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ABSTRACT
Reversible protein phosphorylation is an absolute mechanism of signaling
regulation in eukaryotic physiology as well as diseases. A change in phosphorylation
status of a protein, mainly on serine, threonine, and tyrosine residues, can be an
outcome of a shift in the activities (or access) of either kinase (phosphorylation) or
phosphatase (dephosphorylation) enzymes. Though in eukaryotes kinases
outnumber the phosphatases yet by counterbalancing the substrate-specific
kinases, phosphatases indeed play an eminent role in setting up the
phosphorylation levels.
Protein phosphatases belong to three broad families: phosphoprotein phosphatase
(PPP), protein phosphatase metal-dependent (PPM), and protein tyrosine
phosphatase (PTP), that dephosphorylate phospho -serine, -threonine, and tyrosine residues. Many PPMs and PTPs foster varied modular interacting domains,
whereas, PPPs are multi-protein holoenzyme units that are secured via proteinprotein interactions (PPIs). This “interaction-based” conjunctional assembly
instigate their cellular distribution, substrate specificity or selectivity, and
modulation of enzyme activity.
Given the importance of PPIs, a variety of techniques- protein microarray and yeast
two-hybrid analysis etc., have defined the whole protein interaction networks
(interactomes) of different eukaryotes (Saccharomyces cerevisiae, Caenorhabditis
elegans, and Drosophila melanogaster). More recently, affinity purification-mass
spectrometry (AP-MS), coupled with quantitative and cross-linking proteomics, has
been successfully applied to characterize human protein complexes and PPIs along
with their structure and stoichiometry. Consequently, attempts towards the
identification of individual subunits or binding partners (interactors) of human
protein phosphatase complexes have also been made. While many focused only on
specific phosphatases (immensely on PP1 and PP2), a majority of them still awaits
to be explained. Hence, lack of global interactomic studies on phosphatases and
their molecular dynamics has created a lag in our gross knowledge of their signaling
circuitry and functional webbing.

In this work, all three major human protein phosphatase families were studied
using AP-MS based proteomics (combining qualitative and quantitative methods)
with the foremost aim of providing the in-depth view on the phosphatase-complex
membership and the structure-activity based interaction network dynamics. The
results revealed numerous novel interactions for the phosphatase families,
underrepresented in the current literature, and many inadequately studied
candidates. More importantly, the obtained interactions shed light on distinct and
non-overlapping cellular roles of phosphatase families, which disregard the
promiscuity of their catalytic function. Inhibitor (Okadaic acid) induced changes in
the phosphatase PPIs and the site-specific phosphoproteomics expanded our
inclusive view on the regulation of their complex assembly, substrate-recognition,
and molecular function. The findings also uncovered the links between
phosphatases and certain cancers by virtue of their union with cancer-associated
proteins, enriched in our interaction data. Therefore, by anticipating effective
targets for possible future phosphatase-cancer therapies, the results from this
thesis contribute to our awareness of phosphatases in oncogenesis.
To conclude, the presented thesis renders new and high-quality information for
decoding phosphatase biology and will serve as a foundation for the further
functional investigation of phosphatase interactions.

I

REVIEW OF THE LITERATURE

1.

PROTEIN PHOSPHATASES

The response to external stimuli is headed by biochemical signal transduction
pathways, relaying information to the cell interior and steering the overall cellular
processes such as proliferation, migration, apoptosis, metabolism, and immunity,
within multicellular organisms. It is now recognized that the protein
phosphorylation, a reversible post-translational modification, is an essential
regulative element and is critically involved in diseases such as cancer (Mann and
Jensen, 2003; Manning et al., 2002a) (Figure 1).

Figure 1: Phospho-dephosphorylation cycle. Protein kinases catalyze the transfer of high-energy
phosphate group (ON) from ATP to the side-chains (-OH group) of serine, threonine, and tyrosine
amino acids in a target protein. While protein phosphatases reverse (OFF) the reaction by cleaving
(hydrolysis) this phosphate. (ATP= adenosine triphosphate, ADP= adenosine diphosphate, and Pi=
inorganic phosphate).

