs) called
contactins (CNTNs) that are expressed in various stages of neural development and
in the adult vertebrate brain. Binding assays report that PTPy binds CNTN3, CNTN4,
CNTN5 and CNTN6, whereas PTP( is more specific for CNTN1 [148]. These CNTNs are
extracellular proteins that contain six immunoglobulin-like domains, four FNIII
domains and a C-terminal glycophosphatidylinositol group that anchors them to
the outside of the cell membrane. CNTNs use their Ig domain to bind to the atypical
carbonic anhydrase domains of PTP{ and PTPy. Structure of PTPy:CNTN4 complex
and the PTP{:CNTN1 complex is very similar [148, 149]. The complexes show the
PTPy/PTPC using their carbonic anhydrase domain’s B-hairpin loop to hold the Ig
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domains 2 and 3 of the CNTN in a horseshoe conformation (Figure 4.10). Two B-
strands of the carbonic anhydrase domain combine with three antiparallel (-
strands of the binding CNTN molecule. The CNTN4 binding interface residues are
conserved in other CNTN isoforms including CNTN3, CNTN5 and CNTN6 indicating
a similar mode of binding to PTPy. The specific binding interface in the PTP{:CNTN1
complex is contributed by key interface residues unique to PTP{ and CNTN1.

PTPC has three alternatively spliced isoforms, two receptor forms and also a
secreted isoform. The alternatively spliced isoforms include the full-length 2,315
amino acid protein, a shorter receptor form that has a deletion in the extracellular
region (755-1,614) and another isoform with a short seven amino acid deletion in
the intracellular region [150]. The two receptor forms of PTP{ are known as PTPRZ-A
and PTPRZ-B [151]. The secretory variant of the full-length protein is PTPRZ-S
(also called phosphacan) that contains only the extracellular region [152].
Metalloproteinases allow for the cleavage of the extracellular region to release
the secreted isoform. The leftover membrane-tethered fragment is then acted
about by y-secretases to release the tandem PTP domains into the cytoplasm [151].
The released PTP domains are reported to exist both in the cytoplasm and in the
nucleus. Another isoform of PTP( called the phosphacan short isoform (PSI) is
expressed specifically in the central nervous system [153]. This small secreted
isoform ends 196 residues after the FNIII domain (Figure 4.10). The various isoforms
of PTPC show punctuated spatiotemporal expression in various developmental
processes of the central nervous system. These developmental processes include
cell synaptogenesis, myelination, cell migration, wounding and regeneration [154—
156]. The present model of PTP{-mediated development of neuronal cells is based
on the isoform-specific interaction of PTP{ (expressed on glial cells) with CNTN1
expressed on oligodendrocyte precursor cells (OPCs) that develop into mature
neurons. In this model, the PTPRZ-B form is released into the extracellular matrix
to interact with the CNTN1 expressed on the OPC and inhibit their proliferation.
Formation of the PTPRZ-B:CNTN1 complex allows for the OPCs to differentiate into
immature oligodendrocytes that express lower levels of CNTN1. Now the glial cells
switch the expression of PTPRZ-B to the receptor isoform PTPRZ-A. Subsequently,
the PTPRZ-B:CNTN1 complex is substituted by the PTPRZ-A:CNTN1 complex that is
smaller in number but membrane bound. This signal allows for the differentiation
of immature oligodendrocytes to mature oligodendrocytes and the myelination of
their axons [149]. Cell culture assays show that the carbonic anhydrase domain of
PTPU is sufficient to inhibit OPC proliferation. However, morphological maturation
of oligodendrocytes requires PTP{ with its carbonic anhydrase, FNIII domain and
spacer region. It is speculated that PTP{ uses its spacer region to recruit differentia-
tion-inducing molecules like tenascins [157].

PTPC is reported to use multiple substrates including [B-catenin, G-protein-
coupled receptor interactor (Gitl), Magil, Fyn kinase, B-adducin, ALK kinase, TrkA
kinase and p190 Rho-GAP [158-162]. Phosphatase activity of PTP{ is seen to be
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modulated by binding extracellular ligands pleiotrophin (also known as heparin-
binding brain mitogen or neurite growth-promoting factor) and midkine [152].
Ligand-binding-induced dimerization of PTPC is speculated to inhibit its enzyme
activity by blocking of substrate access to its PTP domains inside the cell [158, 163].
Pleiotrophin-induced inhibition of PTP( activity increases the cellular levels of phos-
phorylated B-catenin, Fyn and B-adducin. The increased levels of these phosphory-
lated proteins allow for proliferation of dopaminergic progenitors and their survival
and differentiation. In this way, pleiotrophin contributes to differentiation of dopa-
minergic neurons and also contributes to nervous system repair by binding and
inhibiting PTPC [164]. Reported upregulation of pleiotrophin during nervous system
repair and its function in mice models of Parkinson’s disease make PTP{ a lucrative
target for inhibitor discovery required for therapeutic intervention of neurological
disorders [165].

4.8 The R7 subtype

The R7 subtype includes receptor PCPTP1 (also called as PTPRR and PTPB7) and the
non-receptor STEP and HePTP proteins. The receptor PTPRR has a single PTP
catalytic domain that is attached to a short extracellular region that lacks any
known homology domains. These receptor PTPs are also expressed mainly in
neuronal cells. Four isoforms of PTPRR allow for its spatiotemporal function in
the needs of the developing neuronal cells [166]. Isoforms are created in a unique
way by differential utilization of three distinct transcription start sites and inclu-
sion/exclusion of a unique 5’-untranslated region in the shorted transcript [167,
168]. The two receptor isoforms are called PTPBR7 and PTP-SL. Both the isoforms
contain two hydrophobic regions, one of which forms the transmembrane region.
As the PTP-SL was reported to lack the signal peptide sequence, there were spec-
ulations about it being a membrane-associated protein [169]. Cell permeabilization
assays and use of specific anti-sera against the PTPRR domains reported the PTP-SL
isoform to be a type III transmembrane protein with the C-terminal facing in the
cytosol. Both the isoforms are detected in trans-Golgi network and the endocytic
vesicles but only the PTPBR7 isoform is expressed on the membrane [166]. The two
cytosolic isoforms are PTPPBSy-42 and PTPPBSy-37 (Figure 4.11). All the four iso-
forms contain the PTP catalytic domain and a kinase-interacting motif (KIM). The
receptor isoforms of PTPRR are reported to oligomerize that allows for attenuation
of their catalytic activity [170] . The cytosolic isoforms occur as monomers and their
activity is independent of the effects of ligand binding [171]. Expression of the four
isoforms is precisely timed and is unique to specific regions of the brain as studied
in mouse models. PTPBRY is expressed at early embryogenesis in the Purkinje cells
and the spinal ganglia. PTP-SL is expressed only postnatally and is speculated to
gradually replace the decreasing PTPBR7 levels during embryo maturation.
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Figure 4.11: The kinase interaction motif (KIM) containing R7 subtype of receptor protein tyrosine
phosphatases.

Eventually, PTP-SL is exclusively expressed in the adult cerebellar Purkinje cells
and only in trace amounts in the midbrain, cortex or the brain stem. PTPBR? is
present in all other areas of the adult mouse and rat brain [169, 172]. The cytosolic
PTPPBSy isoforms are expressed in low levels in the brain and also seen in trace
amounts in developing cartilage and the gastrointestinal tract [168].

All four PTPRR isoforms have a KIM motif that allows them to interact with the
mitogen-activated protein kinases (MAPKs) Erkl and Erk2 [171]. These MAPKs are
dually phosphorylated on their activation loops on the pT-E-pY motif, and their
signaling can be terminated by the dephosphorylation of their the phosphotyrosine
or the phosphothreonine. The phosphotyrosine of the Erk1/2/5 are substrates for
PTPRR [173, 174]. Increased activity and expression of PTPRR is associated with
decreased expression of functional Erkl/2 as seen in the prefrontal cortex and
hippocampal tissue of suicide victims when compared to the normal human patients
[175]. In females, PTPRR expression levels are seen to increase in the transition phase
from proliferation to secretion during the menstrual cycle. PTPRR is hence reported to
be a predisposing factor for endometriosis where the endometrium starts to grow and
expand outside the uterus [176]. Methylation of the PTPRR gene and its loss of
expression and activity is associated with invasive cervical cancer [177]. In acute
myelogenous leukemia, the PTPRR is reported to form a fusion protein with the TEL
gene due to the fusion of their exons. This TEL-PTPRR fusion protein is an inactive
PTP that compromises the appropriate maintenance of STAT3-mediated signaling
pathway contributing to leukemogenesis [178].
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4.9 The R8 subtype

The R8 subfamily of the receptor PTPs includes two members that share about
74% sequence identity [179]. Human islet antigen-2 (IA2 or ICA512) and IAP
(phogrin) are both expressed in B-cells of the pancreases and are located in
insulin secretory granule membrane [180]. Antibodies against these autoimmune
proteins are used as a marker for detection of onset of clinical type I diabetes
[181]. Prprn gene encodes IA2 that contains an N-terminal signal peptide fol-
lowed by a long cysteine-rich extracellular domain. A single transmembrane
helix connects the extracellular domain to a single PTP domain that lacks any
enzymatic activity. The lack of phosphatase activity in the domain is due to two
critical point mutations. The first mutation converts the conserved acid/base
aspartate of the WPD-loop into alanine (Ala877 in IA2). The second mutation
occurs in the P-loop, where a small hydrophobic alanine next to the HCS
sequence is replaced by a polar aspartate (Asp911 in IA2). This substitution of
a short-chain hydrophobic residue with a negatively charged aspartate severely
compromises the chemical integrity of the active site. Reverse mutations of these
residues to abide by the consensus motifs is seen to be successful in converting
these pseudophosphatase domains into active enzymes (ascertained using gen-
eric phosphatase substrates).

Both IA2 and IA2B are granule-associated proteins that are expressed in
B-cells and participate in insulin granule turnover in the pancreas [182]. IA2 and
IA2B are expressed as pro-proteins that mature alongside insulin in the secretory
granules. The mature IA2 and IA2f have their pseudophosphatase domain facing
the cytoplasm and their extracellular region faces the inside of the secretory
granule. Upon exocytosis and membrane integration of the granules, these pro-
teins are present on the membrane like canonical receptor PTPs. The pseudopho-
sphatase domain binds an F-actin-associated protein called B2-syntrophin. The
presence of glucose serves as a stimulus for the exocytosis of granules containing
insulin. As the stimulus is received, the IA2 subpopulation presented on the cell
membrane (also called ICA512-TMF) undergoes calpain-1-mediated cleavage to
release its pseudophosphatase domain into the cytoplasm (Figure 4.12). This
fragment called as ICA512-CCF is now free to either translocate to the nucleus
where it enhances the transcription of granule genes using STAT signaling or to
bind and displace the IA2- B2-syntrophin complex. ICA512-CCF can effectively
bind to either component of the IA2- B2-syntrophin complex and allow for its
disruption. This displaces the secretory granules from actin fibers, thus increasing
their mobility as required for active exocytosis. As more and more granules are
exocytosed and more ICA512-CCF is generated in the cytosol, the population that
reaches the nucleus gradually increases to enhance transcription of granule
genes. This positive feedback allows for concurrent cycling of insulin granules
in the B-cells in need of glucose absorption and signaling.
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Figure 4.12: The R8 subtype of protein tyrosine phosphatase has a single inactive catalytic domain.
This protein participates in insulin granule turnover in the human pancreas.

Alongside their role in regulating insulin secretory granule cycling, the subtype R8
members have also been reported for B-cell growth [183]. Knockout mice lacking 1A2
and IA2B have as much as 50% reduced insulin secretion and are glucose intolerant
[184, 185]. Conversely, overexpression of IA2 in mouse B-cells allows for better glucose
uptake and efficiently increased insulin secretion [186]. Autoimmune antibodies
secreted against these R8 subtype members are a major cause of type I diabetes in
humans [187]. 1A2 antibody screening is used as a clinical diagnostic test for type I
diabetes. As many as 70% patients with type I diabetes show elevated antibodies for
IA2 [181], antibodies are reported to appear years before the clear onset of diabetes.
Patients showing the presence of serum antibodies against 1A2, IA2B and another
protein GAD65 (a glutamic acid decarboxylase) are reported to develop type I diabetes
within just five years [187].
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5 The double-domain receptor protein tyrosine
phosphatases

5.1 Tandem PTP domains in receptor PTPs

A unique characteristic of certain subtypes of receptor protein tyrosine phospha-
tases (PTPs) is the presence of two tandem tyrosine phosphatase domains in their
intracellular regions. These subtypes include R1/R6 subtype (CD45, cPTPA), R2A
subtype (LAR, PTPo, PTPS), R2B subtype (PTPy, PTPA, PTPp, PTPk), R4 subtype
(PTPq, PTPe) and R5 subtype (PTPC, PTPy; Figure 5.1) [1, 2]. The fruit fly genome of
Drosophila melanogaster and the closely related mosquito genome of Aedes aegypti
contain R3 subtype members that are have two tyrosine phosphatase domains [3, 4].
In literature, the two tandem domains are distinctly referred to as the membrane
proximal D1 domain and the membrane distal D2 domain (Figure 5.2). In almost all
reported double-domain receptor PTPs, the D1 domain carries the entire catalytic
activity, while the D2 domain is a pseudophosphatase [5]. As an exception, the D2
domain of PTPa has been reported to display catalytic activity toward discrete
substrates [6, 7]. CD45 was the first double-domain receptor PTP that was reported
as early as in 1988 [8]. Structural exploration of these double-domain PTPs began
with LAR in 1999 [9]. Since then, structures of CD45, PTPg, PTPy and PTPe have
been reported [10].

The domain architecture of the D1 and D2 domain is extremely well conserved.
Despite sequence differences in the two cognate D1 and D2 domains, their Ca traces
superimpose with very low root mean square deviations. For example, in the case of
LAR, the two domains only differ by a rotation of about 3.5 A and an average
difference in the Ca traces of about 1.6 A [9]. If the differentiating loops of the two
domains are not included in the superimposition, the remaining trace of about 205aa
of the two domains superimposes with only 0.67 A root mean square deviation.
Similarly, the two domains of CD45 superimpose with an overall root mean square
deviation of about 2.9 A of their backbone positions [11]. Regions of structural
uniqueness of the domains are localized to the surface loops that account for their
surface properties (Figure 5.2). In general, the loops of the D2 domain are more
surface exposed and extended when compared to the D1 domain. There is also a
characteristic longer loop between the a1’ and a2’ helices in the D2 domains. Loops of
the D2 domain of CD45 are associated with its molecular function in T-lymphocytes
that uses CD3-mediated activation [12]. The D2 domain of CD45 also contains an
acidic and a basic loop that are located on the side of the D2 domain facing the D1
domain. The acidic loop contains a phosphorylation site for casein kinase 2 [13].
Deletions in these loop regions of CD45 compromise its activity and stability [14].

https://doi.org/10.1515/9783110421774-005
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5.2 Interdomain interactions holding the tandem PTP domains

The overall orientation of the D1 and D2 domains with respect to each other is well
conserved. The two domains are organized such that their active sites are face away
from each other at about 90° (Figure 5.3). The molecular separation between their
active sites is about 40 A. A short linker of ~12 amino acids connects the two domains
that also share an extensive interdomain interface that buries about 2,000 A2 of surface
area [10]. The buried surface includes interface residues that use multiple physical
forces including van der Waals interactions, electrostatic salt bridges and hydrophobic
interactions to hold the two domains together. A detailed hydrogen bonding network
can be seen in the structure of LAR and CD45. This network is formed by residues from
the 39, f10 strands and o3 helix from the D1 domain and o4 helix and the 23 loop of
their D2 domains [9, 11]. Surface residues from the a3 and a6 helices of the D1 domains
complement residues from the o4 and a5 helices of the D2 domain. Conserved hydro-
phobic interactions have been mapped to the aromatic rings of Phe890 (a6 helix in the
D1 domain) and Phe1173 (a5 helix in the D2 domain) in CD45.

D1 domain
(membrane
proximal

domain)

Domain-domain
5 interface

D2 domain
(membrane
distal domain)

Figure 5.3: Relative orientation and organization of the two tandem D1 and D2 domains of double-
domain receptor PTPs.

Conserved salt bridges include interactions between the positively charged Arg811 and
Arg812 from the D1 domain of CD45 with the negatively charged Glu1167 and Asp1171 of
the D2 domain of CD45. This interdomain buried surface occupies a unique pocket at
the backside of the active sites of the D1 domain. Intriguingly, this pocket is an
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allosteric site in the non-receptor PTP catalytic domains like PTP1B [2]. The unique
placement of the D2 domains at the allosteric pocket of the D1 domains explains the
modulatory role of the D2 domains and their evolutionary presence. A single-point
mutation of Glu1180 to glycine in CD45 or Lys990 to alanine in PTP99A is enough to
destabilize the tandem domain construct and alter their activity [4, 14]. Biochemistry
experiments report that LAR mutants lacking the N-terminal residues of the D2 domain
that are a part of the interdomain interface show altered catalytic kinetics for raytide
and maltose-binding protein (MBP)-based substrates [15]. Insertion of a 19 amino acid
peptide between the f1-p2 strands of the D2 domain of CD45 alters the interdomain
interface and changes its catalytic properties [15].

5.3 Linker connecting the two domains

The linker connecting the D1 and D2 domain is varied in both sequence and length,
but the average length is about 12 amino acids. A conserved motif G[D/E|TE is located
in the D1 domain at the start of the linker sequence [2]. The glycine residue in the
linker functions to allow the linker to maintain an extended conformation and also
makes hydrogen-bonding interactions with the o3 helix of the D1 domain. Structural
analysis of the linker region elucidates its limited flexibility [9, 11] which is further
confirmed by molecular dynamics simulations [16]. The extensive interdomain sur-
face and the short length of the linker essentially lock the linker in a particular
conformation. Functional significance of the linker has been elucidated in the case
of CD45 where the two domains are unable to interact with each other if the linker
region is absent [17]. The presence of the linker attached to the D2 domain of CD45 is
crucial for its interaction with the D1 domain. Attaching the linker to the D1 domain
does not compensate for the lack of linker region in the D2 domain, indicating that
the linker-D2 construct is evolutionarily significant. Biochemical assays have been
used to demonstrate direct interaction between the linker region and the D2 domain
[17]. Site directed mutagenesis experiments that alter the linker region limit the
interaction between the D1 and D2 domain. In the case of LAR, DLAR and CD45
proteins, the presence of the linker region is reported to be essential to obtain
recombinant protein in soluble and stable form [14, 16, 18]. The linker of PTPa is
reported to be proteolytically labile [19], suggesting that specific physiological con-
ditions may allow for the separation of the D1 and D2 domains for the modulation of
their activity and function.

5.4 Evolution of the D2 domain

Sequence alignment alongside phylogenetic analysis of the tandem tyrosine
phosphatase domains of the double-domain receptor PTPs suggests that the D1
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and D2 domains have evolved from a common ancestral domain and are prob-
ably products of gene duplication [2]. Sequence similarity between the D1 and
D2 domains of the R2A family is more (~45%) when compared to the similarity
between the D1 domains of closely related R2A and R2B subfamilies [20]. In the
more carefully plotted phylogenetic trees, the D2 domain is seen to evolve
independent of the D1 domain after its initial gene duplication event. This
evolutionary process has given rise to two types of D2 domains that have
accumulated mutations in distinct ways around the active site [21]. The first
group shows more conservation with respect to its cognate D1 domains and is
also capable of binding to phosphotyrosine substrates. Limited but critical
mutations in the active site of these domains make them catalytically inactive.
The second group has accumulated fast evolving mutations around the front as
well as the back of the PTP domain-active site. These mutations result in a
complete loss of catalytic or phosphotyrosine substrate-binding abilities of the
D2 domain. These D2 domains are the most diverse in sequence and share poor
homology among themselves when compared across the receptor PTP subfami-
lies. An unrooted neighbor joining phylogenetic tree of the D2 domains shows
how members of the same receptor PTP subfamily cluster together on a single
branch (Figure 5.4). However, they show less homology to other subfamily of D2
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Figure 5.4: Phylogenetic tree of the D2 domains of various double-domain receptor PTPs.
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5.4.1 The D2A subclass of D2 domains

The D2 domains of the R2A and R4 families of receptor PTP families including LAR,
PTPo, PTP§, PTPa and PTPe belong to the D2A subtype. Drosophila melanogaster
receptor PTPs DLAR and PTP69D also contain the D2A subtype of membrane distal
domains. Their conserved active sites are well formed and they also have the active-
site cysteine present in the conserved His—Cys—Ser triad of their P-loop. However,
these D2 domains have critical point mutations in their phosphotyrosine recogni-
tion loop (pY-loop; Motif 1) wherein the phosphotyrosine recognition aromatic
tyrosine or phenylalanine residue in the KNRY motif sequence is substituted for a
smaller aliphatic chain amino acid like valine or leucine (Figure 5.5). This point
mutation increases the t;/, of the tyrosine phosphatase reaction by threefold and
reduces its catalytic efficiency by about 60-fold [5]. They also contain a point
mutation in their WPD-loop (Motif 8) wherein the conserved acid—base aspartate
is replaced by a longer glutamate residue. The longer side chain of glutamic acid
obstructs its proper oxyanion formation at the tyrosine phosphatase-active site and
makes the D2 domain inactive [7, 22]. The structure of LAR protein shows that the
substituted glutamate of the WPD-loop (Glu 1779) interacts with the main chain of a
methionine of a neighboring loop (Met 1718), making the WPD-loop rigid and less
responsive to closing in the presence of a phosphotyrosine substrate [9].

| T T
NKFKNRL FTDWPEQGVP PITVHCSAGVGRTG ~ VQTEDQYQL

<C | prps NKFKNRL FTDWPEQGVP PISVHCSAGVGRTG  VQTEDQYQF
g PTPo NKFKNRL FTDWPEQGVP PISVHCSAGVGRTG ~ VQTEDEYQF
PTPa  NMKKNRV FHGWPEVGIP PISVHCSAGVGRTG  VQTLDQYQF
PTPe  NMKKARV FHGWPEIGIP PITVHCSAGVGRTG ~ VQTLDQYQF
T oo | Webtoop | P | qionp |
PTPk  NHDKNRF  YLGWASHREVP  RTIIHCLNGGGRSG ~ VEAPEQYRF
PTPy  NHEKNRC  FLGWPMYRDTP  PTVVHCLNGGGRSG  VDLLDQYKF

E\:l PTPp  NHDKNRS YIGWPAYRDT RTVVHCLNGGGRSG ~ VETLDQYKF
O | PPy  NHEKNRN CPKWPNPDAP PTIVHDEYGAVSAG FTDIEQYQF
PTPC NREKNRT CPKWPNPDSP  PMIVHDEHGGVTAG ~ FADIEQYQF
PTPA  NRDKNRS FLRWSAYRDTP ~ RTIVHCLNGGGRSG ~ VETMDQYHF
D45 NKSKNRN YTNWSVEQLP PLLIHCRDGSQQTG ~ VSTFEQYQF

Figure 5.5: The two evolutionary subtypes of D2 domains. The classification is based on the
sequence variation seen in the active site motifs of the pY-loop, WPD-loop, P-loop and Q-loop of
these domains.
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While the D2A subtype of D2 domains cannot catalyze phosphotransfer, they are
reported to bind phosphotyrosine substrates with comparable affinities as their
cognate D1 domains [16]. In this way, the D2A subtype functions as a “substrate
trap” and participates in substrate recruitment for their D1 domains [22, 23]. Reverse
engineering has been reported for these D2 domains where mutations are used to
reconstitute the consensus KNRY and WPD-loop. In the case of the D2 domain of LAR,
just two point mutations, Leu 1644 to Tyr in the pY-loop and Glu 1779 to Asp in the
WPD-loop, are sufficient to activate its phosphatase reaction [9] Interestingly, the
wild-type D2 domain of PTPa has been reported to show phosphatase activity com-
parable to that of its D1 domain when small molecules are used as substrates [6]. The
unique D2 domain is also reported to interact with the SH2 domain of Src protein
tyrosine kinase [19] Corresponding mutations to reconstitute the consensus KNRY
and WPD-loops in the D2 domain of PTPa enhance its catalytic activity by 100-fold
[24, 25].