Eukaryotic protein phosphorylation is executed by 518 kinases, which promote
covalent attachment of phosphate group, typically, to hydroxyl-group (-OH)
containing serine (Ser), threonine (Thr), and tyrosine (Tyr) residues (Manning et al.,
2002b). Notably, their distribution in human proteome is found to be 86.4%, 11.2%,
and 1.8%, respectively (Olsen et al., 2006). On the other hand, removal
(dephosphorylation) of the phosphate group is mediated by ~200 phosphatases,
which provide the tight reversible and adjustable control for the signaling
1

meshwork (Sacco et al., 2012). The fact that most proteins are not phosphorylated
during “resting” condition establishes that phosphatases are even more biologically
vital than kinases in moderating phosphoprotein homeostasis. Because of their
unambiguous and very active part in numerous biological processes, protein
phosphatases are thus signified as immediate director and positive component of
phosphorylation-driven events rather than just a category of promiscuous/passive
“house-keeping” enzymes (Tonks, 2013).

2.

PROTEIN PHOSPHATASE FAMILIES

Kinases and phosphatases constitute 2-4% of the genes in a classic eukaryotic
genome (Manning et al., 2002b). With kinases being an enormous gene family,
clearly, a dichotomy exists between the encoded kinases (518) and phosphatases
(200) (Wang et al., 2014b). Despite this, various past studies have concluded that a
single phosphatase can act upon a great variety of substrates, phosphorylated by
more than one kinase. Therefore, rather than simply matching each kinase with a
phosphatase to reverse the phospho-modification, phosphatases have evolved
diversified strategies to coordinate their function with that of kinases.
Based on their structure and substrate specificity, protein phosphatases can be
grouped into three families and several sub-families that exhibit unique catalytic
signatures or domain sequences (Sacco et al., 2012) (Figure 2).

2

Figure 2: Human protein phosphatase classification. PTP (protein tyrosine phosphatase), PPP
(phosphoprotein phosphatase), and PPM (metal-dependent phosphatase) represent three broad
protein phosphatase families, each with their respective sub-families. The number of phosphatases
within each family is in parenthesis.

The protein phosphatases specific for pSer and pThr residues belong to two big
families: phosphoprotein phosphatase (PPP) and metal-dependent phosphatase
(PPM) families. The PPP family comprise three subfamilies: PP1, PP2A, and PP2B,
whereas the PPM family contain a single subfamily: PP2C. The third major family,
dominant for pTyr, is protein tyrosine phosphatase (PTP) family and contains
additional subfamily: dual-specificity phosphatases (DSPs) which are also able to
dephosphorylate pSer and pThr.
Devoid of any structural similarity, it is apparent that each family may have evolved
independently from different ancestral genes (Moorhead et al., 2009). However, a
considerable structural-functional diversity is achieved by docking of catalytic
subunits with either a large number of novel regulatory subunits and modules
(most PPP members) via protein-protein interactions (PPIs) or through fusion of
additional targeting domains and motifs (PPM and PTP members) (Alonso et al.,
2004; Tonks, 2006). These co-factors provide essential determinants for subcellular
localization, substrate specificity, modulation of phosphatase activity, and
regulation by covalent modification such as phosphorylation. Therefore, in order to
understand these attributes, it is imperative to explain the mechanisms of catalysis
and substrate-recognition of protein phosphatases at a molecular level (Roy and
Cyert, 2009; Virshup and Shenolikar, 2009).

3

2.1

Phosphoprotein Phosphatase family (PPP)

The PPP family is the largest family of Ser/Thr phosphatase, characterized by three
signature motifs within the catalytic domain (~30 kDa and ~280 amino acids):
GDXHG, GDXVDRG, and GNHE (Andreeva and Kutuzov, 2001) (Figure 3). The wellknown PP1, PP2A, PP2B (calcineurin), and PP5 along with PP6 and PP7
phosphatases represent its various subfamilies, showing a wide distribution and
ubiquitous expression in all eukaryotes. Despite highly conserved catalytic domain
sequence, PPP family members are distinguished by their associated regulatory
subunits, forming an array of stable heterodimeric or trimeric holoenzyme
complexes with unique substrate specificities and dissimilar physiological functions
(Hubbard and Cohen, 1993).