5.4.2 The D2B subclass of D2 domains

The D2B subclass of the membrane distal domains have accumulated diverse muta-
tions in their active sites including mutations in the critical P-loop. The D2B subclass
includes the D2 domains of R1/R6, R2B and R5 subfamilies of receptor PTPs. These
include CD45, PTPx, PTPA, PTPy, PTPp, PTP( and PTPy. The accumulated mutations
are variable and do not show any sequence patterns that can allow for their reactiva-
tion using a simple set of reverse amino acid substitutions. This peculiarity distin-
guishes the D2B subtype domains from D2A even when both may carry an active site
cysteine in their P-loops [26]. The D2 domain of CD45 has been studied for its
sequence and structural properties [26]. Critical mutations in the D2 domain of
CD45 occur around the active site cysteine (IHCRDGSQQTG instead of the consensus
(V/T)HCSAGxGR(T/S)G) such that His—Cys-Ser triad of the P-loop is severely dis-
turbed. In addition, mutation of the critical arginine of the P-loop to a shorter
glutamine compromises the ability of the active to accept a negatively charged
phosphotyrosine residue as a substrate. Also, the general acid—base of the WPD-
loop is substituted for an aliphatic valine (Val1102). Moreover, two acidic side chains
of Asp1146 and Glu1149 occupy the active site and make the active site electrostatics
repulsive for the incoming phosphotyrosine substrate. Although the proteolytically
cleaved D2 domain of CD45 has been shown to harbor some phosphatase activity in
specialized research experiments [27] these studies are not re—substantiated using
elaborate biochemical or structural studies.

The D2 domains of the R5 subtype of receptor PTPs are characterized by the mutation
of their active site cysteine to a negatively charged aspartate residue (Figure 5.5) [2]. The
negative charge of the aspartate makes the D2 domain of the R5 subtype most unrespon-
sive to binding a phosphotyrosine. Similarly, in the Drosophila melanogaster PTP99A,
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the P-loop consensus sequence is altered drastically to substitute the consensus (V/I)
HCSAGxXR(T/S)G for an incompatible ICDRIGGAQA sequence [4, 28]. Biochemical experi-
ments to study the binding of phosphotyrosine memetic para-Nitrocatechol Sulfate
(PNC) to the D2 domain of PTP99A reveal a poor binding affinity of ~800 pM as opposed
to the ~95 pM dissociation constant for the cognate D1 domain [4, 5].

5.5 D2 domains affect substrate selection of the cognate D1
domains

The double-domain receptor PTPs have been extensively characterized as both double-
domain and single PTP domain constructs using biochemical experiments [4, 6, 7, 15,
20, 28-32]. Some the earliest experiments done in the 1990s demonstrated that the two
tyrosine phosphatase domains of PTPa showed distinct substrate specificities. Three
distinct substrates were used. These included the phosphorylated MBP, the peptide
RR-Src and the small molecule para-Nitrophenyl Phosphate (pNPP). The D2 domain of
PTPa shows a substantially higher substrate preference for the small-molecule pNPP
over the peptide or protein substrate (pNPP >> RR-Src > MBP) as compared to its
cognate D1 domain that showed a preference order as MBP~RR-Src > pNPP. These
observations also showed that PTPa was unique in having a D2 domain that was not
inactive. However, the D2 domain of PTPa only showed a substantial and comparable
phosphatase activity for the small-molecule pNPP as compared to peptide and protein-
based substrates. This conundrum is probably due to the conformational restraints of
the phosphotyrosine in accessing the active site of the D2 domain of PTPa. Studies to
understand the hypothesis of conformational dependence of peptide binding and
catalysis at the PTPa D2 domain-active site show contrasting results [25]. Mutations
in the pY-loop Val536 to tyrosine and the WPD-loop Glu671 to aspartate allowed for
only 90-fold increase in its catalytic efficiency. This was in contrast to a 150,000-fold
decrease in the catalytic activity of the cognate D1 domain of PTPa if corresponding
mutations were introduced it its pY- and WPD-loop (Tyr243 to valine and Asp382 to
glutamate). These studies indicated that while the microenvironment of the active site
would be crucial for deciding if the domain has phosphatase activity, the synergetic
association of the two domains and surface charges around their active sites would be
critical factors in deciding their substrate specificity.

5.6 D2 modulates the activity of its cognate D1 domain

Biochemical studies to understand the role of the D2 domain have been reported for
various receptor PTPs. Early studies on the individual domains of CD45 showed an
absolute necessity for the presence of the D2 domain for CD45 to demonstrate tyrosine
phosphatase activity [15, 18]. The D2 domain of CD45 is reported to directly participate
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in substrate recruitment and binds the TCR-( chain in vivo [33] The catalytic efficiency
of the D1 domain of CD45 is compromised by as much as 1,000-fold in the absence of its
cognate D2 domain. Constructs with deletions in the N-terminal region of the D2
domain retain their efficiency for Raytide substrate but show a sixfold increase in
using MBP as the substrate. Studies using small-molecule pNPP show that the D1
domain of CD45 is only half as catalytically efficient when compared to the double-
domain construct [14]. The presence of D2 domain allows for increased efficiency of the
D1 domain in utilizing CD3(, Fyn, Src, cdc2 and PDGR phosphopeptides as substrates.
Thus, the D2 domain of CD45 activates its D1 domain and also modulates its biological
substrate recruitment. This activation of the D1 domain is reported to be self-specific as
domain-swapped constructs using the D1 domain of CD45 and the D2 domain of LAR
fail to show comparable catalytic activities [15, 18, 33].

The D2 domains of PTP99A and CD45 have been reported to contribute to the
structural stability of their cognate D1 domain [4, 14]. CD45 loses catalytic activity and
also shows thermos-sensitivity in the absence of its D2 domain [14, 18] Reconstitution of
the recombinant form of D1 of CD45 with the recombinant form of its D2 domain
increases its catalytic activity by various folds and also relieves its thermos-
sensitivity. This indicates toward an evolutionary role of the D2 domain of CD45 in
cofolding and D1 domain stabilization. Another D2B subtype of D2 domain studied for
its stabilizing effect on its D1 domain is that of the Drosophila melanogaster PTP99A.
PTP99A belongs to the R3 subfamily of receptor PTP and is unique in harboring two
tandem tyrosine phosphatase domains as an R3 subtype. PTP99A does not have any
homologues in the human genome but finds many in the fly and mosquito phospha-
tome. The D2 domain of PTP99A belongs to the D2B subtype and lacks a well-formed
active site P-loop and also the active site cysteine. Biochemical experiments have been
reported for the recombinant expressed individual tyrosine phosphatase domains of
PTP99A and also for the double-domain protein. The D2 domain of PTP99A is more
stable than the cognate D1 domain as seen from its ~twofold higher change in heat
capacity of unfolding (AC,) and a 2 kcal/mol lower free energy of unfolding (AG) [4]. The
thermal melting points (Ty,) of the D1 and D2 domain of PTP99A are about 20° apart. D2
domain unfolds and aggregates at a much slower rate, with a lag time difference in the
t1/» of aggregation at 38 sec when compared to the D1 domain. The double-domain
PTP99A construct shows a biphasic unfolding curve that shows concerted unfolding of
the two domains when present together. The double-domain construct is more stable
than the D1 domain alone (AGynfoiding D1 domain = —6.8 kcal/mol; AGynording D1D2 =
-4.3 kcal/mol). External reconstitution of the D1 domain with the individually
expressed D2 domain fails to provide it the same thermodynamic stability. These
studies indicate how the D2B subtypes of D2 domains are crucial for stabilizing an
otherwise weak tyrosine phosphatase domains in the double-domain proteins.

The D2 domain of PTP99A also serves as an activator of its cognate D1 domain
[4]. The presence of the D2 domain enhances the catalytic activity of the D1 domain
by as much as 250-fold for small molecules and more than 30-fold for
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phosphopeptides-based substrates. The D2 domain of PTP99A shows low affinity
binding to small molecules even in the absence of a functional P-loop. This D2
domain also effects the substrate preference of its D1 domain that changes from
abelson > cuticle > nervous fingers > myospheroid > insulin receptor for the D2
domain to insulin receptor > myospheroid > abelson > cuticle > nervous fingers for
the double-domain protein. The catalytic efficiency of the double-domain protein is
substantially enhanced such that the difference in the most and least preferred
substrate is about ~500-fold more than the D1 domain alone [30 x 10% sec™* M for
the D1 domain; 152 x 10* sec™* M for the D1D2 double-domain protein). Titration of
the D1 domain with increasing quantities of the D2 domain results in an increase in
its catalytic turnover in accordance with the “nonessential partially mixed” model
of enzyme activation (Figure 5.6). Here, the D2 domain serves as an activator that
simultaneously increases the catalytic turnover rate of the D1 domain and also
enhances its affinity for its substrate molecules. The domain—-domain interface of
the D1 and D2 domains of PTP99A is found to be crucial to their interaction, wherein
a mutation in a semiconserved lysine (Lys990 to alanine) abrogates the nonessen-
tial partially mixed activation contributed by the D2 domain [4].

PTP99A { Nonessential partially mixed mode of enzyme activation ™
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Figure 5.6: The D2 domain of PTP99A acts as a positive activator for catalytic activity of it cognate D1
domain.

While in the case of the D2B subtype of D2 domains of PTP99A and CD45 are reported to
be activating modulators of their D1 domains, the D2A subtype of D2 domains of LAR
and its Drosophila melanogaster homologue DLAR are reported to be inhibitory to their
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Figure 5.7: The D2 domain of DLAR shows a highly conserved active site, much like that of its D1
domain. The D2 domain of DLAR inhibits the activity of its cognate D1 domain.
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D1 domains (Figure 5.7). Moreover these D2A subtype of D2 domains show an ability to
bind substrates and creating a competition for their D1 domains in sequestering
peptides. In the case of LAR, the catalytic activity of its D1 domain is about eightfold
more in the absence of its D2 domain [15, 28]. Similarly the D1 domain of DLAR is much
more active (specific activitypnppyps = 20.6 pmol/min/sec) in the absence of the D2
domain (specific activitypnpp)pip2 = 6.2 pmol/min/sec) [28]. The substrate preference of
the two domains of DLAR has been characterized by enzyme kinetics and also surface
plasmon resonance. The D2 domain of DLAR shows a preference pattern of insulin
receptor > nervous fingers > cuticle > myospheroid > abelson phosphopeptides. This is
distinct from that of the D1 domain as insulin receptor > cuticle > nervous fingers >
myospheroid > abelson phosphopeptides. In contrast to PTP99A, the catalytic effi-
ciency difference between the most and least preferred phosphopeptide for the DLAR
double-domain protein is less [16 x 10* sec™* M) when compared to the D1 domain
alone [130 x 10* sec™* M™). Phosphopeptide binding to the double-domain protein
shows that the D2 domain binds tighter to the insulin receptor and cuticle protein-
based phosphopeptides and competes with the D1 domain for substrates. Mutation of
the active site cysteine to a serine of the D2 domain in the double-domain construct
leads to a 1,000-fold reduction in the association kinetics of the phosphopeptides [28].
Small-molecule binding experiments show that the D2 domain of DLAR can
bind phosphotyrosine mimetics with marginally better affinity (Kppncy D1 domain =
235 pM; Kpeney D2 domain = 214 pM), indicating that the phosphotyrosine-binding
environment of the two domains is comparable.
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The physiological significance of the D2 domain and its modulation of the D1 domain
have been studied for LAR and DLAR using Chinese hamster ovary (COS-7) lines and
Drosophila embryos respectively. Like in all double-domain receptor PTPs, all the
catalytic activity is limited to the D1 domain. However, the molecular mimicry seen
in their D2 domain allows them to participate in substrate association. Studies using
coimmunoprecipitation of the insulin receptor by various constructs of LAR overex-
pressed in COS-7 cells demonstrate this role of its D2 domain [29, 34]. Cells are
stimulated with insulin that allows for phosphorylation of the receptor’s activation
loop in the protein tyrosine kinase domain. This segment of the insulin receptor serves
as the substrate for LAR in COS-7 cells. COS-7 cells were transfected with wild-type LAR
(D1/D2 LAR), a double-domain construct having the D1 domain-active site cysteine
mutated to a serine (D1CS/D2; Cys1522 to serine), a double-domain construct having the
D2 domain-active site cysteine mutated to a serine (D1/D2CS; Cys1813 to serine) or both
the D1 and D2 domains mutated at their active sites (D1CS/D2CS). Cells lysates were
prepared after 1 min of insulin stimulation to study the levels of phosphoinsulin
receptor that coimmunoprecipitate with LAR. The phosphoinsulin receptor was effi-
ciently coimmunoprecipitated by D1CS/D2 construct and moderately coimmunopreci-
pitated by D1/D2 LAR and D1CS/D2CS. The D1/D2CS construct showed negligible
coimmunoprecipitation of the insulin receptor. In addition, the total tyrosine phos-
phorylation of the insulin receptor was least in the cell transfected with D1D2 LAR as
compared to D1CS/D2, D1/D2CS or the D1CS/D2CS constructs. This indicated that both
the D1 and D2 domains of LAR are important for insulin receptor binding, but the active
site of the D2 domain is more crucial for its physiological association and activity.
Correspondingly, experiments were done with various cysteine to serine mutants of
DLAR in Drosophila embryos [23]. These constructs were expressed in embryos in under
a GAL-4 promoter and would be able to rescue lethality depending on their ability to
associate with their physiological substrates. Wild-type DLAR is able to rescue 100%
lethality and serves as the control. The D1 domain when expressed alone only rescues
about 50% of the embryos. This clearly shows that the presence of the D2 domain is
crucial for substrate recognition and association.

5.7 Role of inter- and intradomain amino acid networks

The modulatory effect of the D2 domains on their partner D1 domains has also been
explored using molecular dynamics simulations on the Drosophila receptor PTPs
DLAR and PTP99A [28] Interatomic interaction matrices have been reported for
short simulation of about 20 ns that allow for accessing the fast motions in the side
chains of all amino acids in the catalytic domains. These matrices are then analyzed
for functionally important residues (FIRs) that include various amino acids from the
P-loop, pY-loop, WPD-loop and the Q-loop of both the D1 and D2 domains of DLAR
and PTP99A. These networks are then compared to the network obtained for the
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single domain cytosolic PTP1B that serves as the benchmark. These networks provide
a molecular allostery-based explanation for the activating effect of the D2 domain in
PTP99A and the contrasting inhibitory effect of the D2 domain of DLAR (Figure 5.8].
Optimal functioning of the catalytic center of the tyrosine phosphatase domain
requires molecular integration of the FIRs. In the case of the D1 domain of PTP99A,
the WPD-loop residues are seen to distinctly cluster away from the other FIRs when
the D2 domain is absent. The presence of the D2 domains allows for the merging of the
WPD-loop network with other elements of the active site and this activates the D1
domain. Correspondingly, the D2 domain of DLAR alters the interaction network of its
D1 domain such that its Q-loop glutamine residues are clustered separately from the
other FIRs. This D2 domain is hence inhibitory to its partner D1 domain.

5.8 Role of D2 domain as a redox protector

The reversible oxidation of the active site cysteine serves as an important regulatory
mechanism for various receptor PTPs and is commonly seen in cells stimulated by EGF,
PDGF and insulin [35-38]. The reactive oxygen species (ROS) include the bioactive
form of peroxide (H,0,) that transfers its hydronium to the active site thiolate (S7) of the
tyrosine phosphatase catalytic domain. The sulfenic acid (S—OH) formed at the active
site is inactive and no longer serves as a nucleophile to dephosphorylate a phospho-
tyrosine. This sulfenic acid is converted back to its thiolate form by glutathionylation
and subsequent reduction by thioltransferases [39, 40]. This redox regulation of
tyrosine phosphates is studied in most detail for the cytosolic PTP1B [40]. Redox
regulation of double-domain receptor PTPs is reported for PTPa and PTPo, wherein
their D2 domain plays the most crucial role [41]. Comparison of the active sites of the D1
and D2 domains of PTPa shows that the D2 domain is more susceptible to reaction with
ROS [42]. ROS oxidize the cysteine at the active site of the D2 domain of PTPa to the
sulfenic acid form that causes a major protein conformational change. The linker
region is strained such that a rotation between the two domains of one of the PTPa
proteins allows it to dimerize with another PTPa via its D2 domain. This dimerization
locks the D1 domains of the dimer in an inaccessible configuration, thereby shielding
its active site from ROS. In this way, the D2 domain functions as a redox sensor that
protects its cognate D1 domain under oxidative stress conditions in the cell. Another set
of experiments elucidate that oxidative stress-induced dimerization of PTPa via its D2
domain is also relayed to the extracellular domains on the cell surface [43]. In this way,
the D2 domain of PTPa participate in inside-out or reverse cell signaling that allows for
modulation of PTPa in getting access to its extracellular ligands when the cells are
facing oxidative stress internally.

The role of the D2 domain as a redox protector of the D1 domain has also been
reported for PTPe [44]. The D2 domain of PTPe uses its N- and C-terminal tails as the
redox sensor. Upon stimulation of cells with EGF and subsequent oxidative stress, the
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5.8 Role of D2 domain as a redox protector
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monomeric PTPe dimerizes and is locked into an inactive state. This regulatory
dimerization is dependent on residues 360-380 (N-terminal region of the D2 domain)
and residues 621-643 (C-terminal region of the D2 domain). Deletion of these residues
allows for a constitutive dimerization of PTPe that is inhibited as the active site of
the D1 domains of the dimer is inaccessible. These studies indicate that the N- and
C-terminal tails of the D2 domain allow for PTPe dimerization only in the need of the
cell when it faces oxidative stress. In this way the D2 domain of PTPe serves as a redox
shield for its D1 domain.

5.9 Dimerization in double-domain receptor PTPs

Receptor proteins are known to dimerize in the needs of the cell to propagate cellular
signals across the cell surface [45]. The receptor protein tyrosine kinases use dimer-
ization as an important mode of activation that allows the trans-phosphorylation of
their protein kinase domains. However, just like the contrast in the functionality of
protein kinases and protein phosphatases, the receptor PTPs are reported to be
inhibited by dimerization [46, 47]. The first studies to understand the role of dimer-
ization involved chimeras of CD45 with the receptor protein kinase EGFR [47]. The
intracellular domains of EGFR were swapped for the intracellular double PTP
domains of CD45. Upon stimulation with a ligand and the dimerization of the chimera
via the extracellular region of EGFR, the CD45 double domains showed an inhibition
in activity with a complete loss of TCR signaling. In subsequent cell-based experi-
ments dimers of the intact wild-type CD45 were observed using chemical crosslinking
and fluorescence resonance energy transfer techniques [48, 49]. Dimerization of
CD45 is also reported to vary in its various isoforms [50].

Dimerization on the cell surface has also been reported for PTPa [51].
Conformational explanation of tyrosine phosphatase inhibition comes from the crystal
structure of the PTPa dimer [52]. The crystal structure shows how the D1 domains of
PTPa are inhibited by each other when an inhibitory wedge of one monomer occupies
and blocks the active site of the other (Figure 5.9). This “wedge” is formed by the
helices al’ and o2’ that form the most diverse part of a tyrosine phosphatase domain
[53]. The two helices make a helix-turn-helix turn motif in PTPa and these are present in
the N-terminal region of the tyrosine phosphatase domain upstream of the pY-loop.
Following these reports of the inhibitory wedge, another group reported that these
wedge peptides could be used as inhibitors for other receptor PTPs [54]. In this study
the wedge peptides of LAR were used to successfully inhibit its activity in biochemical
experiments. However, the mechanism of domain swapping-based wedge-mediated
inhibition has now been disapproved as a universal system of inhibition as the crystal
structures of double-domain tyrosine phosphatases have become available. Prior
studies were seen to be biased in having only the D1 domain in their experiments; or
soluble short peptides corresponding to the wedge sequence were used. These did not
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r Figure 5.9: The inhibitory wedge
domain as seen in the crystal struc-
ture of the dimer of the D1 domains of
PTPa.

account for the conformational and steric clash that would be caused due to the
presence of the D2 domain. Crystal structures of the double-domain constructs clearly
demonstrate that wedge-mediated dimerization would be improbable in the presence
of the D2 domain when two monomers try to dimerize head-to-head as seen for the D1
domains of PTPa [9-11]. However, crystal structures and biochemical experiments
suggest a head-to-toe mode of dimerization of the double-domain proteins
(Figure 5.10]. In this mode, the D1 domain of one monomer binds the D2 domain of
the other. This model finds support in biochemical reports that show deletions in the
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Figure 5.10: The head-to-tail dimerization mode of the double-domain PTPs.
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wedge domains of the D1 domains of PTPa and LAR affect their ability to bind their D2
domains [55, 56]. Interestingly, deletion of the wedge region of the D1 domain of PTP«
allows for its tighter association with its D2 domain. This reports hence suggest
alternate and yet unexplored modes of tyrosine phosphatase dimerization in the
double-domain proteins.

5.10 Role of D2 domain in receptor cross talk

Cross-talk between receptor proteins in signaling is known to be a common mode of
interaction especially when multiple receptors are expressed at a common develop-
mental stage and in related pathways [57, 58]. Cross-talk in receptor PTPs was first
reported between the D1 domain of PTPc with the D2 domain of PTP§ in yeast two
hybrid screens [59] Binding of the D2 domain of PTPS inhibited the catalytic activity
of the D1 of PTPo. The D1 domain of PTPc was also reported to coimmunoprecipitate
with the D2 domain of PTPS when they were expressed in mammalian cells. This work
also reported a weak binding interaction for the D1 domain of LAR and the D2 domain
of PTP3. Subsequently, cross-talk between various D1 and D2 domains of varied
receptor PTPs has been reported in literature [55, 56]. The D2 domain of PTPg is
reported to bind the D1 domains of PTPa, PTP§, PTPo, PTPy, LAR and CD45 with
comparable affinities. The D2 domain of PTPe also binds the D1 domain of PTPq,
PTPS, PTPo, PTPy, LAR and CD45 and has a broad specificity. The D1 domain of PTPa
interacts with the D2 domains of various double-domain receptor PTPs and shows a
preference order of D2 PTP§ > D2 PTPo > D2 LAR > D2 PTPa > D2 PTPp. LAR and CD45
are reported to be the most stringent in receptor cross-talk. The D2 domain of LAR
binds preferentially to the D1 domain of PTPa with high affinity. It binds with
moderate affinity to the D1 domain of PTPe and shows poor affinity for the D1
domains of PTPg, PTP8 and CD45. The D2 domain of CD45 is highly specific in its
interaction. It only shows interactions with the D1 domains of PTPa and PTPeg, that
too with low affinity. The D2 domain of PTPp binds only the D1 domain of LAR;
however, the D2 domain of LAR does not cross-talk with the D1 domain of PTPp.
Various regions in the double-domain protein constructs contribute to the inter-
protein cross-talk. The C-terminal tail of the D2 domains is an important determinant
such that deletion in this segment of PTPS abolishes its D2 domain’s interaction with
the D1 domain of PTPa. However, this deleted D2 domain of PTP8 now interacts with
the D1 domains of PTPp and LAR. These interactions are not seen for the undeleted D2
domain of PTPS. Hence, the C-terminal tail functions as a sensor that decides the
mode of cross-talk between the various double-domain proteins. A physiological
significance of this cross-talk becomes more pertinent in the light of reports that
suggest that proteolytic cleavage of the linker connecting the two domains to be
proteolytically labile [19] This suggests an interesting scenario wherein the double-
domain proteins could establish a critical interprotein cross-talk in the need of the
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or different double-domain receptor PTPs.

cell (Figure 5.11). This model also suggests a novel tyrosine phosphatase modulation
in trans wherein different double-domain tyrosine phosphatases could modulate
each other via their D2 domains.
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6 The non-receptor protein tyrosine
phosphatases: Part |

6.1 Classification of non-receptor protein tyrosine phosphatases

The protein tyrosine phosphatase (PTP) superfamily of signaling enzymes includes
about 107 genes in the human genome [1, 2]. These are further subdivided into
17 subtypes that include eight receptor-bound forms and nine non-receptor PTPs
(Figure 6.1). This subclassification depends on the presence of various accessory
domains that are present alongside the active site cysteine-based tyrosine phospha-
tase domains in these proteins. These domains include the phosphotyrosine-binding
SH2 domains [3], the FERM (4.1 protein, Ezrin, Radixin and Moesin) domains, PDZ
domains and also proline-rich regions. These domains not only modulate the activity
of the tyrosine phosphatase domains but they also allow for their subcellular target-
ing. This, in turn, allows for the high spatial and temporal specificity achieved by
these enzymes in the needs of the cell.

Much like in the case of double-domain PTPs, related members of the non-
receptor PTP subtypes are hypothesized to have been formed by gene duplication
[4, 5]. These include PTP1B and T-cell protein tyrosine phosphatase (TCPTP) of the
NT1 subtype and also the NT2 subtype members SHP1 and SHP2. While these pairs of
genes share a high sequence identity; their physiological roles, specificity and
activity are distinct and account for their non-redundant functions in the cell. The
non-receptor PTPs are also characterized by the presence of various isoforms that
allow for their participation at various stages of a signaling pathway. These include
isoforms that allow certain tyrosine phosphatase forms to shuttle in-and-out of the
nucleus or be targeted to the cytoplasmic face of the endoplasmic reticulum.
Maneuvering of subcellular location of the non-receptor PTPs allows them to expand
their substrate pool and show a targeted signaling effect in the need of the cell.

6.2 The NT1 subclass

The NT1 subclass of non-receptor PTPs includes the gene products of PTPN1 (called
as PTP1B) and PTPN2 (called as TCPTP). These two tyrosine phosphatases share
about 74% sequence identity and are reported to be ubiquitously expressed. PTP1B
was first isolated from human placenta [6], while TCPTP was identified from T-cells’
peripheral cDNA library using primers from the PTP1B sequence [7]. Both PTP1B and
TCPTP contain a single and highly homologous PTP domain, followed by a long
cytoplasmic C-tail (Figure 6.2). The C-tail of these proteins contains two tandem
proline-rich motifs that serve as the docking site for SH3-domain containing pro-
teins. PTP1B also contains hydrophobic motifs in its C-tail that allow it to localize on

https://doi.org/10.1515/9783110421774-006
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Figure 6.2: Domain organization and molecular architecture of the NT1 subtype of non-receptor PTPs
PTP1B and TCPTP. Surface electrostatics of the catalytic domain and the arrangement of the active
site residues for this subtype are well studied.

the cytoplasmic surface of the endoplasmic reticulum [8]. The cleavage of this hydro-
phobic segment localizes PTP1B to the cytoplasm and is also reported to modulate its
substrate specificity [9]. Two splice variants are also reported for PTP1B whose relative
levels are dependent on growth factor or insulin-induced signals [10, 11].
Correspondingly, TCPTP harbors a nuclear localization signal in its C-tail that allows
it to shuttle in-and-out of the nucleus [12]. Two distinct splice variants of TCPTP decide
its subcellular location. The larger 48.5 kDa form (also called TC48) is localized to the
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endoplasmic reticulum, while the smaller 45 kDa (also called TC45) is localized in the
nucleus. Mitotic stimulation of cells allows for translocation of TC45 into the cytoplasm
form the nucleus and changes its substrate pool in the needs of the cell [13, 14].
The physiological role of PTP1B and TCPTP is hence critical in both spatial and
temporal contexts and is carefully regulated in cells. Localization-based modulation
of tyrosine phosphatase activity is also known as the “Zip-code” model, wherein
certain sequences serve as the “codes” for certain locations [15].

6.3 PTP1B: Structure and catalytic function

PTP1B forms the prototype of the PTP superfamily and was the first tyrosine
phosphatase to be purified and characterized [16]. PTP1B was named so based on
the elution peak “B” of the ion-exchange chromatogram that showed its purifica-
tion. The PTP1B catalytic domain was subsequently sequenced and its amino acid
composition was known in 1989 [17]. PTP1B was also the first one to be crystallized
and its structure serves as the fundamental example of tyrosine phosphatase
structure and catalytic mechanism [18]. The human PTPNI gene is mapped to the
region 20q13.13 and spans over 74 kb and has an unusual large first exon [19]. This
PTPNI locus is also linked to Type II diabetes [20], fat mass and energy intake [21]
and is frequently amplified in breast cancers [22]. PTPNI is speculated to have
originated 600 million years ago and is conserved from Placozaons such as
Trichoplax adhaerens to humans in a 1:1 orthology relationship [23]. Its evolutionary
duplication to form the PTPN2 gene coding for TCPTP is analyzed to have occurred
before the fish evolutionary split. The evolution of the PTP1B gene through the 600
million years indicates a positive selection and high dependence for tyrosine
phosphatase function in the context of the cell. Evolutionary selections include
multiple regulatory measures to control its activity. The interactome of PTP1B is one
of the biggest including 13 interacting partners and about 30 known substrates [24].
PTP1B interactome includes protein involved in cellular process of growth, divi-
sion, signaling, proliferation, migration, intracellular contacts and also intracellu-
lar messengers [25].

The C-tail of PTP1B is reported to regulate both localization and catalytic
efficiency of the enzyme. Truncation of 75 residues at the C-terminal of PTP1B by
calpain proteases happens in response to gpllb-IIla integrin complex-mediated acti-
vation of platelets and forms a shorter 42 kDa version of PTP1B [9]. This truncation
ensures the location of PTP1B in the cytoplasm by eliminating its binding to the
endoplasmic reticulum. In addition, the truncated version of PTP1B is reported to
have better catalytic efficiency than the longer version, indicating an inhibitory role
of its C-tail. Interestingly, PTP1B is also one of the first proteins known to phosphory-
lated on its serine/threonine residues [26]. These phosphorylation sites are present in
the C-tail and include Ser378 that is phosphorylated by protein kinase C and Ser386
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that is phosphorylated by Ser/Thr kinase p34cdc2:Cyclin B complex. PTP1B is also
phosphorylated at Ser352 in a cell cycle-dependent manner. PTP1B is also reported to
be phosphorylated on its tyrosine residues and functions to dephosphorylate its
phosphotyrosines by a trans-intermolecular tyrosine phosphatase action [27]. About
53% of intracellular PTP1B is reported to be phosphorylated in response to insulin
singling [28]. Phosphorylated tyrosines include Tyr66, Tyr152 and Tyr153 [29]. Their
phosphorylation is correlated with increased phosphatase activity of PTP1B, thus
creating a feedback loop to regulate insulin signaling [27]. However, in adipose tissues
and skeletal muscle, insulin-induced phosphorylation of PTP1B is associated with a
decrease in its phosphatase activity [28]. This indicates that regulation and modulation
of PTP1B is tissue specific and accounts for its ubiquitous presence being maneuvered
by regulatory mechanism to achieve signaling specificity.

The catalytic PTP domain of PTP1B is perhaps the most well characterized by
both structural and biochemical studies [18]. Its first crystal structure was solved
with sodium tungstate as the site-directed active site cysteine inhibitor that also
worked as a heavy atom. The structure showed a single globular domain formed by
eight a-helices and 12 B-strands. About ten fB-strands make a mixed p-sheet that
spans the length of the globular domain (Figure 6.2). The active site cleft is lined by
three motifs that include the WPD-loop containing the acid/base aspartate, the
Q-loop containing the water-activating glutamines and the pY-loop that harbors a
conserved tyrosine or phenylalanine that aids phosphotyrosine entry into the active
site [30]. The base of the active site cleft has the catalytic cysteine in the P-loop.
PTP1B catalytic domain contains all the ten motifs that define a PTP domain to the
best compatibility with the consensus sequence [1]. Motif 9 is contained in the
P-loop that includes the active site Cys215 of PTP1B and forms the nucleophile
that chemically attacks the incoming phosphotyrosine [18, 31]. This motif and the
active site cysteine are conserved during evolution from Placozaons to humans
(Figure 6.2). The chemical environment of the active site lowers the pKa of the active
site cysteine to ~5.4 pH units, allowing for the deprotonation of the cysteine. In the
first step of the two-step catalytic mechanism, the ionized cysteine attacks the
phosphotyrosine and forms a cysteinyl-phosphate intermediate [32]. The tyrosyl-
leaving group of the substrate is protonated by the general acid Asp181 from the
WPD-loop. The second step of catalysis required activation of a water molecule by
GIn262 of the Q-loop and the simultaneous function of Asp181 as a base that extracts
a proton from water. Activation of water and extraction of a proton allows for the
hydrolysis of the cysteinyl-phosphate intermediate and regenerates the active site
cysteine [33].

Various aspects of the PTP1B catalytic cycle and substrate binding have been
reported through careful analysis of various crystal structures. Substrate recogni-
tion has been explained by the structure of a mutant form of PTP1B with a peptide
containing the autophosphorylation site of the epidermal growth factor receptor
[34] (Figure 6.3). The PTP1B mutant in the complex has its active site Cys215
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Figure 6.3: The opening and closing of the WPD-loop of PTP1B. Binding of the epidermal growth
receptor-derived phosphopeptide at the active site of PTP1B.

substituted for a serine residue. This allows the mutant to bind the substrate to in
the absence of any nucleophilic attack on the phosphotyrosine. This complex
provides insights into the mode of substrate binding on the especially on the
surface of PTP1B. The structure shows how the WPD-loop closes on the active
site cleft to seal the phosphotyrosine into the PTP1B-active site. A large conforma-
tional change in the WPD-loop allows the Phel82 from motif 8 to interact with
the phosphotyrosine and help stabilize it in the active site chamber. This complex
represents the mode of “induced fit” wherein the enzyme undergoes a conforma-
tional change to accommodate the incoming substrate or ligand. The cysteinyl-
phosphate intermediate has also been crystallized using carefully designed PTP1B
mutants [35]. Mutation of the Q-loop Gln262 to an alanine removes its ability to
hydrolyze the cysteinyl-phosphate at the active site. The structure of the
mutant (Figure 6.4) allows for visualization of the intermediate and also confirms
the role of GIln262 and Asp181 in the catalytic cycle. The structure also shows
how the WPD-loop closes over the phosphotyrosine substrate and blocks the
entry of extraneous phosphoacceptors. Another structure of PTP1B has orthovana-
date at the active site that mimics a pentavalent phosphorus transition state.
This structure shows the hydrogen bonding interactions between the phosphorus
transition state (as orthovanadate) and the critical catalytic residues GIn262 and
Asp181 [35].
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Figure 6.4: Strategies for making the “substrate-tap” of the PTP domain. Mutation of the active site
cysteine of the P-loop traps the phosphopeptide bound to the active site. Mutation of the Q-loop
glutamine abrogates the second step of catalysis to trap the cysteinyl-phosphate at the active site.

6.3.1 PTP1B: Substrate identification

PTP1B interacts with a wide variety of substrate proteins and binding partners that
find their functions in cellular processes (Figure 6.5). This diverse set of PTP1B
substrates includes receptor protein tyrosine kinases like the insulin receptor and
the epidermal growth factor receptor [29, 36, 37], the JAK-signal transducer and
activator of transcription (STAT) signal transducers [38, 39], cortactin protein that
regulates cytoskeletal dynamics [40], STAM2 protein that regulates receptor tyro-
sine kinase sorting in the endosome [41] and also the PKR-like eukaryotic initiation
factor 2a kinase [42]. Substrate identification for PTP1B has been largely aided by
the knowledge of its catalytic mechanism and use of specific point mutations
to block active site mechanics. Initially the active site cysteine to serine mutation
was used [43], but this mutant was found to be useful only in cases of tight PTP1B:
substrate associations. This cysteine to serine mutant proved ineffective in
exploring and isolating PTP1B complexes from cell lysates. Subsequently, a better
“substrate-trap” mutant was created by mutating the WPD-loop general acid/base
Asp181 to alanine [43, 44]. The WPD-loop mutation approach proved especially
successful where upon expression the mutant bound the physiological substrates
in a dead-end complex. These PTP1B:substrate traps were then analyzed by
immunoprecipitation. The role of PTP1B in dephosphorylating the epidermal
growth factor receptor was elucidated using the PTP1B Asp181 to alanine mutant
[44]. Cell-based assays showed that the PTP1B mutant colocalized with the
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Figure 6.5: The important physiological roles of PTP1B.

endogenously expressed epidermal growth factor receptors in the punctate struc-
tures of COS cells. Further studies demonstrated that dephosphorylation of epider-
mal growth factor receptor by PTP1B required their endocytosis and actually
occurred on specific sites on the endoplasmic reticulum that were represented by
the punctate structures [45]. These punctate structures serve as dephosphorylation
compartments that function as sorting sites for downregulating receptor tyrosine
kinases. This suggested a crucial role of PTP1B in terminating ligand-receptor
interactions of receptor tyrosine kinases rather than simply controlling their basal
activity.

The single Asp181 to alanine substrate trap mutant has now been improved by
using double mutants C215S/D181A and D181A/Q262A. These double mutants have
been used to identify substrate libraries for PTP1B [46]. Recently, another PTP1B
double mutant has also been reported as an improved substrate trap that has
allowed for understanding the role of PTP1B in the biosynthesis and maturation of
the insulin receptor [47]. The double mutant uses the Tyr46 to phenylalanine
substitute in its pY-loop in addition to the Asp181 to alanine replacement. This
tyrosine guards the entry of substrate into the active site of PTP1B is crucial for
recognition of the phosphotyrosine residues [30]. Mutation of the tyrosine to a
phenylalanine increases the aromaticity of the guarding residue and allows for
stronger recognition of physiological substrates. In these studies, the PTP1B
Y46F/D181A double mutant could effectively recover more insulin receptor in
immunoprecipitation and showed better signal in bioluminescence energy trans-
fer experiments.
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6.3.2 PTP1B: Regulation of function

The prominent position of PTP1B in regulating multiple signaling processes requires its
tight and precise regulation. This regulation of PTP1B has been extensively reported at
both the transcriptional and post-translational levels [48]. Expression of PTP1B is
under the regulation of Sp family of proteins, early growth response-1 protein, Y box-
binding protein-1 and also nuclear factor kappa B (NF-«kB) [49-51]. PTP1B transcrip-
tional control is reported to also be context dependent. For example, upon androgen
stimulation of prostate cells, the androgen receptor gets recruited to the PTPN1 pro-
moter and enhances the recruitment of RNA polymerase to the transcription site [52]. At
the posttranslational level, PTP1B activity is regulated by various modifications includ-
ing phosphorylation, oxidation, sumoylation, nitrosylation and also proteolytic pro-
cessing. Phosphorylation of serine and tyrosine residues of PTP1B occurs in response to
insulin receptor and epidermal growth factor receptor stimulation [29, 53]. Mass
spectroscopy of PTP1B has allowed for the identification of several phosphorylation
sites [54, 55]. Some phosphorylations are reported to enhance PTP1B activity, while
some are inhibitory. However, given the complexity of multiple phosphorylations, the
combinatorial role of these phosphorylations remains elusive. PTP1B is also reported to
undergo sumoylation on Lys335 and Lys347 [56]. Sumoylated PTP1B shows decreased
catalytic activity and is seen to localize on the endoplasmic reticulum accumulating in
the perinuclear space. PTP1B interacts with an inner nuclear membrane protein called
emerin and controls its tyrosine phosphorylation status [57]. PTP1B sumoylation allows
for increased tyrosine phosphorylation that triggers the onset of mitosis. In this way
PTP1B post-translational modification allows cells to manipulate its activity toward
specific substrate depending on the needs of the cell.

Another crucial regulator of tyrosine phosphorylation-based signaling is the
production and role of reactive oxygen species (ROS). PTPs including PTP1B are
sensitive to ROS because of their active site cysteine [58, 59]. The most important
consequence of ROS-based modification of PTP1B is implicated in cytokine crosstalk
and immune signaling [60]. The function of ROS-mediated signaling is to inhibit
PTP1B, thus enhancing phosphotyrosine levels for an optimal signaling response.
Oxidative modification of PTP1B can be transient if the active site cysteine is con-
verted to a sulfenamide but is irreversible if the cysteine is oxidized to sulfinic (S—
0,H) or sulfonic (S—0sH) forms [61, 62]. The low pKa of the active site cysteine allows
it to form a thiolate form at neutral pH. Harsh oxidizing agents like pervanadate
oxidize this cysteine thiolate to sulfinic or sulfonic forms (Figure 6.6), while milder
and more physiologically relevant agents like peroxidase allow its conversion to
sulfenic acid. Interestingly, the sulfenic acid form is susceptible to further oxidation
to form the sulfinic and sulfonic forms, but this is averted by a chemical change in the
PTP1B-active site. The structure of the oxidized PTP1B with H,0, demonstrates that
the sulfenic acid intermediate of the active site is rapidly converted to sulfenyl-amide
where the sulfur atom of the active site cysteine makes a covalent bond with the main

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

6.3 PTP1B: Structure and catalytic function =— 187

Oxidation at the protein tyrosine

Insulin S
phosphatase-active site

T S-OH

rEoN)—j
e N
v

EoNPh——

! Insulin (

| receptor eyl

i oxidase 179

+ GSH 366

| J i GLn

; ) ko5 oTx Tyre
:. ]

% GL"ZGZ

Figure 6.6: Role of ROS in regulation and abrogation of PTP activity.

chain nitrogen atom of the adjacent Ser216 [61]. This makes a five-atom structured
ring at the active site and induced various other conformational changes in the PTP
domain. The phosphotyrosine recognition motif containing pY-loop flips out to
become more solvent exposed. As a consequence, the phosphotyrosine recognition
residue, namely, Tyr46 becomes more susceptible to phosphorylation and is also
unable to recruit the substrate efficiently. At the same time, conformational changes
at the active site allow for exposing the sulfenyl-amide bond to reducing agents in
the solvent. The sulfenyl-amide form prevents the oxidation of the cysteine to
irreversible sulfinic and sulfonic forms and also provides ways to recycle the thiolate
by providing access to reducing agents like glutathione. Reversible oxidation of
PTP1B has been reported under physiological conditions for insulin receptor and
epidermal growth factor receptor-induced signaling [63, 64]. Antibodies have been
generated against the oxidized form of PTP1B that recognize and stabilize the
oxidized conformation. These “intrabodies” are speculated to provide novel ways
for PTP1B-based therapeutics [65]. Additionally, the active site cysteine of PTP1B is
also reported to undergo nitric oxide (NO)-mediated S-nitrosylation that plays a
protective role toward ROS-induced irreversible oxidation [66].

6.3.3 PTP1B: Role in disease

The earliest identified role of PTP1B included its ability to antagonize insulin
signaling when injected into Xenopus oocytes [67]. Consequently, vanadate used
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as an anit-diabetes drug was identified as a PTP1B inhibitor and showed the direct
role of PTP1B in balancing insulin-mediated glucose metabolism [68]. Since these
discoveries, a variety of reports substantiate the role of PTP1B in antagonizing
insulin signaling. These reports include studies on expression and activity levels
of various PTPs in models of diabetes and obesity [69, 70]. Recent studies of
quantitative trait loci in PTPN1 gene in humans show alterations in the 3’UTR of
the gene that stabilizes its mRNA and is correlated with insulin resistance [71].
Mutations in the coding region of PTPNI remove a phosphorylation site in the
C-terminal region of PTP1B and are correlated with type II diabetes [72, 73].
A landmark paper showed that PTP1B null mice appear healthy with slightly
lower glucose levels and also lower insulin levels than wild-type mice. PTP1B
knockout and heterozygous mice were resistant to weight gain and showed sensi-
tivity to insulin even on a high-fat diet [74]. These reports allowed for pharmaceu-
tical efforts develop PTP1B inhibitors as drugs for obesity and type II diabetes [75].
Consequently, PTP1B antisense oligonucleotides were seen to normalize glucose
levels and improve insulin signaling in diabetic mice [76].