Figure 3: The PPP family sequence features. The catalytic core domain (sky blue) conserved motifsGDXHG, GDXVDRG, and GNHE are indicated for each PPP subfamilies along with the additional
features- BBH (CNB-binding helical domain; olive green), CBD (Ca2+/calmodulin-binding motif; blue),
AI (autoinhibitory domain; purple), and TPR (tetratricopeptide repeat; orange). Modified from Shi,
2009.

A bulk of the structural information about PPP family enzymes is accredited to the
various inhibitors and biological toxins- okadaic acid and microcystin etc., which
bind tightly to the active-site residues of the PPP catalytic subunit and differentially
alter their catalytic state (Maynes et al., 2001; Swingle et al., 2007; Xing et al., 2006).
For overall catalysis, PPP family enzymes require metal ion (Mg2+, Mn2+, Fe2+, and
Ca2+) activated water molecule or hydroxide ion for dephosphorylation reaction.
The biochemical and structural aspect of this single-step reaction are welldescribed by two great Ser/Thr phosphatases PP1 and PP2A, which together
4

account for >90% of protein phosphatase activity in eukaryotic cell and are involved
in controlling myriad cellular functions such as development, metabolism, cell cycle,
apoptosis, neuronal activities, and signaling regulation etc. (Shi, 2009).

2.1.1

Protein phosphatase 1 (PP1)

PP1 phosphatase is a multimeric complex of a catalytic subunit (C) and a number of
regulatory accessory subunits (R), held together by protein-protein interactions.
There are three isoforms of the catalytic subunit- PP1a, PP1b, and PP1g (~37 kDa),
which are encoded by distinct eukaryotic genes. Even though the nucleotide
sequences of these isoforms are ~95% identical, they can differentially associate
with at least 100 putative R-subunits to provide remarkable structural and
compositional heterogeneity to PP1 heteromeric complex (Cohen, 2004; Moorhead
et al., 2009).

Figure 4: The structure of PP1 catalytic fold and PP1-MYPT1 complex. (A) The ribbon model of PP1
catalytic domain, adopting an α/β fold with a β-sandwich (green) surrounded by helices (blue and
green) and β-sheets (red, orange, and yellow). The catalytic center lies within a Y-shaped cleft with
three branches: C-terminal, acidic, and hydrophobic grooves. The two metal ions Mn2+ or Fe2+ (green
spheres) are coordinated at the active center. The bound okadaic acid is shown as ball and stick
model. Modified from Maynes et al., 2001. (B) The surface representation of PP1 (blue) bound to its
regulatory subunit MYPT1 (myosin phosphatase targeting subunit 1; green), which interact to the
hydrophobic surface of PP1 catalytic subunit through RVXF motif (detailed atomic interaction; inset).
5

An ankyrin repeat domain and N-terminal helix of MYPT1 contact the C-terminal groove and surface
of PP1, respectively. The two active-site metal ions are highlighted as red spheres. Adapted from Shi,
2009.