Integrated crystallographic and biochemical studies have provided a molecu-
lar basis for specificity of PTP1B toward the insulin receptor. Interaction between
the activation loop of the insulin receptor and PTP1B shows the role of tandem
phosphotyrosine in the sequence E/D-pY-pY-R/K to be optimal for PTP1B [77].
PTP1B is reported to bind about 70-folds better to peptides with tandem phospho-
tyrosine residues as compared to the ones having a single phosphotyrosine. This
report has also allowed researchers to investigate and predict specific PTP1B
physiological substrates that may harbor this sequence consensus. The strategy
allowed for the identification of JAK2 and TYK2 protein kinases as novel substrates
of PTP1B [39]. It is now known that PTP1B attenuates leptin signaling via the Janus
Kinase. Mice deficient in PTP1B and leptin (a metabolic hormone) show increased
metabolic rate, less adipose tissue and reduced weight gain [78]. These studies
have provided insights into the role of PTP1B in controlling diet-induced obesity.
PTP1B functions as a negative regulator of leptin signaling in the brain wherein
mice with a proopiomelanocortin-specific deletion of PTP1B respond better to
leptin and have increased energy expenditure [79]. Deletion of PTP1B in leptin
receptor expressing neurons in mice leads to a reduction in their body weight on
regular as well as high-fat diets. In addition, comparison of adiposity in leptin-
expressing neuron deletions of PTP1B models versus general PTP1B knockout mice
indicate a leptin-independent role of PTP1B in regulating metabolism that remains
undiscovered [80]. The role of leptin in control of cardiovascular function has also
allowed researchers to explore the functioning of PTP1B as a risk factor in heart
disease. PTP1B-deficient mice are reported to display higher blood pressure that is
further increased by leptin infusion [81]. Deletion of PTP1B affects vascular dys-
function in obese mice by modulation of peripheral insulin resistance [82]. PTP1B
also plays a role in angiogenesis by regulation of the vascular endothelial growth
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factor receptor (VEGFR2) [83]. PTP1B reduces the cellular phosphorylation levels of
VE-cadherin and stabilizes the cell-cell junctions.

6.3.4 PTP1B: Role in cancer

As the role of protein tyrosine kinases like Src and Abl emerged as oncogenic
proteins, the role of PTP1B was automatically suggestive of being a tumor sup-
pressor. Indeed, cell culture experiments showed that PTP1B was able to decrease
tumorigenecity in cells transformed with proto-oncogenes v-Src and neu [84, 85].
After these initial reports, it later became clear that the role of PTP1B in cancer
was specific in the context of the tissue or cellular cancer. PTP1B deficient mice do
not have an increased predisposition for cancer and do not develop spontaneous
cancers [86]. Initial work on understanding the role of PTP1B in the cellular
context of cancer used experiments were PTP1B knockout mice were crossed
with P53 gene knockout mice. P53 gene knockout mice are reported to develop
spontaneous tumors like T-cell lymphomas [87]. Progeny of crosses between P53
knockouts and PTP1B knockouts showed earlier tumor development and
decreased rates of survival, with a shift in propensity to develop B-cell lympho-
mas as opposed to T-cell lymphomas. This report hinted toward a vital role of
PTP1B in regulation of hematopoietic function. The double knockout mice were
also seen to have elevated B-cells in the bone marrow and lymph nodes, indicat-
ing a direct role of PTP1B in B-cell development [88]. Other reports have suggested
that PTP1B is expressed in about 58% of diffuse large B-cell lymphomas, 62% of
peripheral T-cell lymphomas and about 33% of marginal zone lymphomas. PTP1B
expression correlates with the expressions of BCL2 and MUM1 that serve as
lymphoma-specific molecular markers. These studies have also reported the
role of PTP1B in regulating interleukin (IL-4) induced STAT6 signaling where
STAT® is the direct substrate of PTP1B [89].

PTP1B regulates specific and important pathways of prostate cancer including
those of platelet-derived growth factor receptor (PDGFR), c-Met, EGFR, IGF-R1, Src,
JAKs and also MAPK signaling [90, 91]. PTP1B levels are elevated in human prostate
cancer tissue and are reported to be directly regulated by androgen receptors. It is
reported to enhance prostate cell migration and metastasis by dephosphorylating a
yet unknown substrate protein [52]. PTP1B is also reported to be overexpressed in
about 72.4% of human breast cancer tissue samples [92]. It is able to initiate trans-
formation in breast tissue when expressed alone under the MMTV promoter.
A significant delay in transformation is observed in PTP1B knockout mutations
introduced in EBRB2 mouse model. This delay in cancer growth has been attributed
to a decrease in MAPK signaling linked to the p62dok and RAS interaction complex
[93]. In this way, signaling cascade of ErbB2-PTP1B-Src is reported to control cancer
in human breast epithelial cells [94]. PTP1B is also reported to function in an
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autonomous manner to delay Her2 tumors in mammary epithelial cells [95]. In
addition, PTP1B does not participate in tumor growth or maintenance after it is
established. PTP1B deletion allows for early differentiation of the mammary gland,
thus allowing decreased numbers of Her2 transformed cells [96]. Recently, in contra-
diction to its role as a tumor promoter, PTP1B has been reported to be associated with
estrogen receptor expression and is speculated to be a predictor of improved survival
in breast cancer [97]. These studies indicate that PTP1B function may be contextual
and specific to certain cell and tissue types and may also vary in tissues in certain
physiological scenarios. However, additional work is required to dissect the complex
mechanisms that underlie this seeming ambiguity in the role of PTP1B as a tumor
promoter versus a tumor suppressor.

6.3.5 PTP1B as a therapeutic target

PTP1B knockout mice models suggest its crucial role in obesity and insulin resistance
and make it one of the most promising therapeutic targets. Anti-sense oligonucleo-
tides for PTP1B have been reported to significantly reduce levels of phosphate in the
liver but not in muscle and thus help in enhancing insulin sensitivity [76]. PTP1B
inhibitor design has been a lucrative project for various academic and industrial
laboratories. Several crystal structures of PTP1B have been reported in combination
with various substrates or inhibitors. The highly conserved active site of PTPs
exemplifies the challenges faced by these laboratories in designing specific and
potent drugs for the specialized targeting of PTP1B. Efforts are focused on identifying
unique molecular interaction pockets on the surface of PTP1B that could help in
inhibitor design. Specifically, binding of tandem phosphotyrosine residues from the
insulin receptor to PTP1B has allowed for the identification of a second shallow grove
on the PTP1B surface (Figure 6.7) [77]. A peptide from the activation loop of insulin
receptor with two phosphotyrosine residues pTyr1162 and pTyrl163 is solved in
complex with PTP1B. The catalytic center of PTP1B is occupied by pTyrl162 that
serves as the substrate, while pTyr1163 is held in place in another shallow grove by
interactions with the positively charged Arg24 and Arg254 in the enzyme. This site
was initially identified as a “second aryl-binding site” and provided hints to the
design of bidentate inhibitors that could span both the catalytic and allosteric
pockets [98].

The second aryl-binding site has been explored as a potent site for allosteric
modulation and inhibition of PTP1B. This strategy to design antagonists of PTP1B
uses tandem phosphotyrosine-containing peptides to gradually reduce their
peptide character to yield a small-molecule inhibitor [99, 100]. However, the
high-positive charge at the secondary bindings introduces a crucial challenge in
PTP1B inhibitor design. The high surface charge of the pockets of PTP1B requires
that the binding ligand also should be heavily charged. While compounds have
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Figure 6.7: Mode of tandem biphosphotyrosine binding at the PTP1B-active site. The second
phosphotyrosine-binding pocket is unique to PTP1B.

been generated that can bind the two sites of PTP1B simultaneously with nanomolar
potency, they have limited ability to cross the plasma membrane due to their high
charge. These compounds while being effective inhibitors are very poor drugs
because of their limited physiological adaptation [101]. Another class of bidentate
PTP1B inhibitors has been created by using two phosphotyrosine mimetics that use
an alternate conformation to bind PTP1B [102, 103]. These inhibitors make molecu-
lar connections with Arg47 that decides the substrate specificity of PTP1B. This
arginine is poorly conserved in the PTP domain and allows for accommodation of
negative charge at the N-terminal of the substrate phosphotyrosine [104, 105]. The
residue adjacent to Arg47 is Asp48 that is the target for making PTP1B specific
small-molecule inhibitors. This approach uses optimization of a compound 2-(oxa-
lylamino)-benzoic acid toward increasing its specificity and efficacy toward PTP1B
[106]. 2-(Oxalylamino)-benzoic acid is a competitive, reversible inhibitor of the PTP
domain [107]. Introduction of nitrogen facilitates its interaction with Asp48 of
PTP1B and simultaneously disengages the compound from interacting with other
PTPs that usually have an asparagine at the said position. Similarly a nonconserved
Gly259 has been explored as a gateway to the second phosphotyrosine binding site
that is unique to PTP1B. The channel created by the small Gly259 allows the
interaction of a bulky derivative of 2-(oxalylamino)-benzoic acid to bind PTP1B,
an interaction that is prevented in other PTPs due to the presence of a large
hydrophobic residue [108]. These steric hindrance-based drug designs illustrate
the potential for successful specific inhibitor design of PTPs (Figure 6.8) [109].
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Figure 6.8: Harnessing the second-aryl binding site of PTP1B for designing of specific inhibitors.

6.4 T-Cell protein tyrosine phosphatase

The human PTPN2 gene codes for the T-cell protein tyrosine phosphatase (TCPTP) that
alongside PTP1B belongs to the NT1 subtype of non-receptor PTPs. The PTPN2 gene
maps to chromosome 18p11.3-p11.2, is about 100 kb and contains 10 exons [7]. TCPTP is
ubiquitously expressed in the human body and its highest levels are found in the
hematopoietic tissues. Transcription of TCPTP is tightly regulated in accordance cell
cycle events such that it’s expression levels peak at the G1 phase. The PTPN2 gene
promoter contains a suppressor element that allows for inhibition of its expression when
the cells switch from the G to the S phase of the cell cycle [110]. This promoter also
harbors regulatory sites that respond to the biological action of c-myc, PEA3, NF-kB and
APF. Two isoforms of TCPTP are created by alternate splicing of ten exons of the PTPN2
gene. Exons 1-7 code for the conserved PTP domain of about 272 amino acid residues
and that shares 74% identity with the catalytic domain of PTP1B. Alternate splicing of
exons 8-10 allows for making two isoforms of TCPTP that have distinct C-terminal
regions [111]. This C-terminal part of TCPTP is inhibitory to the catalytic domain and
controls its activity by autoinhibition [112]. Limited proteolysis of TCPTP releases a core
33 kDa enzyme that has higher activity and is inhibited by the external addition of the
non-catalytic C-terminal of the shorter isoform [113]. This shorter isoform of TCPTP has
about 397amino acids and is 45 kDa in size. The C-terminal region of this major isoform
contains a bipartite nuclear localization signal that allows this TCPTP to shuttle between
the nucleus and the cytosol [111]. The less abundant isoform of TCPTP has 415 amino
acids and is 48 kDa in size. The longer C-terminal of this isoform has binding sites for p23
and p25 proteins that target this TCPTP to the endoplasmic reticulum [114].
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Like in all PTPs, the active site cysteine of TCPTP forms its functional yet most
vulnerable chemical environment. Cys216 of TCPTP is located in the conserved [I/V]
HCxxGxxR[S/T] of the P-loop. This cysteine is reported to be sensitive to oxidation and
is inactivated by ROS released by insulin signaling [115]. This interplay between insulin
and TCPTP signaling is especially crucial in the maintenance of optimal metabolism in
peripheral tissues including the lungs and liver [116]. TCPTP activity is also regulated
by post-translational phosphorylation by the cyclin-dependent protein kinases. Ser304
of the 45 kDa isoform (but not the 48 kDa isoform) is phosphorylated by CDK1/cyclin-B1
in a cell cycle-dependent pattern [117]. Phosphorylation of Ser304 increases in a cell
cycle-dependent manner as cells progress from the G2 to mitotic phase. As this
phosphorylation site lies far from the active site, it is not reported to affect the catalytic
activity of cellular localization of TCPTP. This makes the role of phosphorylation of
Ser304 in the cell cycle elusive and complicated. Evidently more research is required to
understand the role of such accessory phosphorylations in tyrosine phosphatase
signaling. Isoform-specific phosphorylations also require further clarifications.

6.4.1 Biological role of TCPTP

TCPTP finds its main biological function in lymphoid cells where it has an anti-
inflammatory role in suppressing the response initiated by the proinflammatory
cytokines. The proinflammatory cytokines include IL-2 and IFN-y that play a major
role in macrophage activation. TCPTP dephosphorylates JAK1 and JAK3 tyrosine
kinases that function as the pathway hubs for cytokine receptors of IL-2 and IFN-y
[118]. In addition, both the nuclear and cytosolic TCPTP are reported to suppress IFN-
y-mediated gene expression by dephosphorylation of the STAT1 protein [119]. The 45
kDa nuclear isoform of TCPTP plays a major in regulation of JAK downstream
effectors including STAT1, STAT3, STAT5a/b, all of whom it can directly use as
substrate. Dephosphorylation of STAT3 is critical for suppressing the signaling path-
ways of the pleiotropic cytokine IL-6 that participates in hematopoiesis and inflam-
matory response [120]. TCPTP regulates prolactin signaling by dephosphorylating
STAT5a/b [121]. In the lymphoid immune cells, TCPTP binds to TRAF2 that targets
TCPTP to the Src kinase and allows for the subsequent inhibition of Erk-dependent
signaling. In this way, TCPTP suppresses TNF-a-mediated signaling in immune cells
by directly engaging with a component of the TNF-a signaling pathway [122].

A robust and ubiquitous expression profile of TCPTP allows it to control various
signaling pathways in different tissues. In the liver and muscles, TCPTP serves as the
negative regulator of the insulin-signaling pathway [123]. Proliferation of hematopoie-
tic tissues is regulated by TCPTP by the dephosphorylation of growth factor receptors
including those of EGF and PDGF [124]. TCPTP downregulates colony-stimulating
factor (CSF-1)-based signaling in myeloid cells. TCPTP dephosphorylates pTyr807 of
the CSF-1 receptor and inhibits the recruitment of Src family of protein kinases. This

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



194 —— 6 The non-receptor protein tyrosine phosphatases: Part |

switches off the Src and Erk signaling pathways that are responsible for the regulation
of differential in a variety of cell types [125, 126]. TCPTP also inhibits CSF-1 signaling by
another mechanism. TCPTP directly dephosphorylates p52°' that is the direct sub-
strate of CSF-1 and serves as an adaptor protein that associates with Grb2 for mediating
macrophage differentiation. TCPTP dephosphorylates p52°"° at its pTyr239 and inhibits
its association with Grb2 [13, 126]. In addition, TCPTP dephosphorylates and down-
regulates Src kinases and therefore directly inhibits macrophage development [127].

6.5 TCPTP and PTP1B

Both PTP1B and TCPTP are members of the NT1 subtype of non-receptor PTPs and their
catalytic domains share a very high sequence identity. Their ubiquitous expressions in
various tissue types explain their crucial biological function. To understand the exact
physiological roles of PTP1B viz.-a-viz. TCPTP, null mutant mice have been generated
and studied for their distinct phenotypes [74, 75, 128]. The “substrate trap” approach has
been used delineate the direct interaction pools of PTP1B and TCPTP. A brief description
of their distinct substrates is provided in Table 6.1. Both PTP1B and TCPTP serve as
regulators of cytokine signaling. Both participate in limiting the signaling by cytokines
by regulating the JAK/STAT pathway but have distinct interacting partners. Substrate
traps of PTP1B pull down the JAK2 and TYK2 proteins, while traps of TCPTP interact with
JAK1 and JAK3 [39, 118]. In transfected COS7 cells, TCPTP recognizes STAT1, STAT3 and
STAT5a/b, while PTP1B interacts with STAT5a and STAT5b [119-121, 129].

Table 6.1: Some common and unique substrates of PTP1B and TCPTP identified from “substrate trap”
experiments.

PTP1B TCPTP

Common substrates Epidermal Growth Factor Receptor (EGFR)
Platelet Derived Growth Factor Receptor (PDGFR)
Insulin Receptor (IR)

STAT5a/b

Unique Substrates  Insulin Receptor Substrate — 2 (IRS-2) Janus Kinase 1 (JAK1)
Insulin-like Growth Factor Receptor (IRS1-R) Janus Kinase 3 (JAK3)

Janus Kinase 2 (JAK2) STAT1

Tyrosine Kinase 2 (TYK2) STAT3

p62DOK p52Shc

p210Bcr-Abl
Src
p130cas

TCPTP plays a major role in the development of the lymphoid tissue and major defects
have been reported in the lymphoid lineage of TCPTP-deficient mice [128].
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Hematopoietic abnormalities in TCPTP null mice are attributed to increased and uncon-
trolled proinflammatory action of cytokines. The B-cells are reported to be specifically
affected as indicated by their impaired response to lipopolysaccharides [128]. While the
same phenotype is not reported for PTP1B null mice, PTP1B’s role is ascertained to be
critical in high endoplasmic reticulum -containing cells that include the B-cells. PTP1B
is responsible for potentiating inositol-requiring enzyme-based endoplasmic reticulum
stress signaling. As this pathway is effected, impaired JNK activation and corresponding
XBP-1 splicing are seen in PTP1B-deficient fibroblast cells [130].

Both TCPTP and PTP1B play similar and major roles in control of cellular pro-
liferation that is under the effect of growth factor receptors including EGF and PDGF.
PTP1B functions as a major dephosphorylating enzyme for both EGFR and PDGFR.
Both EGFR and PDGFR are reported to be hyperphosphorylated in PTP1B-deficient
fibroblasts [131]. Substrate-trapping mutants of PTP1B and fluorescence imaging of
overexpressed PTP1B demonstrate colocalization and substrate interaction of growth
factor receptors with PTP1B [45]. TCPTP-deficient fibroblasts have shown the role of
TCPTP in regulating signaling of PDGFRp by dephosphorylation of pTyr1021 [132].
TCPTP also dephosphorylates the EGFR and inhibits the EGF facilitated association of
Grb2 and p52°H€ [132]. PTP1B and TCPTP are also the most important tyrosine
phosphatases that control insulin signaling. Disruption of PTP1B gene in mice
leads to tissue-specific elevated insulin sensitivity and provides resistance to obesity
and diabetes [75]. As this action of PTP1B is reported to be tissue specific, there is a
valid speculation for the role of TCPTP in complementing this action of PTP1B in
tissues. A better understanding of their complementary role requires generation of
mice doubly deficient in both PTP1B and TCPTP. Alternatively, tissue-specific knock-
out mosaics of PTP1B and TCPTP may elaborate on their complementary or compen-
satory roles in regulating metabolism and glucose homeostasis.
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7 The non-receptor protein tyrosine
phosphatases: Part I

The previous chapter describes the classification of the non-receptor protein tyrosine
phosphatases (PTPs) into various subtypes. All the 18 subtypes of this large super-
family of signaling enzymes have their own demarcated role in human physiology
and health (Table 7.1). Key mutations that compromise their activity lead to various
diseases and make these proteins lucrative targets for drug discovery efforts.

7.1 The NT2 subtype of non-receptor PTPs

The NT2 subtype of non-receptor PTPs includes two gene products, SHP1 and SHP2,
coded by genes PTPN6 and PTPNI1, respectively. Both proteins are characterized by
the presence of tandem Src homology 2 (SH2) domains that serve as phosphotyrosine-
binding modules [1, 2]. SHP1 is expressed in low levels in the human epithelial cells
and expressed at all stages of maturation of the hematopoietic stem cells [3]. SHP2
protein is expressed ubiquitously alongside SHP1 [1]. The differential expression of
SHP1 and SHP2 is often used to ascertain their biological role in human physiology.
Many cells express good amounts of both SHP1 and SHP2 but the lack of function of
each protein is reported to lead to different manifestations. Both SHP1 and SHP2 have
a conserved PTP domain that is the bigger domain in their polypeptide chain. Their
PTP domain is characterized by a well-formed active site with a fully functional
nucleophilic cysteine that sits in the VHCSAGIGRTG P-loop motif. This PTP is flanked
by the tandem SH2 domains at the N-terminus and a C-terminal tail that contains
various phosphorylation sites (Figure 7.1). The SH2 domains of the proteins regulate
their intracellular location and also catalytic function. In the resting state, the SH2
domains fold over the catalytic PTP domain and repress its activity [4]. The C-terminal
tail of the proteins also plays a regulatory role in maintaining required signaling
levels of the SHP1 and SHP2 activities [5]. Two tyrosines in the C-terminal of these
proteins are phosphorylation sites that are used in response to various cellular
signals for controlling their activity. In SHP1 these tyrosines are Y536 and Y564,
and in SHP2 these tyrosines are Y542 and Y580 (Figure 7.1) [6, 7].

7.1.1 Structure and regulation of SHPs

The SHPs contain two tandem SH2 domains N-terminal to their PTP domain. SHP1
and SHP2 are highly similar in sequence covering their PTP domains. The comparable
structures of their phosphatase domains and their similar enzymatic properties
suggest a comparable molecular mechanism for their overall regulation. The overall

https://doi.org/10.1515/9783110421774-007
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Table 7.1: Eighteen subtypes of non-receptor PTPs.

Gene name  Subtype Chromosome location Protein name
PTPN1 NT1 20q13.13 PTP1B
PTPN2 NT1 18p11.21 TCELLPTP, TC-PTP, TCPTP
PTPN3 NT5 9q31 PTPH1
PTPN4 NT5 2q14.2 PTPMEG
PTPN5 R7 11p15.1 STEP, PTPSTEP, STEP61
PTPN6 NT2 12p13.31 HCP, HCPH, PTP-1C, SHP-1, SHP1
PTPN7 R7 1g32.1 HEPTP, LC-PTP
PTPN9 NT3 15q24.2 MEG2
PTPN11 NT2 12924.13 BPTP3, SH-PTP2, SHP-2, PTP2C, SHP2, NS1
PTPN12 NT4 7q11.23 PTPG1, PTP-PEST
PTPN13 NT7 4qg21.3 PTP1E, PTP-BAS, PTPL1, PTP-BL
PTPN14 NT6 1g32.3-q41 PEZ, PTPD2
PTPN18 NT4 2g21.1 BDP1
PTPN20 NT9 10q11.22 bA42B19.1, DKFZP566K0524,
bA142117.1, CT126, PTPN20B, PTPN20A
PTPN21 NT6 14931 PTPD1, PTPRL10
PTPN22 NT4 1p13.2 Lyp, Lyp1, Lyp2, PTPN8
PTPN23 NT8 3p21.31 DKFZP564F0923, KIAA1471, HD-PTP
536 564
NT2 SHP1 | [ - . ! ? ,Y]
'~ SH2 domain 14 100110 213 244 Protein tyrosine 545 595
! SH2 domain phosphatase Ysaz’ 8580
‘Protein tyrosine SHP2 q P : ]I i I
)r phosphatase 16 102 112 216 247 I 521 597

i SH2

. PDBID:5X94

SH2

Protein tyrosine phosphatase

Figure 7.1: Domain organization of the SHPs. These proteins have two tandem SH2 domains that lie
N-terminal to the protein tyrosine phosphatase domain.

identity between SHP1 and SHP2 is high and their N-terminal SH2 domain is the
region of most variability. In the proposed basal state, SHP is speculated to be
inactive where its N-terminal SH2 domain folds over to block access to the active
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site of the phosphatase domain (Figure 7.2). Most importantly, residues D61 and E76
from the N-terminal SH2 domain occupy the peptide-binding pocket of the PTP cleft.
The second C-terminal SH2 domain is unperturbed and has its phosphotyrosine-
binding pocket available to incoming ligands.

Structural studies provide support for speculation of the C-terminal SH2 domain
surveying the cell for binding partners to release the intramolecular inhibition. Further
support for the intramolecular inhibition model comes from analysis of the N-terminal
SH2 domain and phosphatase domain interface. Mutations at the domain—domain
interface are linked to diseases including Noonan syndrome (NS) and juvenile myelo-
monocytic leukemia (JMML) [8]. Germline mutations in SHP2 are responsible for about
~50% of reported cases of NS and somatic mutations of SHP2 are seen in about 20—25%
of JMML. These mutants have less inhibited and show higher basal levels of SHP
catalytic activity [9]. The most common mutations of NS include D61G, D61A, E76D
and E76K, all of which effect the domain—domain interface of the N-terminal SH2
domain and the catalytic phosphatase domain of SHPs (Figure 7.2).

The C-tail of SHPs plays a critical role in regulating their subcellular regulation.
SHP1 localizes to the nucleus with the help of a functional nuclear localization signal
in its C-tail [10]. The C-tail of SHP1 hence allows it to shuttle between the cytoplasm
and the nucleus depending on the needs of the cell. SHP1 has been reported to be
localized in the [11] nucleus of epithelial cells and in the cytoplasm of randomly
growing hematopoietic cells [12]. The nuclear localization signal is located at the end
of the C-tail of SHP1 (residues 576—595) and allows for bipartite localization of SHP1in
cytokine signaling. Upon cytokine stimulation, nuclear localization of SHP1 is
induced albeit with delayed kinetics or a lag time of over an hour after stimulation.
This study emphasizes the signaling role of SHP1 in the later events of cytokine
signaling [12].

Intramolecular allostery is speculated to allow for activation of the SHPs probably
via the C-terminal SH2 domain that is primed to bind an incoming phosphotyrosine.
Two potential modes of activation have been postulated for SHPs (Figure 7.2). In the
first mechanism, a phosphotyrosine containing binding partner engages the SH2
domains and allows for their conformational re-arrangement. In this model, the C-
terminal SH2 domain is postulated to engage the binding partner first that would allow
for a corresponding conformational change in the SHPs while simultaneously increas-
ing the local concentration of phosphotyrosine around the N-terminal SH2 domain. This
model finds support in various structural and biochemical studies. Elaborate reports are
available for the binding of glycoprotein GP49B with SHP1 using this mechanism [13].
The second mechanism allows for a role of the C-terminal tail in providing inhibition
relief. Phosphorylation of two conserved tyrosines, namely Y536 and Y564 in SHP1 and
Y542 and Y580 in SHP2 allows for their intramolecular association with the SH2
domains. This mechanism would allow for the reverse contortion of the SHP molecule
where the SH2 domain would fold over to interact with the tyrosine phosphorylated
C-tail thereby releasing the phosphatase active site from inhibition (Figure 7.2). Support
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for this model comes from biochemical studies where Y542 and Y580 of SHP2 were
replaced with nonhydrolyzable phosphotyrosine mimetics. These engineered SHP2
molecules showed a higher basal activity about threefold higher than the nonpho-
sphorylated SHP2 protein [14]. Mutagenesis and proteolysis resistance assays have
allowed for the identification of binding modes of N-terminal SH2 domain with Y542
and C-terminal SH2 domain with Y580 (Figure 7.2) [15].

Several binding partners of the SHPs have been explored and are reported to
contain one of more of the immunoreceptor tyrosine-based inhibitory motif (ITIMs).
Binding partners include receptor tyrosine kinases, scaffolding adaptors such as IRS
and DOS/GAB and various immune inhibitory receptors. The ITIMs have a consensus
sequence [I/V/L]xpYxx[I/V/L] that harbors the phosphotyrosine in the center to bind
the SH2 domains of SHPs [16]. Some ITIMs are reported to prefer one SH2 domain of
SHPs over the other. Also, the exact mechanism of this preference is not clear as some
binding partners bind both SHP1 and SHP2 while some show a preference for one
over the other [17]. For example, mast cell function-associated antigen (MAFA)-based
peptide binds both SHP1 and SHP2 [18]. MAFA contains an ITIM-like motif that
contains a serine instead of a small aliphatic residue at two positions N-terminal of
the phosphotyrosine. SHP1 is reported to bind tumor necrosis factor (TNF) family
members via an alternate AxpYxxL motif [19]. Peptide library-based approaches have
been used to characterize the binding specificity of SHPs [20]. Interestingly, this
binding specificity of the SH2 domains of SHPs overlaps with those of other signaling
proteins including Socs family of ubiquitin ligases and inositol phosphatase Ship
[21-23].

7.1.2 Physiological role of SHP1

Genetic models of SHP deficiency have allowed for the exploration of their phy-
siological function. The SHP1 deficiency is generically referred to as me (standing
for motheaten). The motheaten phenotype gets its name from the patchy hair loss
seen in SHP1-deficient mice due to sterility of their dermal abscesses. Mouse
models have two naturally occurring me mutations. The motheaten (me) allele
results from a splicing mutation in the SHP1 gene (PTPN6) leading to frameshift
at the 5’-end of the coding sequence [24, 25]. This results in loss of protein expres-
sion such that mutant mice (me/me) are essentially SHP-1 null animals. These mice
have severe defects in their hematopoietic lineages and die within 2-3 weeks of
birth [26]. The second naturally occurring allele is called as motheaten variable
(me") that encodes two different kinds of aberrant SHP1 proteins. One of these
proteins has a small deletion, while the other has a small insertion in the PTP
domain. The me"/me" mice suffer less as compared to me/me strains. These mice
remain alive anywhere between 9 and 12 weeks compared to just 2—-3 weeks of
survival for the me/me mice.
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SHP1 is reported to regulate integrin such that bone marrow macrophages defi-
cient in SHP1 are known to hyperadhere to both Bl and B2 integrin ligands [27]. An
SHP1-binding protein SHPS1 along with PirB protein allows for this regulatory func-
tion. SHPS1’s rapid tyrosyl phosphorylation allows for the recruitment of SHP1 [28].
SHPS1 is also able to complex with other proteins of the integrin signaling pathway
including various adaptors such as Skaphom/R, SLAP130/Fyb and ADAP (adhesion
and degranulation promoting adapter protein) [29, 30]. Skaphom, ADAP and Pyk2 are
reported to become phosphorylated on their tyrosine residues upon adhesion. It is
hence speculated that not only do these proteins constitutively associate with SHPS1,
but they also serve as direct substrates for SHP1 tyrosine phosphatase.

Some of the earliest cell biology-based experiments have shown that SHP1 binds
erythropoietin receptor (EpoR) and also dephosphorylates Jak2 kinases that are
reported to associate with these receptors [31]. Genetic studies show that mutants
with truncations in EpoR show erythrocytosis and that the deleted region of the
receptor corresponds to binding sites for SHP1 and Soc3 [32]. As the binding sites
for SHP1 and Soc3 overlap for the most part, it is speculated that probably both
proteins work in combination to regulate Jak2 [33]. Activated Jak2 is reported to be
phosphorylated on Tyr1007 and Tyr1008. As the doubly phosphorylated Jak2 would
be unable to bind Soc3, the current model suggests that SHP1 associates with Jak2
first and dephosphorylates pTyr1008. The single phosphorylation on Tyr1007 now
allows Jak2 to associate with Soc3 that primes it for degradation.

SHP1 is also reported to be a modulator of TNF and Fas death receptors [19].
Activation of these receptors allows for the phosphorylation of a cytoplasmic AXYxxL
motif in the receptor tails. Activation of the death receptor antagonizes the effect of
the cytokine signaling via the pYxxL phosphotyrosine motif. In this context, the “me”
neutrophils are resistant to death receptor stimulation. This also corresponds to
increased levels of phosphorylated form of Lyn upon cytokine stimulation of these
neutrophils. These reports indicate a crucial interplay between the death receptor
and cytokines being mediated by Lyn, and that this role of Lyn is dependent on its
tyrosine dephosphorylation by SHP1.

7.1.3 SHP2 signaling and function

Much like SHP1, SHP2 plays a crucial role in integrin signaling. SHP2 is involved in
integrin-mediated cell migration and spreading, a process that also requires signaling
from protein kinase Erk [34, 35]. Cells with mutated copy of SHP2 show enhanced levels
of activated small G-protein Rho and have increased stress fibers [36]. Again, like SHP1,
SHP2 is reported to interact with SHPS1 protein that is phosphorylated on its tyrosine
residues following integrin activation [37]. SHP2 also allows for integration of integrin
signaling with signaling by the receptor tyrosine kinases [38]. Stimulation of receptor
tyrosine kinase EphA2 leads to SHP2-mediated dephosphorylation of focal adhesion
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kinase (Fak) that eventually results in breaking or inhibiting integrin signaling.
However, this interplay between Fak and SHP2 is reported to vary in various cell
types, and various discrepancies exist in reports by various research groups. Some
authors report enhanced tyrosine phosphorylation of Fak in a dominant-negative SHP2
environment [39], while some do not [35]. Some fibroblast cell-based studies are also
divergent. Some reports suggest that there is a decreased Fak dephosphorylation upon
inhibition of adhesion [34]. Then, fibroblasts that lack the SHP2 interacting region of
SHPS1 cytoplasmic domain show defective migration and decreased Rho activation
[40]. Another report clearly suggests that SHP2 is crucial for the integrin-mediated
phosphorylation of Src and Fak proteins [41].

SHP2 is reported to be indispensable in receptor tyrosine kinase and cytokine
signaling. For example, in some cell types growth factor receptor-based activation of
Erk requires the presence of active SHP2 [42]. Cells having dominant-negative SHP2
are unable to activate Ras signaling [43]. The current model for SHP2-mediated
activation of Ras/Erk pathway is the “adapter model” [44] (Figure 7.3). Signaling by
the receptor tyrosine kinases is initiated by ligand binding that activates these
receptors leading to autophosphorylation of their multiple tyrosine residues. These
phosphotyrosines in turn serve as recruitment sites for SH2 and PTB domain contain-
ing proteins that mediate downstream signaling. Ras is recruited by the adapter
protein Grb2, or sometimes also by Shc. Grb2 also recruits the guanine nucleotide
exchange factor (GEF) that activates Ras by promoting simultaneous GDP release and
GTP binding. Ras is switched off by GTPase activating protein (GAPs) that promote
hydrolysis of Ras-GTP to Ras-GDP. These GAPs are also recruited to the cytoplasmic
tails of receptor tyrosine kinases by their SH2 domains. Here, SHP2 plays the role of
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Figure 7.3: The “Adaptor model” of Erk activation by SHPs.
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dephosphorylating the phosphotyrosines of the receptors that serve as Ras-GAP
binding sites. SHP2 binds directly to some receptor tyrosine kinases like the plate-
let-derived growth factor receptor to directly dephosphorylate the Ras-Gap binding
site [45]. Binding and dephosphorylation of other receptor tyrosine kinases is
mediated by adapter proteins, including FRS2, Gab/DOS and the insulin receptor
substrate family of adapter proteins [46]. In this way, SHP2 prevents recruitment of
GAPs on the receptors to maintain continued Ras signaling.

SHP2 regulates Ras signaling also via the Src family of kinases (SFKs). Expression
of GAP1-SHP2 fusion constructs in cells results in enhanced Src signaling, which
suggests that SHP2 directly serves as the tyrosine phosphatase for dephosphorylating
the inhibitory C-tail tyrosine phosphorylation of SFKs. Alternatively, it is possible
that SHP2 inhibits recruitment of Csk kinase (that phosphorylates the SFK C-tails) to
the membrane by dephosphorylating PAG/CBP (Figure 7.4) [47, 48]. In this model,
SHP2 is also speculated to work in conjunction with receptor PTPa that is the major
phosphatase for SFKs [49]. It is speculated that while PTPa accounts for activating of
SFKs following growth factor stimulation, SHP2 plays a crucial role in maintaining
the pools of the active SFKs in the cell.
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Figure 7.4: Mode of regulation of Erk pathway by SHPs via the Src family of kinases.

7.2 The NT3 subtype of non-receptor PTPs

The NT3 non-receptor PTPs include the cytosolic PTP-MEG2 that is coded by the
PTPN9 gene. This PTPN9 gene was first reported and originally cloned from mega-
karyocytes [50], but was later reported to be expressed in various mammalian cells
and tissue types. PTPN9 gene codes for a 65-kDa protein that contains a single PTP
domain along with unique N-terminal domain (Figure 7.5). The unique N-terminal

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



211

7.2 The NT3 subtype of non-receptor PTPs

*auBIqWAW 132 3Y} Y}IM UOISN) pUE UOI}RINJRW ‘UOIIRWIO) 3)IISA Ul 3]0 Juepoduw]

ue sAejd D3W-d1d ‘sasereydsoyd auisoify udjoid 9w ayj Jo 3InIaYdIe UleWOP d13A|eIed pue uoljeziuesio ulewoq g/ aInsiy

S o
. VNS duelquidw
saseup; , 4SN] JUVNS-A -ewse)d
g o : uRjoid /
“ﬁﬁ t‘—- ___
“ | !
! i (anpoeu))
| m 4SN;
m ; Z9IW
% 2 3]21S9A saseup 8
o Bunsay 1onsounApieydsoyd
asejeydsoyd L
auisolA) uisjoid 0
asejeydsoyd J
€65 1.9 auso1A} uja30id €0€ €6¢C 78 T urewop #173s MNONS_
_ Z9INW
¢HIN

€IN

use subject to https://ww.ebsco.conlterns-of -use

Al

- printed on 2/12/2023 11:40 PMvia .

EBSCChost



EBSCChost -

212 — 7 The non-receptor protein tyrosine phosphatases: Part Il

domain is about 24% identical to SEC14p phosphoinositol-binding protein from yeast
and 28% identical to retinaldehyde-binding protein [50]. This unique N-terminal
domain of PTP-MEG2 binds phosphatidylinositol (3,4,5)-triphosphate (PIP;) and
allows for its localization to the membranes of secretory vesicles [51, 52]. Reports
show that exogenously expressed PTP-MEG2 predominantly localizes to the intracel-
lular secretory vesicles in mast cells. PTP-MEG2 when exogenously expressed in
neutrophils localizes to the nascent phagosomes [51, 52].

Biological activity of PTP-MEG2 is predominantly crucial for the regulation of vesicle
formation and fusion [53]. PTP-MEG?2 also participates in regulation of insulin signaling
in hepatocytes [54] and vascular endothelial growth factor receptor signaling in
endothelial cells [55]. Overactivity of PTP-MEG2 in erythroid progenitors is associated
with polycythemia vera, a blood disorder where bone marrow makes excessive red
blood cells [56]. Physiological substrates of PTP-MEG2 include the epithelial growth
factor receptor and the vascular endothelial growth factor receptor. In the secretory
vesicles PTP-MEG2 dephosphorylates the N-ethylmaleimide sensitive factor (NSF) at a
critical phosphotyrosine position (Tyr83) that allows for its activation [53]. NSF regulates
the disassembling of the soluble NSF attachment protein receptor complexes that allow
for vesicle fusion with the plasma membrane (Figure 7.5). Specific phosphatidylinositols
engage the N-terminal unique domain of PTP-MEG2 and affect its activity. PIPs, phos-
phatidylinositol (4,5)-bisphosphate (PIP,) and phosphatidylserine enhance the activity
of PTP-MEG2. Inhibition of PIP; biosynthesis is detrimental to PTP-MEG2 signaling [57].

PTP-MEG2 deficiency is reported to be embryonic lethal. Some studies using
irradiated mice being reconstituted with PTP-MEG2-deficient fetal liver cells demon-
strate that these animals have severely deficient lymphocytes and platelets that may
have matured normally [58]. Electron microscope images and analysis of T cells
deficient in PTP-MEG2 show increased electron dense particles that correlate with
decreased populations of matured secretory vesicles. Animals reconstituted with
PTP-MEG2-deficient fetal cells show abnormal T-cell function with diminished
T-cell receptor-induced secretion of cytokines such as interleukin (IL)-2, IL-6 and
interferon-y [59]. These animals also demonstrate diminished thrombin-induced
platelet aggregation due to impaired platelet granule release by vesicle secretion [60].

7.3 The NT4 subtype of non-receptor PTPs

The NT4 subtype of nonreceptor PTPs includes three member phosphatases. These are
PTP-PEST (proline, glutamate, serine and threonine), BDP1 (brain-derived phosphatase)
and Lyp (lymphoid phosphatase) coded by the PTPN12, PTPN18 and PTPN22 genes,
respectively [61]. Collectively these three tyrosine phosphatases are also called the PEST
family of PTPs as they contain regions rich in the proline, glutamate, serine and
threonine sequence. These proteins are characterized by an N-terminal classical PTP
domain that is followed by proline-rich regions in the C-terminal part (Figure 7.6). These
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Figure 7.6: Domain organization of the NT4 subtype of non-receptor protein tyrosine phosphatases.

proline-rich regions allow these tyrosine phosphatases to engage with other proteins of
the cellular signaling machinery. The interdomain regions between the tyrosine phos-
phatase domain and the PEST-rich region are reported to be crucial for the regulation of
their catalytic activity [62].

7.3.1 The PTP-PEST

The PTPN12 gene is reported to be a tumor suppresser whose gene product PTP-PEST
allows for the regulation of epidermal growth factor receptor (EGFR)/HER2 signaling
pathways [63]. PTP-PEST also functions to regulate signaling monitoring cell invasion
and morphogenesis [64]. Physiological substrates of PTP-PEST mediate immune
response, neuronal signaling and also cell motility. PTP-PEST deficiency leads to
embryonic lethality [65]; therefore, most studies on this tyrosine phosphatase use
substrate trapping mutants of the catalytic domain or the PTP-PEST —/- fibroblasts
[66]. Substrates of PTP-PEST identified using these biochemical and cell-culture-based
assays include p130*®, Sin, CasL, Paxillin, Shc, Pyk2, Vav2, pI90RhoGAP and tyrosine
kinases like cAbl [67, 68].

7.3.2 Structural architecture of PTP-PEST

The tyrosine phosphatase domain of PTP-PEST retains all the classic components
of the PTP superfamily [69]. The domain has central B-sheet flanked by a-helices
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Figure 7.7: The catalytic domain of PEST family of protein tyrosine phosphatases showing the PEST
family-specific secondary structural elements.

that allow for presentation of key structural loops around the active site. A PTP-
PEST-specific linker is seen connecting the al’ and o2’ helices (Figure 7.7). This
unique linker has a sequence MKSPDHNG that serves as a substrate recognition
site for the cyclin-dependent protein kinases. Phosphorylation of PTP-PEST at
this unique serine residue by CDK2/cyclin has been demonstrated in biochemical
assays using recombinant CDK2/cyclin proteins and CDK2-substrate antibodies
as probes. Four regions in the PTP domain of PTP-PEST explain the diversity seen
in the PEST family. Differences between Lyp, BDP1 and PTP-PEST are seen in the
WPD-loop, the B1-loop-B2, p3-loop-f4 and also the al” helix (Figure 7.7). Distinct
loops of these three phosphatases define their surface electrostatic potential and
regulate their substrate preference. Mode of substrate binding to PTP-PEST has
been explained by biochemical analysis of the interaction of the phosphatase
with various phosphopeptides derived from the HER2 protein [69]. Peptides
containing pTyr1196 and pTyr1248 demonstrate the requirement for acidic resi-
dues in the substrate at pY-4 and pY-1 positions. A hydrophobic residue is pre-
ferred at the pY+1 position. Four key residues on the surface of the PTP-PEST
catalytic domain allow it to distinguish the different phosphosites on HER2.
Arg36 defines the interaction between PTP-PEST and HER2 sites pTyr1112 and
pTyr1248. Lys45 defines the interaction between PTP-PEST and HER2 sites
pTyr1112 and pTyrl196. Lys142 defines PTP-PEST’s specificity for site pTyr1248,
while His274 specifies the interaction with pTyr1112.
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Other than the PTP domain, PTP-PEST contains five proline-rich regions [70].
These regions allow PTP-PEST to interact with other proteins of the various signaling
pathways. PTP-PEST binds the inhibitory protein tyrosine kinase Csk via its P4 pro-
line-rich region [67, 71]. It binds the scaffold proteins p130°®°, Sin/Efs and CasL/Hef-1
using its P1 proline-rich region. The P2 proline-rich regions mediate binding to the
LIM domains of paxillin, Hic-5 and leupaxin. The NPLH sequence of PTP-PEST allows
its binding to the Shc PTB domains [72]. PTP-PEST also binds to the coiled-coil
domains of cytoskeletal regulating proteins CD2BP1 [73].

7.3.3 PTP-PEST: Mode of physiological function

The importance of PTP-PEST function in immune cell regulation is described by its
interaction with an adaptor protein called PSTPIP1 (Figure 7.6) [74]. Familial recurrent
arthritis and Pyogenic Arthritis, Pyoderma gangrenosum and Acne (PAPA) syndrome
are two autosomal dominant autoimmune disorders that result from the inability of
PSTPIP1 to associate with PTP-PEST [75]. The gene locus of PTPN12 gene also falls on
chromosome 7q at a region linked to inflammatory bowel disease, though the exact
role of PTP-PEST in the autoimmune disorder remains unexplored [76]. Studies on PTP-
PEST in T cells have elucidated the role of its interaction with PSTPIP1 in detail. The
SH3 domain of PSTPIP1 recruits the Abl tyrosine kinase and mediates its interaction
with PTP-PEST. This allows PTP-PEST to regulate signaling induced or regulated by
tyrosine kinases. PSTPIP1 also interacts with a critical regulator of actin polymeriza-
tion, WASp [77]. Stimulation of the T-cell receptor causes Fyn tyrosine kinase-mediated
phosphorylation of WASp at Tyr291. PSTPIP1-associated PTP-PEST dephosphorylates
the phosphotyrosine on WASp and allows for reversal of T-cell receptor signaling and
regulation of immune synapse formation [78].

In B cells, PTP-PEST overexpression inhibits the B-cell receptor-induced Erk activa-
tion that can be rescued by the overexpression of Ras proteins [79]. PTP-PEST is also
reported to associate with Csk, paxillin, p130°®® and Shc in the A20 B-cell line [80]. Pyk2,
FAK, p130°® and Shc tyrosine phosphorylations are markedly reduced in cells over-
expressing PTP-PEST. PTP-PEST is reported to directly inhibit B-cell receptor-induced
IL-2 production. Overexpression of PTP-PEST in fibroblasts causes diminished integrin-
growth factor signaling as adaptor proteins paxillin, p130°*® and their binding partner
FAK are direct substrates of PTP-PEST [81]. PTP-PEST also directly associates with Vav2
and p190RhoGAP proteins that are upstream regulators of the Rho GTPases [82].