The available X-ray crystallization structure of PP1 catalytic subunit highlights the
presence of a compact α/β fold, with a central β-sandwich (two β-sheets) wedged
between 7 α-helices on one side and 3 α-helices and 3 β-sheets on another side
(Goldberg et al., 1995) (Figure 4A). A shallow active-site is created at the interface
of β-sandwich and 3 β-sheets, coordinating two divalent metal ions Mn2+ or Fe2+
with highly invariant β-sandwich amino acids (three His, two Asp, and one Asn).
Notably, another Ser/Thr phosphatase PP2B also displays a similar catalytic domain
structure. Both metal ions and metal coordinating amino acids play an important
part in the catalysis (Barford et al., 1998). The metal ions bind and activate water
molecule (hydroxide ion), commencing a nucleophile attack on the phosphorous
atom in the catalytic site. Whereas, metal coordinating amino acids stabilize the
transition-state intermediates by acting as proton donors, which determines the
catalytic rate of the dephosphorylation reaction.
Distinct forms of PP1 holoenzymes are formed by the union of multiple regulatory
or targeting subunits with same catalytic subunit. These R-subunits confer in vivo
substrate specificity by directing PP1 complexes to particular subcellular location
and by changing PP1 enzymatic activity towards different substrates. The crystal
structure studies of PP1 in complex with the synthetic peptides and tissue-centric
glycogen-binding subunits (G) shows that most known R-subunits contain a primary
docking motif RVXF/W (Egloff et al., 1997). Later, an accurate biochemical and
molecular research of this core PP1-binding motif defines a further clear consensus
sequence of [H/K/R][A/C/H/K/M/N/Q/R/S/T/V][V] [C/H/K/N/Q/R/S/T][F/W]
(Meiselbach et al., 2006). Valine and phenylalanine/tryptophan in this sequence
interacts with a hydrophobic cleft on the surface of PP1, mediating a mutually
exclusive binding of R-subunit to catalytic subunit (Figure 4B). However, other
residues of this motif and its flanking sequences also play a key role in providing the
needed substrate affinity and distinction (Meiselbach et al., 2006).

6

2.1.2

Protein phosphatase 2 (PP2A)

PP2A, like PP1, is also a high-order complex of the catalytic subunit (C) and one or
more regulatory B-subunits. There are two isoforms of catalytic subunits- PP2a and
PP2b (~36 kDa) with ~98% amino acid sequences similarity, which can bind to a
structural/scaffolding A-subunit (~65 kDa) to form a heterodimeric core enzyme.
The active enzyme is a ternary complex of PP2A-core bound to several regulatory
B-subunits (Cho and Xu, 2007). Like PP1, structural-functional diversity of PP2A can
be explained by the presence of two isoforms of scaffolding A-subunit: PPP2R1A
(PP2A 65 kDa regulatory subunit A alpha isoform) and PPP2R1B (PP2A 65 kDa
regulatory subunit A beta isoform) along with at least 18 regulatory B-subunits
encoded by different genes.

Figure 5: The ribbon structure of the P2A enzyme. The heterodimeric PP2A core (left) is assembled
by an interaction between catalytic subunit (green) and HEAT (huntingtin-elongation-A subunit of
PP2A-TOR) repeats of the horseshoe-shaped scaffolding subunit (grey). The regulatory subunit B´
(yellow) binds to the catalytic subunit as well as to the HEAT repeats of the scaffolding subunit (grey)
forms heterotrimeric PP2A holoenzyme (right). The active site Mn2+ ions are shown as purple spheres.
Modified from Shi, 2009.

Although the PP1 and PP2A catalytic subunits are highly homologous and share
similar 3D structure, yet only PP2A associates with scaffolding A subunit. The PP2A
crystal structure shows that scaffolding subunit contains 15 HEAT repeats (39 amino
acids each; Huntingtin-Elongation-A subunit of PP2A-TOR), forming a flexible
horseshoe-shaped layout (Figure 5A) (Xing et al., 2006). Each HEAT repeat consists
of two antiparallel α-helices connected by inter- and intra-helical loops, which are
7