7.3.4 The PTP-PEP/Lyp tyrosine phosphatase

The PTPN22 gene coding for a PEST-domain-enriched PTP was first cloned in 1992 for
the mouse spleen [3]. The gene was reported to be expressed exclusively in the
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hematopoietic cells. The human analogue was discovered later and was called the
lymphoid phosphatase or Lyp owing to its high expression in the thymus and spleen
[83]. The structural architecture of Lyp, much like the NT4 subtype of non-receptor
PTPs, is composed of three major regions/domains (Figure 7.6). The N-terminal
region has a classic PTP domain where Cys227 and Glu195 from the conserved regions
of the P-loop and the WPD-loop, respectively, form the active site [84]. An Arg263 to
glutamine variant of this domain exhibits decreased catalytic activity [85]. A long
interdomain region of about 300 residues connects the tyrosine phosphatase domain
to the C-terminal region. A particular segment of this interdomain regions acts as an
intramolecular inhibitor for the tyrosine phosphatase domain [62]. The C-terminal
region/domain of Lyp has four proline-rich PEST sequences. Lyp is hence also known
as PTP-PEP or the PEST-domain-enriched tyrosine phosphatase. The P1 proline-rich
region of Lyp allows it to make a 1:1 stoichiometric complex with Csk protein kinase
by engaging its SH3 domain [86]. This P1 region also allows Lyp to associate with
TRAF3 in myeloid cells. The R620W mutation in the P1 region diminishes the affinity
of Lyp for Csk and TRAF3 [87, 88]. Two phosphorylation sites have been reported for
the Lyp phosphatase. These are Ser59 that is phosphorylated by protein kinase C and
Tyr536 that is a substrate site for Lck tyrosine kinase [89].

Several Lyp isoforms find their description in literature. An alternatively spiced
shorter isoform of Lyp has been reported from T cells [83]. This isoform called as Lyp2
is about 691 amino acids long and has a unique seven amino acid C-terminal region.
Lyp2 is reported to be the more abundant isoform in the resting human peripheral
blood T cells. It is also reported that while T-cell receptor stimulation upregulates
expression of Lyp, the expression of Lyp2 is downregulated upon stimulation. An
abnormal increased ratio of Lyp:Lyp2 transcripts is seen in peripheral blood mono-
nuclear cells of patients with PTPN22-associated rheumatoid arthritis [90]. Human
peripheral blood mononuclear cells also express another isoform of Lyp called as
Lyp3. Lyp3 is unique in having a 28-amino acid deletion in its proline-rich region
right after the Arg620 site [91]. A fourth biological isoform of Lyp has been cloned
from human CD4+ T cells. This isoform called as PTPN22.6 has a unique eight-amino
acid C-terminal sequence and lacks a part of the tyrosine phosphatase domain [92].
PTPN22.6 is reported to behave as a dominant negative when expressed with the
wild-type Lyp in Jurkat cells.

7.3.5 Role of the tyrosine phosphatase domain of Lyp

Lyp is reported to augment T-cell receptor signaling by dephosphorylating the
proteins that are phosphorylated upon T-cell receptor stimulation. These substrates
of Lyp include TCR-CD3( and CD3g, the GEF called Vav and the ATPase valosin
containing protein (VCP) [84]. The substrate trap Glu195 to alanine mutant of Lyp
can precipitate Fyn, TCR-CD3{ and Zap-80 from the lysates of COS-1 cells [93].
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Protease mapping of Fyn has revealed an Src family-specific dephosphorylation site
for Lyp. Lyp dephosphorylates Fyn at phosphotyr420, Lck at phosphotyr394 and
ZAP-70 at phosphotyr493. All these tyrosines lie in the activation segment of these
tyrosine kinases, and their phosphorylation status is critical for their catalytic activ-
ity. Increased Lck phosphorylation is seen upon T-cell receptor stimulation in cells
deficient in the PTPN22 gene [94]. Correspondingly, treatment of Jurkat cells with Lyp
inhibitors shows increase in the phosphorylation levels of Lck and TCR-CD3( [95].

Putative substrates of Lyp include c-casitas B-lineage (cChl), BCR-Abl and Src
kinase-associated protein of 55 kDa homologue (SKAP-HOM) proteins. Lyp can depho-
sphorylate and co-immunoprecipitate with cCbl from Jurkat cell and COS-1 cell lysates.
Lysates of chronic myeloid leukemia cell line overexpressing Lyp show depressed
levels of phosphorylated BCR-Abl [96]. Also, downstream substrates of BCR-Abl remain
unphosphorylated in these cells in a Lyp-dependent manner. Direct interaction of cChl
and BCR-Abl with Lyp substrate trapping mutants remains unexplored. The lympho-
cyte adhesion regulating adaptor protein SKAP-HOM has been identified as a putative
substrate for Lyp in a profiling assay [97]. A putative phosphotyrosine of SKAP-HOM
lies in the preferred sequence YGEEpYDDLY for Lyp phosphatase. Direct physiological
association between SKAP-HOM and Lyp remains to be verified.

7.3.6 Mode of action of Lyp

Lyp PTP associates strongly with the protein tyrosine kinase Csk. It is estimated that
as much as 25-50% of Lyp is bound to about 5-6% of Csk in mammalian T cells [86].
Csk phosphorylates the inhibitory tyrosine in the C-tails of the Src family of tyrosine
phosphatases and serves as a negative regulator of T-cell receptor signaling [98].
Molecular association of Lyp with Csk indicates a synergistic function that allows for
an additional layer for regulation to T-cell receptor signaling [99]. In one of the
signaling pathways, Csk would phosphorylate the C-tail Tyr505 of Lck, and Lyp
would dephosphorylate the activation loop pTyr394 of Lck in parallel. This synergis-
tic model of Lyp and Csk signaling is substantiated by studies comparing the wild-
type Lyp with R620W variant of Lyp that is unable to associate with Csk and predis-
poses humans to various autoimmune disorders [100]. However, conflicting reports
exist in literature regarding the mode of action and dynamic regulation of the Lyp/
Csk complex. Three independent reports suggest that the stoichiometry of the Lyp/
Csk remains unaltered, is increased or is even decreased upon T-cell receptor stimu-
lation of Jurkat cells or primary human T cells [95, 101, 102]. Data suggest that Csk can
promote Lck-mediated phosphorylation of Lyp at Tyr536 in the interdomain region.
Phosphorylation of Lyp at Tyr536 is inhibitory to its phosphatase activity and accent-
uates T-cell receptor signaling. Overexpressed Y536F mutant of Lyp behaves as a gain
of function and is more effective in inhibiting T-cell receptor signaling. These con-
trasting reports have provided for a “differential phosphorylation” model of Lyp
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signaling wherein Lyp and Lck form a feedback loop. In this loop, while Lyp acts as a
phosphatase to inactivate Lck, it is itself a substrate for Lck in a Csk-dependent mode.
Csk-mediated phosphorylation of Lyp by Lck is inhibitory to its phosphatase func-
tion. Lyp variants like R620W that compromise the ability of Lyp to associate with Csk
show decreased Lck-mediated phosphorylation and are uninhibited. These Lyp
variants in turn allow for increased dephosphorylation of Lck and increasingly
deactivate Lck. In this way, while these variants lose their ability to associate with
Csk, they are still able to inhibit the downstream signaling of T-cell receptors
mediated by the Lck or associated tyrosine kinases.

7.3.7 PTP HSCF/BDP1

The third member of the NT4 subtype of non-receptor PTPs is PTP HSCF (hemato-
poietic stem cell fraction), also known as BDP1 that is coded by the PTPN18 gene. It is
highly expressed in the bone marrow and hence finds its name as PTP HSCF [103].
PTP HSCF is also expressed in various tissues in the body including the brain. Hence
it also finds a name as BDP1 [104]. Much like the other two NT4 tyrosine phospha-
tases, PTP HSCF has an N-terminal tyrosine phosphatase domain followed by a lone
C-terminal region. PTP HSCF is albeit shorter than PTP-PEST and Lyp. Similar to PTP-
PEST and Lyp, PTP HSCF associates and works with Csk kinase [105]. However, in
contrast to PTP-PEST and Lyp, PTP HSCF associates with Csk through its C-terminal
region using phosphotyrosine(s) sites Tyr354 and Tyr381 to engage with the SH2
domains of Csk. Binding of PTP HSCF with Csk is also linked to regulation of SFKs in
immune signaling. PTP HSCF dephosphorylates the activating tyrosines of the acti-
vation loops of these kinases. However, much like the other PEST phosphatases, PTP
HSCF is also a substrate for these kinases [105].

Overexpression of PTP HSCF in Ramos B cells is seen to directly augment B-cell
receptor signaling [105]. Mutation of Tyr281 to a phenylalanine creates a phosphatase
that is less effective in inhibiting B-cell receptor signaling [105, 106]. The Y281F
mutation is suggested to affect the interaction of PTP HSCF with Tec kinase [106].
This interaction is mediated by the SH2 domain of Tec that can dock onto the
phosphotyrosine(s) of PTP HSCF. While the exact mode of binding of Tec and PTP
HSCF remains unclear, data suggest that four key tyrosines, namely Tyr281, Tyr303,
Tyr354 and Tyr381, can independently effect their interaction.

7.4 The NT5 subtype of non-receptor PTPs

The NT5 subtype of non-receptor PTPs includes the phosphatases PTPMEG (also called
PTP MEG1) and PTPHL1. These are the products of genes PTPN4 and PTPN3 located at
chromosomes 2q14.2 and 9q31, respectively. Structurally both phosphatases show a
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Figure 7.8: Domain architecture and molecular structures of various regions of the NT5 subtype of
non-receptor protein tyrosine phosphatases.

common architecture and share 50% identity and 67% homology at the sequence level.
Both PTPMEG and PTPH1 have an N-terminal FERM (band 4.1, ezrin, radixin and
moesin) domain, a central PDZ domain and a C-terminal classical PTP domain
(Figure 7.8). The FERM and PDZ domains of PTPMEG and PTPH1 allow them to interact
with other components of the signaling machinery of the cell. PTPMEG and PTPH1 can
associate with the plasma membrane by binding to phospholipids such as the phos-
phatidylinositol (4,5)-bisphosphate (PIP,) [107].

PTPMEG1 was first cloned from a megakaryoblastic cell line while PTPH1 was
identified from HeLa cells [108, 109]. Both PTPMEG and PTPH1 are ubiquitously
expressed in the body with higher expression in the thalamus [110, 111]. PTPMEG is
also reported to be highly expressed in the testes. Mutations in PTPH1 are reported in
colorectal cancer and an altered PTPH1 expression is associated with esophageal
tumors [112].

PTPMEG-deficient mice are reported to be mostly normal showing only subtle
deficiencies in motor learning and cerebellar synaptic plasticity. T-cell function is
reported to be intact in these PTPMEG-deficient mice [113, 114]. Similarly, PTPH1-
deficient mice are also reported to show only subtle phenotypic variations and are
largely normal. Data suggest that male mice deficient in PTPH1 show higher body
mass and reduced working memory while females with PTPH1 deficiency show
slight motor learning deficiencies [110, 115]. A role of PTPH1 has also been sug-
gested in the pathways of pain perception [116]. The high degree of homology
between PTPH1 and PTPMEG and the subtle phenotypes of their individual defi-
ciencies are suggestive of their compensatory role in mammalian physiology. It is
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likely that double-deficient animals may be required for better understanding of
their biological functions.

Both PTPMEG and PTPH1 have been reported to bind and dephosphorylate the
T-cell receptor { chain [117, 118]. Overexpression of PTPH1 in T-cell lines is reported to
diminish the expression of IL-2 by inhibition of T-cell receptor signaling [119].
PTPMEG has been reported to bind € and 6 subunits of the glutamate receptor that
functions in learning and memory [120]. Interaction of PTPH1 with the phosphory-
lated growth factor receptor has been demonstrated in vitro [121]. Other PTPH1
interacting proteins include the cardiac sodium channel Na,l1.5, the TNF alpha-
convertase and the 14-3-3beta protein [122, 123]. Association of PTPH1 with p97/VCP
inhibits cellular growth of fibroblast cells [124]. Association of PTPH1 with p38y
mitogen-activated protein kinase (MAPK) is reported to play role in Ras-dependent
malignancies [125].

7.5 The NT6 subtype of non-receptor PTPs

The NT6 subtype of PTPs includes two members. These are the PTPD1 and PTPD2
proteins coded by PTPN21 and PTPN14 genes, respectively. Both proteins are char-
acterized by the presence of N-terminal FERM domain that allows these proteins to
interact with the cytoskeletal signaling machinery. Owing to the presence of the
FERM domain, the NT5, NT6 and NT7 subtypes of non-receptor PTPs are also referred
to as the cytoskeletal PTPs in scientific literature [107].

7.5.1 PTPD1 non-receptor PTP

PTPD1is a cytosolic non-receptor PTP that has an N-terminal FERM domain, and the
C-terminal harbors a classic PTP domain (Figure 7.9) [126]. The WPD-loop of the
tyrosine phosphatase domain of PTPD1 substitutes the catalytic aspartate for a
longer glutamate residue. This natural variation in its catalytic domain is specu-
lated to weaken its enzymatic turnover rates while maintaining substrate specificity
[127]. A long interdomain spacer region of about 580 amino acids connects the
FERM domain to the tyrosine phosphatase domain. PTPD1 is a widely expressed
tyrosine phosphatase [126] and is reported to be increased in various human
cancers [128]. PTPD1 associates with kinesins KIF1C and KIF16C proteins that
regulate vesicle transport of the Golgi network and also the reverse transport for
the Golgi to the endoplasmic reticulum [129, 130]. PTPD1 regulates the signaling
pathways of the Tec family of receptor protein kinases [131]. PTPD1 also works to
activate Src kinase and accentuates signaling by the EGFR. PTPD1 is also reported to
direct EGFR signaling into the nucleus and promote Erkl, Erk2-dependent gene
transcription. PTPD1 is reported to associate with Src such that the PTPD1-Src
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Figure 7.9: Structural features and physiological role of the NT6 subtype of non-receptor protein
tyrosine phosphatases.

complex in turn associates with a protein kinase A anchoring protein AKAP121 to
localize on the outer membrane of the mitochondria [132]. At the mitochondria, this
complex helps to maintain ATP oxidative synthesis and also the mitochondrial
membrane potential [133, 134].

EGFR, FAK and Src work in complementation to allow for cell scattering and
migration [135]. PTPD1 supports this induced motility via the PTPD1-Src-FAK com-
plex. PTPD1 constructs that are catalytically dead (lacking the active site Cys1108) or
lacking the FERM domain both reduce cell motility. As cell motility plays a crucial
role in tumor invasion, it is logical how elevated levels of PTPD1 are associated with
various cancers [136]. Accordingly, overexpression on catalytically dead PTPD1
C11008S mutant in breast cancer MCF-7 cells is reported to inhibit extracellular
matrix invasion.

EGFR stimulation is transiently associated with membrane remodeling wherein
more phosphoinositides including PIP, get incorporated into the membrane. This
membrane remodeling is essential from the formation of endocytic structures and
also allows for the recruitment of various actin regulating proteins to the membrane
for cytoskeletal rearrangement around the vesicles [137, 138]. PTPD1 forms a direct
complex with actin, Src kinase and the FAK at the adhesion plaques, essentially via
its FERM domain [139]. A model for the working of the PTPD1-Src-FAK complex at
focal adhesions has been suggested based on cell-based assays and immunoprecipi-
tation studies using PTPD1-transfected HEK293 cells [139]. PTPD1 and Src form a
stable complex that is lost if PTPD1 is missing its FERM domain (PTPD1 A1-325).
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The FERM domain contains the motifs Y*®ESQ and the Y?’GEE that are suggested to
be the binding sites for the SH2 domains upon phosphorylation. PTPD1 immunopre-
cipitates with FAK even as a FERM domain deletion mutant (PTPD1 A1-325) but not
the extended deletion mutant containing a sequence C-terminal to the FERM domain
(PTPD1 A1-581). PTPD1 residues 329-587 contain the proline-rich motif
P°*>PPPYPPPRP”’“ that is suggested to be the binding site for FAK. The current
model suggests that PTPD1 recruits Src close to FAK in response to EGFR stimulation
[139]. The PTPD1-mediated Src-FAK complex can then trigger phosphorylation-
based signaling of various cytoskeletal regulatory proteins including p130cas,
P190RhoGAP and paxillin [140, 141].

7.5.2 PTPD2 non-receptor PTP

The second member of the NT6 subtype of non-receptor is PTPD2 that was first
identified as a cytoskeletal-associated phosphatase [142]. The protein was called as
PEZ or the phosphatase with ezrin domain. PTPD?2 is also characterized to have an
N-terminal FERM domain that is connected to the C-terminal tyrosine phosphatase
domain via a long 600 amino acid spacer region (Figure 7.9). PTPD2 is a developmen-
tally regulated tyrosine phosphatase whose deficiency leads to lymphedema in mice
and humans. Loss of function of PTPD2 is associated with various tumors including
those of the liver and the breast [112, 143]. The tumor suppressor function of PTPD2 is
suggested to be independent of its phosphatase activity although substrate proteins
have been discovered for this phosphatase [144]. PTPD2 overexpression in HeLa cells
leads to decreased cell-matrix adhesion due to alterations in the actin cytoskeleton
[145]. PTPD2 directly associates with and removes the phosphate of pTyr128 of the
scaffold protein p130cas [146]. PTPD2 localizes to adherence junctions of confluent
epithelial cells and regulates these junctions via the dephosphorylation of B-catenin
[147]. PTPD2 promotes the transition of epithelial-to-mesenchymal cells via the
autocrine action of transforming growth factor p [148].

Data suggest that expression levels of PTPD2 may be regulated by cell density
and these in turn correlate with the density-dependent translocation of PTPD2 sub-
strate Yap1 from the nucleus into the cytoplasm [144]. In low-density cells, PTPD2 is
actively degraded by ubiquitination. The E3 ligase that tags PTPD2; CRL2'*® complex
is regulated in response to increase in cell density. In this way, a model has been
suggested for “cell-density-CRL2"X®-PTPD2-Yap1” signaling that regulates Yap1 func-
tion. Yapl or Yes-associated protein is a transcriptional coactivator that associates
with the TEAD family of transcription factors [149]. Yap1 promotes cell proliferation
and its overexpression leads to loss of contact inhibition in cells, thus aiding their
oncogenic transformation [150, 151]. The middle spacer region of PTPD2 has a con-
served PPxY motif (residues 567-570) that engages the WW domain of YAP1. Cell
density-dependent association of PTPD2 and Yap1 allows for its translocation into the
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cytosol of confluent cells. In this way PTPD2 regulates the oncogenic potential of
Yap1 by targeting it away from the nucleus and depriving it of its transcriptional
coactivator function. PTPD2 also uses its PPxY to bind the WW domains of another
protein known as Kibra. Association of PTPD2 and Kibra allows for the activation of
LATS1 kinase that also results in the cytosolic targeting of Yap1 [152].

PTPD2 is also reported to inhibit surface representation of receptors and release
of secretory vesicles [144]. PTPD2 regulates cell trafficking by dephosphorylating two
key proteins, PRKCD and RIN1. PRKCD is responsible for maintaining a balance
between recycling of receptors and their degradation [153]. Phosphorylation of
PRKCD on Tyr374 promotes receptor recycling and allows for their enhanced surface
presentation. Dephosphorylation of PRKCD by PTPD2 shifts this balance away from
surface representation to degradation of receptors. Accordingly, PTPD2 also depho-
sphorylates RIN1 and inhibits its association with Abl kinase to allow for a steady rate
of micropinocytosis. RIN1 is phosphorylated on Tyr36 by Abl which upon phosphor-
ylation also creates an interaction site on RIN1 for the SH2 domains of Abl itself [154].
Signals from phosphorylated RIN1-Abl complexes and RIN1 complexes with Rab5
(that downregulates growth factor receptors) compete with each other and decide the
receptor population presented on the cell surface. A stable RIN1-Abl complex pro-
motes inhibition of micropinocytosis and clathrin-independent internationalization
of receptors to the lysosome [155]. PTPD2-mediated dephosphorylation of RIN1
relieves this inhibition and promotes receptor degradation.

7.6 The NT7 subtype of non-receptor PTPs

The NT7 subtype of non-receptor PTPs is formed by PTP-BAS coded by the PTPN13
gene. PTP-BAS is also a cytoskeletal tyrosine phosphatase as it contains an
N-terminal FERM domain that allows it to bind PIP, [156]. PTP-BAS is unique in
having five PDZ domains that lie in between the N-terminal FERM domain and the C-
terminal tyrosine phosphatase domain. These PDZ domains allow PTP-BAS to contact
other signaling proteins and participate in their biological pathways.

The first PDZ1 domain of PTP-BAS mediates its interaction with the transcription
factor inhibitory protein IkappaBalpha and the PIP, binding adaptors PLEKHAI/TAPP1
and PLEKHA2/TAPP2 [157, 158]. Interaction with TAPP1 and TAPP2 allows for the
membrane localization of PTP-BAS in response to elevated H,0, levels that lead to PIP,
production. The second PDZ2 domain mediates PTP-BAS binding to the small adaptor
protein RIL and the Zyxin-related protein TRIP6/ZRP-1 [159, 160]. Two splice variants of
PTP-BAS differ in their PDZ2 domains. One isoform of PTP-BAS has an insertion of five
amino acids in its PDZ2 domain that allows for a differential binding of the two isoforms
to the tumor suppressor APC (Adenomatous Polyposis Coli) protein [161]. The region
between the PDZ1 and PDZ2 domains allows PTP-BAS hinding to PTEN (phosphatase and
tensin homologue) that is a phosphatase acting on PIP; to release PIP, [162]. The PDZ2,
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PDZ3 and PDZ4 domains of PTP-BAS allow its association with the Fas receptor/death
receptor [163-165]. PTP-BAS is hence also known as FAP-1 or the Fas-associated phos-
phatase. A conserved cysteine in the C-terminal region of PRK2 protein kinase binds the
PDZ3 domain of PTP-BAS [166]. PTP-BAS also binds the C-terminal region of the nerve
growth factor receptor via its PDZ3 domain [167]. PDZ4 mediates the binding of PTP-BAS
with the RhoGAPs ARHGAP29/PARGI and the LIM domain containing adaptor protein
CRIP2 [168, 169]. The complement component (3b/4b) receptor 1associates with PTP-BAS
by engaging its PDZ2, PDZ3 and PDZ5 domains [170].

PTP-BAS contains a classic PTP domain (Figure 7.10). This C-terminal phospha-
tase domain is similar to that of the NT1 subtype PTP1B phosphatase in having an
accessible second phosphotyrosine binding site [171]. Gly2449 of PTP-BAS provides
entry to a tandem phosphotyrosine into a secondary site close to the active site, much
like Gly259 of PTP1B (Figure 7.10). Biochemical studies using the EGFR pathway
substrate 15 (Eps15) have allowed for the exploration of how PTP-BAS phosphatase
domain recruits its substrate [127]. Eps15 functions as a scaffolding adaptor protein
that regulates endocytosis and trafficking of growth factor receptors [172]. EPS15 is
phosphorylated on Tyr549 by the protein kinase activity of growth factor receptors
[173]. Dephosphorylation of this residue by tyrosine phosphatases promotes endocy-
tosis and degradation of growth factors, eventually inhibiting cell proliferation [174].
Peptide derived from the phosphorylation site of Eps15 (EPS155“¢">%) has been used
in biochemical experiments with PTP1B and other FERM domain containing tyrosine
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Figure 7.10: Domain architecture and catalytic domain of NT7 subtype of non-receptor protein
tyrosine phosphatases. The catalytic domain of PTP-BAS shows a second aryl-binding pocket as seen
in the case of the NT1 subtype PTP1B.
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phosphatases PTPH1, PTPMEG, PTPD2 and PTP-BAS. The EPS15 448 peptide binds
the catalytic domain of PTP-BAS with a higher affinity as compared to PTP1B. A key
histidine residue His2379 in the WPD-loop of PTP-BAS allows for this stronger inter-
action with EPS15%4¢78%% PTP-BAS also has an additional aspartate residue in its
WPD-loop, which alongside the catalytic aspartate allows for better substrate recruit-
ment of EPS1584¢78>*, In this way the WPD-loop of PTP-BAS allows for threefold better
Michaelis Menten constant (Ky) for EPS15%¢"8“% when compared to the catalytic
domain of PTPH1 [127].

PTP-BAS is a tumor suppressor and also has pro-apoptotic properties. It functions
to counteract the activity of tyrosine kinases and inactivates Src kinase by depho-
sphorylating its activation loop pTyr419 [175]. PTP-BAS is reported to play a crucial role
in breast cancer cells where it participates in apoptotic signaling by inhibiting the
insulin receptor substrate-1/phosphatidylinositol-3-kinase pathway [176]. PTP-BAS
expression is regulated by STAT3, by transcription factor EWS-FLI1 and also by miR-
200C [177-179]. PTP-BAS is epigenetically regulated by methylation of a bidirectional
promoter. This methylation disrupts its tumor suppressor functions in various lym-
phomas and cancers [180]. PTP-BAS is commonly expressed in ovarian cancers where
it is associated with death receptor resistance [181]. Substrates of PTP-BAS include the
Src family of tyrosine kinases, Her2/ErB2, insulin response substrate-1, p85beta and
also glycogen synthase kinase beta [175, 182-185]. PTP-BAS inhibits MEK and Erk
phosphorylation, but their direct binding to PTP-BAS is not reported [186]. PTP-BAS
regulates quiescence of hematopoietic stem cells in conjunction with B-catenin [187].

7.7 The NT8 subtype of non-receptor PTPs

The NT8 subtype of non-receptor PTPs includes HD-PTP that is coded by the PTPN23
gene. Its uniqueness lies in the presence of a BRO1 domain that allows HD-PTP to
participate in endosomal protein sorting [188]. HD-PTP has three more unique regions
other than its BRO1 domain and the PTP domain. These include the ALIX_LYPXL_bnd
domain that is next to the BRO1 domain and two proline-rich regions (Figure 7.11). The
central proline-rich region has multiple dispersed histidine residues and is also called
the histidine domain (hence the name HD-PTP). The second proline-rich domain that
lies C-terminal to the PTP domain has a disordered secondary structure and contains a
PEST motif [188, 189]. The PTP domain of HD-PTP is speculated to be mostly inactive
due to the presence of a critical serine residue in its phosphate binding or the P-loop
[190]. Reverse mutation of this critical serine to an alanine to match the consensus of a
classic P-loop is reported to induce activity in the phosphatase. Some studies show that
Src, B-catenin and E-cadherin could be direct substrates of HD-PTP [191]. However,
another study shows that HD-PTP was unable to modulate the phosphorylation status
of Src in both in vivo and in vitro assays [192]. The tyrosine phosphatase domain of HD-
PTP is absent in its Caenorhabditis elegans homologue known as Ego2 or Y53HI1C [193].
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Figure 7.11: Domain architecture and catalytic domain of NT8 subtype of non-receptor protein
tyrosine phosphatases.

HD-PTP plays a central role in endosomal sorting, apoptosis and also cell adhe-
sion. Its BRO1 domain allows it to bind charged multivesicular body protein 4B or
CHMP4B that is a key component for the endosomal sorting complex required for
transport complex (ESRTC)-III required for the sorting of cell surface receptors [188,
194]. HD-PTP binds the signal transducing adaptor molecule STAM2 using two sites.
Its BRO1 domain binds the central core of STAM2 while its histidine domain binds the
SH3 domain of STAM2 [188]. The histidine domain of HD-PTP also allows it to bind
TSG101 that is a component of ESRTC-I functioning in the sorting of ubiquitinated
cargo proteins [194]. The same histidine domain of HD-PTP can also bind to endo-
philin A, another protein involved in receptor endocytosis [194].

HD-PTP regulates cell adhesion and migration by modulating the spatial distri-
bution of Rab4 proteins [195]. HD-PTP also functions as a negative regulator of the
Fak. Whether Fak is a direct substrate for HD-PTP is unclear [196]. HD-PTP is a tumor
suppressor in testicular germ cell tumors [197]. It is a widely expressed tyrosine
phosphatase whose intracellular levels are regulated by proteasomal degradation
in response to fibroblast growth factor but not the vascular endothelial growth factor
[198]. In T24 bladder carcinoma cells, HD-PTP is degraded by calpains using a
calcium-dependent mechanism [199].

7.8 The NT9 subtype of non-receptor PTPs

The NT9 subtype of non-receptor PTPs includes Typ that is coded by the PTPN20 gene.
Typ was first identified from mouse testis cDNA library and hence got the name testis-
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specific tyrosine phosphatase or Typ [200]. The human PTPN20 gene is one of the most
alternatively spliced genes that can code for about 16 potential isoforms of the protein
Typ [201]. These alternate forms include variants with different N-terminal regions or
even complete deletions of their tyrosine phosphatase domain (Figure 7.12). Two other
examples of the alternate splicing of tyrosine phosphatases leading to generation of
constructs lacking phosphatase domains include the case of PTP{ and the striatal-
enriched tyrosine phosphatase (STEP) [202, 203]. While the alternate spliced products
of these tyrosine phosphatases are reported to be secreted out of the cells as compe-
titive molecules for ligand binding (see Chapter 4), the role of the alternate forms of Typ
is unclear. Also, these tyrosine phosphatase domain “null” constructs are reported to
be expressed in insignificant amounts in various cells.
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Figure 7.12: NT9 is the most spliced protein tyrosine phosphatase subtype.

The 420 amino acid long Typ (human isoform hPTPN20a) has a single tyrosine
phosphatase domain in its C-terminal region. Much like the mouse homologue,
human Typ is also expressed maximally in the testes and at much lower levels in
other tissues. The human and the mouse homologues are about 66% identical and
their tyrosine phosphatase domains have about 74% identity in amino acid sequence.
The N-terminal region of human Typ contains a PEST domain region (residues 19-31,
54-76 and 87-104) and also multiple threonine residues that can serve as phosphor-
ylation sites. The C-terminal PTP domain has a well-formed active site with a nucleo-
philic cysteine. Tyrosine phosphatase activity of Typ has been confirmed in
biochemical experiments using tyrosyl phosphorylated reduced carboxyamido-
methylated and maleylated lysozyme as substrate [201].

printed on 2/12/2023 11:40 PMvia . All use subject to https://ww.ebsco.confterns-of -use



228 —— 7 The non-receptor protein tyrosine phosphatases: Part Il

Immunofluorescence microscopy has been used to assess the subcellular localization
of human Typ. The phosphatase localizes to the nucleus and its overall distribution in
cells is dependent on the integrity of the microtubule networks. Human Typ localizes
to all organelles that depend on the microtubule network including the Golgi,
endoplasmic reticulum and the endosomes [204-206]. Localization of Typ to the
nucleus in the absence of any nuclear localization signal is suggested to be possible
via microtubule-dependent trafficking as seen in the case of p53 and parathyroid
hormone proteins [207, 208]. Under growth factor-stimulated signaling or under
conditions of osmotic stress, Typ re-localizes to be targeted specifically to the sites
of dynamic actin polymerization. The role of human Typ in modulation of actin
dynamics is unclear and its exact substrate(s) remains unknown.

7.9 The PTPN5 RR subfamily of PTPs

A unique family of PTPs includes both receptor and non-receptor members. Members
of this family include tyrosine phosphatases that engage the MAPKs via their kinase-
interacting motif or KIM domain that has a consensus sequence (R/K),3-X;.¢-$pp-X-
¢, where ¢ is a hydrophobic amino acid (Figure 7.13) [209, 210]. They bind and
dephosphorylate the regulatory phosphotyrosine of Erk 1/2 to inactivate them [211].
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Figure 7.13: The unique PTPN5 RR subfamily of protein tyrosine phosphatases. Unique elements
include the presence of a kinase interaction motif (KIM) and an extra a-helical region (Ho) at the
N-terminus of the protein tyrosine phosphatase catalytic domain.
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Human members of this subfamily include STEP, the hematopoietic tyrosine phos-
phatase (HePTP, also called leukocyte protein tyrosine phosphatase) and the recep-
tor PTPRR (also called PTP-SL) [209]. PTP-SL is discussed along with the receptor
PTPs in Chapter 4 (Section 4.8). All three members of this subfamily are expressed in
the human thymus, brain and the spleen.

STEP and HePTP are coded by the PTPN5 and PTPN7 genes, respectively. They are
both cytosolic tyrosine phosphatases, although isoforms of STEP are predicted to have
transmembrane regions (but no signal peptide) as seen in bioinformatics-based analysis
of their sequences. Both proteins have an N-terminal KIM domain that is connected to a
C-terminal tyrosine phosphatase domain. The catalytic domain of HePTP is unique in
having a variant of the conserved phosphotyrosine recognition loop where a conserved
asparagine is substituted for an aspartate (KDRY instead of KNRY) (Figure 7.13) [212, 213].
Catalytic domains of HePTP are characterized by an extra alpha helix (Ho) that is absent
in STEP and other classic tyrosine phosphatase domains (Figure 7.13) [212].

STEP gets its name from its high expression in the striatum as compared to other
areas of the brain [214]. STEP is reported to be important for the development of
cognition, morphological changes of the brain and also long-term memory [215, 216].
STEP dephosphorylates the N-methyl-D-aspartate (NMDA) glutamate receptors and
promotes their endocytosis [217, 218]. Abnormalities in STEP function are correlated
with Alzheimer’s disease and also schizophrenia [217, 219]. Alongside Erk, STEP also
functions to regulate the activity of Fyn by dephosphorylating its activation loop
pTyr420 (but not the inhibitory pTyr531 on the C-tail). Interaction between STEP and
Fyn is highly specific as the substrate trap mutants of STEP fail to show binding to
other members of the Src family of tyrosine kinases [220]. This unique interaction
uses the KIM and proline-rich regions of STEP and the SH2 domain and unique
N-terminal region of Fyn. STEP also dephosphorylates the pTyr789 of PTPa and
regulates the PTPa/Fyn pathway [221].

Expression of HePTP is under the control of mitogenic stimuli that are trigged in
relation to cell cycle events [222, 223]. HePTP is hence reported to be highly expressed in
myeloid malignancies [224, 225]. HePTP promotes the functional activity and translo-
cation of Erk 1/2 and p53 [226, 227]. However, this interaction is specific to be non-
conformal with the Jnk mitotic kinases [228, 229]. HePTP uses residues of its KIM
domain for a reciprocal interaction with Erk. Erk phosphorylates resides Thr45 and
Ser72 of HePTP that in turn dephosphorylates the pTyr185 of Erk. Phosphorylation of
Ser23 of HePTP in its KIM domain allows for the regulation of its interaction with Erk via
protein kinase A signaling [230].
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Protein phosphorylation regulation is undoubtedly a fundamental process that med-
iates key biological processes of growth, cell division, cell motility and cell physiology
[1]. The first protein tyrosine phosphatase was identified and cloned a decade after the
discovery of the first protein tyrosine kinase [2, 3], and for the longest time, it was
widely believed that these enzymes work as housekeeping genes that maintain a basal
level of protein phosphorylation in the cell. However, perturbations in the protein
tyrosine phosphatome got increasingly linked to numerous diseases, including meta-
bolic disorders, cardiovascular and neurological diseases, autoimmune disorders and
also cancer [4, 5]. Dysregulation of these phosphatases was linked to variation in their
expression levels and also amino acid polymorphisms in their protein chains [6]. For
example, reduced expression of SHP1 is associated with the onset of cancer while
activating mutations in SHP2 gene are linked to Noonan Syndrome and leukemia [7, 8].
Polymorphisms in the PTPo gene are linked to ulcerative colitis [9]. Similarly, poly-
morphism in PTPN22 gene is associated with the development of type-I diabetes,
rheumatoid arthritis and systemic lupus erythematosus [10, 11]. Protein tyrosine phos-
phatases have now, long been the keen interest of pharmaceutical companies for being
promising drug targets for various diseases. PTP1B has been of particular interest in
drug designing endeavors for diabetes and obesity [12, 13]. Animal model studies using
transgenic mice show PTP1B to function in concert with Erb2 tyrosine kinases impli-
cated in breast cancers, hence providing an exciting opportunity for protein kinase—
phosphatase combination drug discovery [14, 15]. Viability of protein phosphatase
targeting drugs is exemplified by the immuno-suppressant drugs cyclosporine and
FK-506 that target calcineurin and oligonucleotides for downregulation of PTP1B to
improve insulin sensitivity [16, 17].

Drug discovery for protein tyrosine phosphatases has mainly faced two critical
challenges: [1] enzyme selectivity and [2] membrane permeability. The highly
conserved protein tyrosine phosphatase active site poses a major challenge for
achieving selectivity. Similarity between the phosphatases from the same subtype
is even closer. For example, PTP1B and TCPTP are 72% identical in sequence and
have a 92% identical active site. In addition, their catalytic domains superimpose
with a root-mean-square-deviation of less than 1.0A [18]. Given this high similarity in
these two phosphatases, cross-reaction between their inhibitors would be very likely
and of disastrous consequences. Inhibiting PTP1B enhances insulin sensitivity and
provides resistance to diet-induced obesity. However, TCPTP inhibition is lethal, and
TCPTP knockout mice die within weeks of birth [12, 19]. The second challenge to
protein tyrosine phosphatase targeted drug design efforts is posed by the polar
nature of their conserved active site. The large polar active site of the protein tyrosine

https://doi.org/10.1515/9783110421774-008
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phosphatase catalytic domain requires highly charged anionic phosphate mimetics
to serve as potent inhibitors. However, these charged molecules have poor membrane
permeability and are transported poorly inside the cells and tissues. The important
role of protein tyrosine phosphatases in cellular physiology have provided impetus to
find approaches that would help overcome these key challenges.

Key efforts and strategies for these approaches are covered in this chapter. These
efforts include standard molecular designing of orthosteric inhibitors that bind to the
active site of these enzymes and also the discovery of natural compounds that could
selectively inhibit these proteins (Table 8.1) [20]. More novel approaches include the
designing of bidentate inhibitors that target a specific pocket of a given protein
tyrosine phosphatase, alongside its active site (Figure 8.1). Certain compounds
have been designed to bind and prevent the opening-and-closing of the WPD-loop.
Allosteric inhibitor designs rely on protein-specific pockets, including the unique
inter-domain interface of the double domain receptor protein tyrosine phosphatases.
Biologics-based approaches include designing of antibodies that binds to induce
dimerization of the receptor forms to promote their inhibition. Novel methods also
include use of anti-sense RNA aptamers to switch off the production of these enzymes
in cells without compromising with any other elements of the signaling machinery.

8.1 Natural Products as protein tyrosine phosphatase inhibitors

Various natural compounds have been identified as potent inhibitors of protein tyr-
osine phosphatases. Some of the most potent natural inhibitors are listed in Table 8.1
and Figure 8.2. The first natural compound to be discovered as a protein tyrosine
inhibitor was dephostatin in 1993 [62]. Isolated as a nitrosamino-containing hydro-
quinone, it was isolated from Streptomyces and is reported to competitively inhibit the
activity of CD4b5. It is also reported to inhibit the activities of SHP-1, PTPe and PTP1B but
is reported to be ineffective against the Ser/Thr-specific phosphatases PP2A and PP2B
[63]. Streptomyces have also proved to be helpful for discovery of related quinone
molecules called as phosphatoquinone A and phosphatoquinone B [64]. These are
reported to inhibit protein tyrosine phosphatase activity of extracts of human Ball-1
cells with ICso value of 28.0 pM and 2.9 pM, respectively. Non-competitive inhibitors of
PTP1B include amentoflavone isolated from spikemoss Selaginella [65]. Flavonoid-
based inhibitors of PTP1B include five compounds isolated from the roots of
Broussonetia papyrifera [66]. Quercetin, uralenol and broussochalcone A inhibit
PTP1B with ICsq value of 23.3 pM, 21.5 pM and 36.8uM, respectively. The more decorated
flavonoid rings of 3’-(3-methylbut-2-enyl)-3’,4’,7-trihydroxyflavane and 8-(1,1-dimethy-
lallyl)-5’-(3-methylbut-2-enyl)-3’,4’,5,7-tetrahydroxyflanvone are reported to inhibit
PTP1B with ICs, value of 41.5 uM and 4.3 puM, respectively [66, 67].

Two compounds derived from the Indian beech tree Pongamia pinnata called
karajin and kanjone are reported to be anti-hyperglycemic, and karajin has been
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Figure 8.1: Schematic for various strategies used for modulation of protein tyrosine phosphatases.

Natural inhibitors of protein
tyrosine phosphatases

Isotanshinone

Dihydroisotanshinone

Isocryptotanshinone

Figure 8.2: Chemical structures of a few natural compounds that are protein tyrosine phosphatase
inhibitors. Structures have been adapted from Ref. [20].

used to develop a series of benzofuran isoxazolines pharmacores as potent protein
tyrosine phosphatase inhibitors [68]. Aporphine alkaloids have also been reported to
be specific inhibitors of protein tyrosine phosphatases and show specificity toward
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inhibiting them over Ser/Thr phosphatases. Anonaine, roemerine and N-nornuciferine
are the most potent alkaloids (Table 8.2) [69-71]. Specific inhibitors of CD45 include a,f3
unsaturated lactone-containing inhibitors dihydrocarolic acid and penitricin D. These

Table 8.2: Natural inhibitors of protein tyrosine phosphatases.

Inhibitor Structure 1C5o (UM)
Dephostatin Me_ N NO 7.70 (CD45)
HO
OH
Amentoflavone OH 7.3 (PTP1B)

Nornuciferine H3CO O 5.3 (CD45)
H3CO ‘ NH
Anonaine O 0> 17.0 (CD45)
HN ‘ 0
HY ‘
Roemerine <0 O 107 (CD45)
N
0 ‘ CH3
(continued)
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Table 8.2: (continued)

Inhibitor Structure 1C50 (UM)

Quercetin 23.3 (PTP1B)

Uralenol 21.5 (PTP1B)

Broussochalcone A OH 36.8 (PTP1B)

Dihydrocarolic 1.2 (CD45)
acid 38.0 (PTP1B)
Penitricin D 2.3 (CD45)

15.8 (PTP1B)

Pulchellalactam 0 124 (CD45)

Dysidiolide 9.4 (Cdc25A)
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Table 8.2: (continued)

Inhibitor Structure 1C50 (UM)

Stevasteline A 2.7 (VHR)

3Chemical structures adapted from Ref [20]

show specificity for CD45 with lower ICso value of 1.2 uM and 2.3 pM respectively, as
opposed to PTP1B, who they inhibit with ICs, value of 38.0 pM and 15.8 pM, respec-
tively [72]. Inhibitors selective for CD45 over PTP1B also include the lactam-based
inhibitor pulchellalactam [73, 74].

Dysidiolide is a compound extracted from the marine sponge Dysidea etheria that
is reported to be specific for the Class III Cdc25 protein tyrosine phosphatases [75].
Dysidiolide is reported to be effective in reducing the growth of lung carcinoma A549
cell lines and the murine P388 leukemia cell lines. Stevastelines are a kind of
depsipeptides that are known to be inhibitors of the dual-specificity phosphatases,
including VHR. Stevastelines are reported to be immuno-suppressants that modulate
human lymphocyte blastogenesis by serving as VHR inhibitors with ICsy value of 2.7
UM in vitro [76, 77]. Tanshinones are diterpene pigments found in the roots of mint-
family perennial plants. Three types of tanshinones, namely isotanshinone, dihy-
droisotanshinone and isocryptotanshinone are reported to be PTP1B inhibitors and
are selective for PTP1B over VHR [78, 79].

8.2 Natural Product analogues as protein tyrosine phosphatase
inhibitors

Generation of analogues of natural products is a popular theme for inhibitor design
and drug discovery. Among these analogues are multi-cyclic aryl compounds 1,2-
naphthalenediones and 9,10-phenanthrenediones that reversibly inhibit CD45 [23],
indolyldihydroxyquinone derivatives that inhibit Cdc25 phosphatases [80] and benz-
bromarone that inhibits PTP1B with an ICs, value of 23.0 pM [81]. a-ketocarboxylic
acids (such as phenylglyoxylic acid) are reported to be inhibitors of the Yersinia
protein tyrosine phosphatase but owing to their small size are weak inhibitors with
IC5q value of 2.7 mM. These are used for designing peptide-based ketocarboxylic acid
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derivatives that can achieve higher protein tyrosine phosphatase inhibition reaching
IC5o value of 15.0 pM [82]. Oxaloaminobenzoic acid is a potent protein tyrosine
phosphatase inhibitor and is the minimal phenyl phosphate memetic used to make
further analogues [83]. Oxamic acid-based derivatives of oxalyaminobenzoic acid
have been used to generate inhibitors selective for PTP1B over TCPTP and also CD45,
SHPs, LAR and Cdc25 phosphatases (Figure 8.3) [83].

0 Compound 234

OH
0

Phenylglyoxylic acid

° (
OH
C\g\:nn 0 ~—?
OHOH

Oxalylamino benzoic acid

Active
site

0 Second
OH pocket

5-{2-fluoro-5-[3-(3-hydroxy-2-
methoxycarbonyl-phenoxy)-propenyl]-
phenyl}-isoxazole-3-carboxylic acid
(Compound 234) PDB ID: 1Q1M

Figure 8.3: Mode of protein tyrosine phosphatase inhibition by an analogue (Compound 234) derived
from natural inhibitor precursor phenylglyoxylic acid.

TU-572 is another natural product analogue that is reported to be a potent protein
tyrosine phosphatase inhibitor [25]. TU-572 is reported to impede the release of
histamine from rat peritoneal mast cells and inhibit hypersensitivity. TU-572 is a
derivative of benzimidazole of microbial origin and is the short form for
2-[(4-methylthiopyridin-2-yl)methylsulfinyl]-5-isopropoxybenzimidazole. TU-572 is
specific for CD45 inhibition and is reported to select CD45 over LAR, PTP1B and
VHR [84]. Although its mode of interaction with CD45 protein is unclear, it is
suggested that it does not involve irreversible covalent bond formation with the
active site cysteine.
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8.3 Reversible orthosteric inhibitors of protein tyrosine
phosphatases

Reversible inhibitor use non-covalent interactions to bind to enzymes and typically
have fast association and dissociation rates. Reversible inhibitors are either competi-
tive, the ones that bind to occlude the substrate from the active site or non-competitive
or inhibitors that bind the enzyme:substrate complex [85]. Reversible competitive
inhibitors of protein tyrosine phosphatases target their charged active sites and are
usually aryl derivatives that use their ring structures to navigate through the active site
cleft of these proteins. For example, 2-(benzothiazol-2-ylamino)-2-oxo-1-phenylethane-
sulfonic acid has been identified from a-sulfophenylacetic amide (SPAA) derivative-
based library screen has been identified as a potent, highly selective inhibitor of Class I
low molecular weight phosphatases [86]. The high selectivity of the compound for
LMPTP over the Class I protein tyrosine phosphatases is attributed to the distinct
electrostatic potential of the active site surface and differences in the signature motif.
More importantly, LMPTP is seen to accommodate the inhibitor a-phenyl ring using an
induced-fit mechanism to generate a hydrophobic pocket near the active site (Figure
8.4). Low micromolar concentrations of 2-(benzothiazol-2-ylamino)-2-oxo-1-pheny-
lethanesulfonic acid is reported to increase the phosphorylation of Protein Kinase B
in response to insulin signaling in the human HepG2 hepatocytes [86, 87]. Fragment-

LMW-PTP in complex with
2-(benzothiazol-2-ylamino)-2-oxo-1-
phenylethanesulfonic acid

DPYY loop
[)129

<

Competitive inhibitor
binds the enzyme
active site to occlude
the substrate

s .

o 2

= )

£ =

=

V-loo = S
PDB ID: 5KQP LMPTP accommodates the a-phenyl ring of the inhibitor:
PDB ID: 5KQG by creating a small secondary cavity on the surface

Figure 8.4: Competitive mode of enzyme inhibition: Class Il LMPTP inhibited by 2-(benzothiazol-
2-ylamino)-2-oxo-1-phenylethanesulfonic acid.
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based inhibitor design using the SPAA library has also identified an inhibitor that is
specific to the Mycobacterium tuberculosis LMPTP [88]. This inhibitor known as L335-
M34 is selective for the bacterial LMPTP over the human isoform and only targets to
inhibit signaling by the parasitic phosphatase. L335-M34 is reported to be bioavailable
and effective in lower lung inflammation when administered in combination with other
antituberculosis agents in guinea pig models [89].

Orthosteric uncompetitive inhibitors of LMPTP have been obtained from quino-
lone-based series of inhibitors using screens that use V. levels of the LMPTP
substrate 3-O-methylfluorescein phosphate (OMFP) [90]. These inhibitors and their
optimized version have been shown to be specific for class II LMPTP over the classic
class I protein tyrosine phosphatases and are reported to enhance insulin receptor-
mediated tyrosine phosphorylation in the liver. Biophysical experiments using iso-
thermal titration calorimetry (ITC), NMR spectroscopy and also X-ray crystallography
have provided evidence for the uncompetitive inhibition mode of these inhibitors.
Binding of these inhibitors to the apo LMPTP is weak and entropy driven, which is
switched to a stronger binding using an enthalpic drive under conditions saturating
the phosphatase with orthovanadate ions. 2-(4-([3-(piperidin-1-yl)propyl]amino)qui-
nolin-2-yl) benzonitrile essentially binds the enzyme:substrate complex in the phos-
phocysteine intermediate form to block the hydrolysis of the reaction intermediate
and locks the phosphatase in an inactive form (Figure 8.5). These inhibitors have
shown remarkable specificity for LMPTP, oral bioavailability and are reported to
reverse high-fat diet-induced diabetes in animal models.

LMW-PTP in complex with
2-(4-{[3-(piperidin-1-yl)propyl]amino}
quinolin-2-yl)benzonitrile

Uncompetitve
inhibitor binds the

enzyme: substrate  : ) }VOA P-loop

)'L r : o complex

V-loo
V-loop p
2-(4-{[3-(piperidin-1-

yDpropyllamino}quinolin-2-y itrile

: No uncompetitive inhibitor
PDB ID: 5JNS i PDBID: 5)NW

Figure 8.5: Uncompetitive mode of enzyme inhibition: Class Il LM-PTP inhibited by 2-(4-{[3-(piperidin-
1-yDpropyllamino} quinolin-2-yl) benzonitrile.

A reversible competitive orthosteric inhibitor of protein tyrosine phosphatases, AKB-
9778 has recently been under clinical trials for therapeutics for diabetic macular edema
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(DME). AKB-9778 was originally identified as a phosphotyrosine mimetic from a
phenylsulfamic acid core of Proctor & Gamble Pharmaceuticals [91]. Improvement in
drug design has allowed for the development of this inhibitor that targets the vascular
endothelial protein tyrosine phosphatase (VE-PTP or PTPf) with picomolar efficiency
(IC5o = 17.0 pM) [92]. The specificity of AKB-9778 for its target protein tyrosine phos-
phatase is substantiated by three biological evidences: (1) Treatment of adult mice with
AKB-9778 increases the phosphorylation status of angiopoietin receptor 2 (Tie2) and
results in decreased vascular leakage and neovascularization [93, 94], thereby mimick-
ing the phenotype of inducible VE-PTP deletion in mice models; (2) AKB-9778 admin-
istration mimics the effect of use of VE-PTP-specific antibodies in mice models; and (3)
AKB-9778 is reported to inhibit vascular leakage equally in healthy mice and mice
knockouts of DEP-1 protein tyrosine phosphatase, hence emphasizing the selectivity.

CPT-157633 is reported to be a PTP1B inhibitor and has been used to explore relief
from Rett Syndrome [95]. PTP1B is reported to be overexpressed in patients with Rett
Syndrome due to the mutations in its transcription regulator MECP2 [96]. CPT-157633
is a competitive inhibitor that targets the active site of PTP1B and occludes the
binding of its substrate proteins. Administration of CPT-157633 is reported to increase
the phosphorylation levels of tropomyosin receptor kinase B (TRKB) in wild type and
MECP2™"* mice models. PTP1B substrate-trapping mutants have identified TRKB as a
physiological tyrosine phosphatase substrate in the brain and augmentation of this
pathway via PTP1B is fast emerging as an efficient therapeutic strategy [97].

LTV-1 has been identified as an efficient inhibitor for the lymphoid tyrosine phos-
phatase Lyp (or PTPN22) in a screen using small molecule substrates [98]. LTV-1interacts
with P-loop active site cysteine and the nearby hydrophobic pocket of Lyp in the
WPD-loop open conformation. LTV-1 shows moderate selectivity for Lyp over PTP1B
and TCPTP but is effective in binding to Lyp over other PEST-PTPs. The role of LTV-1 has
been explored in resetting impaired immune cell tolerance in mice models of autoim-
munity that utilize human hematopoietic stem cells grafted on NSG-knockout mice [99].

8.4 Irreversible inhibitors of protein tyrosine phosphatases

The design of irreversible inhibitor relies on the chemical fragility of the active site of
cysteine and its susceptibility to oxidation. Selenic acid-based inhibitors have been
shown to be successful in covalently binding and inactivating the active site cysteines
of protein tyrosine phosphatases. The crystal structure of PTP1B with (4-((2S)-2-[(tert-
butoxycarbonyl)amino]-3-methoxy-3-oxopropyl)phenyl)methaneseleninic acid can be
used to visualize the seleno-sulfide bond between the irreversible inhibitor and Cys215
of PTP1B [100]. The WPD-loop is seen in the open conformation and the inhibitor is
seen to make additional interactions with the main-chain atoms of Gly220 and Arg221
of the P-loop and also the phenyl ring of Tyr46 of the phosphotyrosine-recognition loop
(Figure 8.6).
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PTP1B in complex with (4-{(25)-2-[(tert-butoxycarbonyl)amino]-
3-methoxy-3-oxopropyl}phenyl)methaneseleninic acid

Irreversible inhibitor covalently
modifies the active site cysteine
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bond
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Figure 8.6: Irreversible inhibition of protein tyrosine phosphatases: PTP1B in a dead-end complex
with (4-{(2S)-2-[(tert-butoxycarbonyl)amino]-3-methoxy-3-oxopropyl}phenyl)methaneseleninic acid.

STEP protein tyrosine phosphatase is a promising target for Alzheimer’s disease
and its deletion in mice models of the diseases is reported to improve cognition in these
animals [101, 102]. An irreversible inhibitor, TC-2153 was serendipitously discovered
from a sulfur-contaminated library of STEP inhibitors and is suggested to bind irrever-
sibly with active site Cys472 of STEP to lock it in the inactive state [103]. TC-2153 has
been reported to be a potent antianxiolytic and anticonvulsant in mice and also
improves memory and object recognition in mice models of Alzheimer’s disease.
Administration of TC-2153 increases the phosphorylated levels of Erk 1/2 and PTK 2§
(Pyk2) protein kinases and also the glutamate NMDA receptor subunit 2B [101].

Irreversible inhibitors have also been explored for the class III Cdc25 protein
tyrosine phosphatases. Collective inhibition of Cdc25A/B/C is reported to be promising
strategy for cancer therapy [104]. Discovery of quinone-based BN82685 compound has
paved the way for designing of a more efficient IRC-083864 heterocyclic bis-quinone
inhibitor of the Cdc25 phosphatases [105]. Both BN82685 and IRC-083864 are suggested
to deactivate Cdc25 phosphatases by modulating and/or oxidizing their active site
cysteine residue. Success of these inhibitors has been reported in inhibiting the growth
of primary acute myeloid leukemia and prostrate carcinomas [104, 106].

8.5 Bidentate inhibitors of protein tyrosine phosphatases

The bidentate inhibitor employs a strategy of targeting the conserved protein tyrosine
phosphatase active site in concert with an adjacent less conserved and hence protein-
specific pocket. This strategy is rooted in the specificity of protein tyrosine phosphatases
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for sequences that flank the incoming substrate phosphotyrosine for an efficient turn-
over [107]. The most crucial push for this approach has been provided by the uncovering
of second aryl-binding site in PTP1B that allows the protein to hind two phosphotyrosine
residues that are present in tandem in a given substrate sequence [108]. This pocket was
reported to be specific to PTP1B and promoted the idea of design of bivalent inhibitors
that could simultaneously target the adjacent pockets of the PTP1B surface [42]. The
active site is targeted using non-hydrolysable phosphotyrosine mimics such as phos-
phonodifluoromethyl phenylalanine (F,Pmp) (Figure 8.7) [109]. F,Pmp is a small mole-
cule that has low affinity for the active site of protein tyrosine phosphatases (0.55mM for
PTP1B and 11.2mM for PTP-MEG2). Using a lysine linker to fuse F,Pmp to a 3-bromo-4-
methylbenzoic amide group generates a compound with high selectivity for PTP1B and
an ICs of 120nM [110] (Inhibitor 1, Figure 8.7). In addition, this compound is ineffective
in inhibiting PTP-MEG2 even at high concentrations of 20pM. Accordingly, using an
ornithine linker to attach a 3-iodobenzoic amide group to F,Pmp creates an inhibitor
that is specific for PTP-MEG2 (IC5, = 0.9 uM) (Inhibitor 2, Figure 8.7) [111]. Similarly, this
approach of using chemically modified F,PMP as a core for development of bivalent
inhibitors has been used for TCPTP (Inhibitor 3, Figure 8.7) [112]. Improved bidentate
inhibitors of TCPTP and PTP-MEG2 (Inhibitors 3 and 4, Figure 8.7) have also shown
biological efficacy. Intracere-broventricular administration of the TCPTP inhibitor is
reported to enhance leptin phosphorylation levels at Tyr705 in mice models [110, 113].
PTP-MEG2 inhibitor has been reported to improve insulin sensitivity in diet-induced
obese mice [111].
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Figure 8.7: Phosphonodifluoromethyl phenylalanine (F,PMP) is a phosphotyrosine mimetic that
serves as precursor for generation of protein tyrosine phosphatase-specific inhibitors. Chemical
structures adapted from Ref. [20].
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The exploration of phosphotyrosine mimetics as active site inhibitors allowed for
the discovery of natural agents that could serve as protein tyrosine phosphatase
inhibitors. Salicylic acid was found to be a potent inhibitor of protein tyrosine
phosphatases and its napthyl and polyaryl derivatives were successful in achieving
protein selectivity [114, 115]. Bicyclic salicylic acid-based inhibitors have been shown
to bind and block various protein tyrosine phosphatases, including Lyp [116]. The
6-hydroxy-benzofuran-5-carboxylic acid moiety of inhibitor is seen to bind into the
active site of the protein and the inhibitor is reported to show a ninefold selectivity for
Lyp over other protein tyrosine phosphatases. 3-[(3-chlorophenyl)ethynyl]-2-(4-[2-
(cyclopropylamino)-2-oxoethoxy]phenyl)-6-hydroxy-1-benzofuran-5-carboxylic acid
binds Lyp with a K; = 110nM and uses its entire surface to access the peripheral
pockets of the protein (Figure 8.8). Salicylic acid-based bidentate II-B08 was identi-
fied as a potent inhibitor of SHP2 with an IC50=5.5 pM [117]. The compound has proven
to be effective in SHP2 inhibition in mast cell leukemia and xenograft models of lung
cancer [118, 119]. II-B0O8 has been developed into a second-generation inhibitor that
inhibits SHP2 with an IC5,=220nM and shows antitumor activity [120, 121].

Lyp in complex with 3-[(3-chlorophenyl)ethynyl]-2-{4-[2-
(cyclopropylamino)-2-oxoethoxy]phenyl]}-6-hydroxy-1-
benzofuran-5-carboxylic acid

Bidentate inhibitor binds the phosphatase at the active site
and spans peripheral pockets to make additional
interactions on the protein surface

WPD-loop ;'x/ P-loop
(open) / c231
B D5 _/

e

Q-loop

{ PDBID: 451

Figure 8.8: Bidentate inhibitors block the active site in conjunction with a peripheral site of the
surface of protein tyrosine phosphatases.

8.6 Allosteric inhibitors of protein tyrosine phosphatases

Allosteric inhibitors target specific pockets on the protein tyrosine phosphatase to bind
and lock the protein into a catalytically incompetent conformation. One of the earliest
reports of using an allosteric inhibitor for controlling protein tyrosine phosphatases
involves the benzofuran sulfonamide derivative of benzbromarone that allowed
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exploring the possibility of blocking the closing of the WPD-loop of PTP1B [81, 122].
Elaborate efforts by the scientific community to harness the allosteric pocket of PTP1B
has now led to the design of inhibitor MSI-1436 that is presently in phase I clinical trial
as a potent therapeutic for metastatic breast cancer. MSI-1436 was initially discovered
as an appetite suppressant in mice and was later known to target PTP1B at its
disordered C-terminal region [123, 124]. MSI-1436 binds PTP1B in a reversible noncom-
petitive manner near the C-terminal 09’ to induce a conformational change in the
protein leading to inactivation. This conformational change has been studied by
biophysical tools, including fluorescence energy transfer, NMR spectroscopy, isother-
mal calorimetry and also protease sensitivity measurements. MSI-1436 shows an ICsq =
600nM for PTP1B and is tenfold selective for PTP1B over its most similar TCPTP. It is
also about thirtyfold selective for PTP1B over CD45, PTP-PEST and LAR proteins.
Potential of MSI-1436 is also being explored for the cure of Duchene muscular dystro-
phy where PTP1B inhibition could allow for skeletal muscle regeneration [125].

The SHP2 allosteric inhibitor SHP099 has shown potential in slowing growth of
hematopoietic cancer cells dependent on JAK signaling [126, 127]. SHP099 has been
improved from the initial hit of SHP836 that binds a novel allosteric pocket formed at
the interface of its C-terminal SH2 and the protein tyrosine phosphatase domain and
stabilizes the enzyme in an autoinhibited closed inactive conformation (Figure 8.9).
The inhibitor is specific for SHP2 with an IC5;o = 71nM and is reported to not cross-
reacting with about 66 other protein tyrosine phosphatases. The inhibitor is also shown
to be bioavailable upon oral administration and a dosage of 75-100 mg/kg p.o. mice for
10 days is shown to decrease tumor cell growth in xenograft models.

SHP2 in complex with 5-[2, 3-
bis(chloranyl)phenyl]-2-[(3~{R}, 5~{S})-3, 5-
dimethylpiperazin-1-yl]pyrimidin-4-amine
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Figure 8.9: Allosteric inhibitors target pockets specific to a certain protein tyrosine phosphatase to
stabilize a distinct protein conformation.
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A CD45 allosteric inhibitor is reported to use the interface of its D1 and D2 protein
tyrosine phosphatase domains in the double domain protein [128]. The inhibitor
known as compound 211 was discovered from a 120,000 compound screen using
various structure analysis tools, including circular dichroism. The compound is
suggested to bind irreversibly in a noncompetitive way in the grove created by the
interface of the two domains of CD45. Conformational change is seen in CD45 but not
in LAR in the presence of this allosteric inhibitor. Administration of the compound is
reported to reduce inflammation in hypersensitive mouse models and increase in the
phosphorylation levels of LCK in Jurkat cells.

An allosteric inhibitor of dual-specificity phosphatase DUSP6 has been identified
from 5,000 diverse compounds using zebrafish as the model [129]. The compound BCI
inhibits DUSP6 by predictive binding to a crevice near helix o7 to prevent the
positioning of the general acid/base Asp262 required for its catalytic cycle. This
inhibitor-binding mode to DUSP6 has been predicted by docking studies and requires
further structural validation [130]. The compound is reported to be efficacious in
inducing death of cancer cells (ICso = 2.1 uM) and promotes growth factor signaling in
zebrafish embryos [131].

A unique inhibitor of the phosphatase of the regenerating liver (PRLs) is reported
to work by interfering with their oligomerization [132]. Compound 43 inhibits the
trimerization of PRLs but does not directly inhibit its catalytic activity. This inhibition
of PRL trimerization is enough for reducing the migration and viability of cancer cells
and affects their metastasis [133, 134]. Administration of this compound to mice
melanoma xenograft models blocked tumor growth and was well tolerated by these
mice after even 3 weeks of daily dosage.

8.7 Biologics-based therapeutic intervention of protein tyrosine
phosphatases

Two biologic-based approaches have been especially useful for targeting PTPo that
plays a crucial role in recovery after spinal cord injury and rheumatoid arthritis [135,
136]. PTPo uses its extracellular domains to interact with the components of the
extracellular matrix, including chondroitin sulfate proteoglycans (CSPG) and
heparin sulfate proteoglycans (HSPG) in a “proteoglycan switch” [137]. In this switch-
ing mechanism, the transmembrane HSPG bind the receptor PTPo to sequester them
away from sites of axonal growth into oligomeric clusters that occupy certain micro-
domains on the cell surface. This uneven distribution of the receptor protein tyrosine
phosphatase allows for enhanced tyrosine phosphorylation levels at axon growth
sites that require a signal to promote neuronal extension (Figure 8.10). Alternatively,
binding of the secreted CSPG competes with HSPG to bind PTPc and release their
oligomerization, thereby inhibiting neuronal growth by evenly distributing their
phosphotyrosine phosphatase activity.
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Figure 8.10: Harnessing the “proteoglycan switch” of PTPo for biologics-based therapeutics.

PTPo is expressed constitutively in the joint-lining cells called the fibroblasts-like
synoviocytes (FLS) where it is a target for therapeutics directed toward rheumatoid
arthritis [136]. FLS cells are reported to be hyper activated in rheumatoid arthritis where
they signal destruction of the joints by mediating inflammation. On the surface of these
synoviocytes, PTPo interacts with the proteoglycans present in the extracellular
matrix. The most prominent is its interaction with HSPG syndecan-4. Constitutive
interaction between syndecan-4 and PTPc maintains PTPo in inactive oligomers that
are sequestered away from its substrate protein ezrin. As ezrin is maintained in its
phosphorylated state (tyrosine phosphorylation by the PDGF-receptor tyrosine kinase),
it interacts with the cytoskeleton to promote cell invasion. Targeting this pathway with
as low as 20nM of RPTPo-Igl and Ig2 decoy protein has allowed for potential thera-
peutic intervention. The RPTPa-Ig1 and Ig2 decoy protein competes with the functional
PTPo from the syndecan-4:PTPo complex and allows its displacement to reach ezrin
and dephosphorylate it. Dephosphorylation of ezrin is sufficient to stall cell invasive-
ness and migration. Treatment using RPTPo-Igland Ig2 decoy protein has been shown
to be effective in reversing arthritis symptoms in the K/BxN serum-transfer model. In
addition, studies on mouse xenograft models have shown the potential of RPTPo-Igl
and Ig2 decoy protein in blocking FLS invasion in the cartilage in reversing symptoms
of rheumatoid arthritis. Very encouragingly, RPTPo-Ig1 and Ig2 decoy protein did not
show any effect on PTPo-null mouse models of rheumatoid arthritis or PTPg-null FLS
cells, thus indicating its high target specificity.

CSPG are reported to be more abundant in scar tissue, and their binding to PTPo
induces an inhibitory signal that stops axon regeneration. Manipulation of PTPo
activity in this scenario forms the basis of therapeutic intervention for recovery from
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spinal cord injury. In animal models of spinal cord injury, introducing a cell perme-
able wedge-domain peptide has allowed recuperation of these animals [135, 138].
Animals exhibit restoration of innervation to the spinal cord and also recovery of
locomotor and urinary functions. Wedge-domain peptide treatment of cultured sen-
sory neurons has allowed reduced CSPG-mediated inhibition of axon regeneration by
direct inhibition of PTPo. Peptide treatment is seen to mimic the PTPg knockout
phenotype showing axons penetrating the chondroitin sulfate-rich glial scars [139].
Inspiration for wedge-domain peptides stems from structural studies on PTPa and
LAR that exhibited a potential for inhibition via a homophilic interaction with
peptides designed around the N-terminal “wedge” of their membrane proximal D1
domains (Figure 8.10) [28]. The interaction between the wedge peptide and protein
target is reported to be highly specific, wherein LAR is only inhibited by the wedge of
LAR itself and not that of PTPp. The mechanistic working of the peptide is attributed
to the presence of a D1 domain-specific cleft in the double domain receptor protein
tyrosine phosphatases [140]. Recently, the therapeutic potential of these peptides has
also been explored in animal models of myocardial infarction [141]. The administra-
tion of PTPo-based wedge peptides (called intracellular sigma peptide or ISP) begin-
ning 3 days after myocardial injury showed a marked decrease in arrhythmia
susceptibility and promoted innervation of the damaged cardiac tissue.

8.8 Concluding remarks

Protein tyrosine phosphatases remain a lucrative and challenging drug target for
modulation of protein phosphorylation-based signaling pathways. The past few years
have seen substantial progress in the scientific community overcoming the challenges
posed by the conserved nature of the active site of protein tyrosine phosphatase to
achieve protein selectivity. Successful strategies have employed protein-specific deter-
minants to target distinctive exploratory methods in inhibitor design. Molecular knowl-
edge of the working of each protein tyrosine phosphatase has hence emerged to be of
utmost importance. The more challenging field of achieving protein tyrosine phospha-
tase activation by small molecules remains unconquered for use for therapeutic benefit.
As more studies find their way to understanding the working of these enzymes, more
avenues will open up for their molecular manipulation and strategic interplay.
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