recognized by the C-subunit (repeats 11-15) and are responsible for holding the
PP2A-core via hydrophobic interactions. Similar to PP1, the PP2A catalysis residues
are also highly conserved and binds to two metal ions (presumably Mn2+), displaying
similar catalytic mechanism (metal-activated reaction) (Barford et al., 1998).
PP2A forms unique holoenzymes by gathering dimeric PP2A-core with a host of
regulatory subunits (B), which facilitate precise PP2A function (Figure 5B). These
PP2A regulatory subunits belong to four gene families: B/PR55 (4 genes PPP2R2AD; PP2A 55 kDa regulatory B subunit alpha-delta), B´/B56/PR61 (5 genes PPP2R5AE; PP2A 56 kDa regulatory subunit B´ alpha-epsilon), B´´/PR48/PR72 (3 genes
PPP2R3A-C; PP2A 72 or 48 kDa regulatory subunit B´´ alpha-gamma), and
B´´´/PR93/PR110 (3 genes STRN, STRN3-4; striatins), which binds to HEAT repeats
1-10 of scaffolding subunit (Cho and Xu, 2007). Whilst these subunits are
functionally related, they share a little sequence similarity and primary structure.
During assembly, both C- and B-subunits are recruited to the horseshoe-shaped
scaffold where the active-site of the C-subunit faces away from the scaffolding Asubunit and appears to be open for accommodating other PP2A substrates.
Therefore, A-subunit provides substantial structural flexibility due to its elongated
shape and can undergo various conformational changes, which helps to determine
the substrate specificity and multiplicity of PP2A complexes. Other Ser/Thr
phosphatases such as PP4 and PP6 (PP2A-like phosphatases) are also related to
PP2A and follows the same general rules for oligomeric assembly and regulation as
described for PP2A.

2.2

Protein Phosphatase Metal-dependent family (PPM)

The PPM family of Ser/Thr phosphatases include single subfamily: PP2C, which
require Mn2+ or Mg2+ ions for their catalytic activity (Barford et al., 1998).
Interestingly, other divalent ions such as Ca2+, Zn2+, and Ni2+ inactivates the PPM
enzymes by competitively inhibiting Mn2+ or Mg2+ binding. Unlike PPP enzymes, the
PPM family members are monomers that lack additional subunits and are
insensitive to broad-spectrum phosphatase-inhibitors (okadaic acid or microcystin)
(Swingle et al., 2007). However, the presence of extra domains confers unique
function to PPM enzymes. Though expressed at lower levels than other Ser/Thr
phosphatases, PPM family enzymes are highly conserved and play a central role in
8

stress-response signaling, growth, metabolism, and oncogenic transformations.
Evolved by series of gene duplications, the human genome encodes for 16 distinct
PPM genes that give rise to at least 22 different isozymes (by alternative splicing)
(Lammers and Lavi, 2007). The representative PPM members include: PPM1A
(PP2Cα), PPM1B (PP2Cβ), PPM1G (PP2Cϒ), PPM1D/Wip1 (PP2Cδ), PPM1L (PP2Cε),
PPM1J (PP2Cζ), PPM1M (PP2Cη), PPM1K (PP2Ck), PPM1F (CaMKPase; CaM-kinase
phosphatase), PPM1E (CaM-kinase phosphatase N), ILKAP (Integrin-Linked KinaseAssociated Phosphatase), and PHLPP2 (PH domain and Leucine-rich repeat Protein
Phosphatase). Notably, the PPM family members share no sequence similarity with
that of PPP family phosphatases, however, their structures are considerably similar.

2.2.1

Protein phosphatase 2Cα (PPM1A)

PP2C (~42 kDa) is the best-characterized PPM enzyme and is expressed in virtually
all tissues. The crystal structure of PP2C reveals two domains: an N-terminal
catalytic domain that is composed of 11 β-strands surrounded by 6 α-helices and a
90 residue C-terminal domain of three antiparallel α-helices (Das AK, 1996) (Figure
6 A and B).

Figure 6: The PPM family sequence features and the catalytic domain of PP2C. (A) The PPM family
signature motifs within the catalytic domain (light yellow) are labeled red and green along with
autoinhibitory domain (AI; purple). Modified from Shi, 2009. (B) The ribbon structure of PP2C
phosphatase domain illustrating central β-sandwich (inset), flanked by helices (turquoise). The
catalytic center is formed at the interface of two β-sheets and accommodates two Mn2+ ions (red
spheres). A remote C-terminal domain (yellow) consists of several helices only. Modified from Shi,
2009.
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The architecture of catalytic domain, common to all PP2C family enzymes, indicates
a central β-sandwich formed by two antiparallel β-sheets, each surrounded by two
antiparallel α-helices that are placed between two β-strands (Shi, 2009) (Figure 6B).
At the catalytic site, two Mn2+ ions are coordinated by four invariant aspartates and
a non-conserved glutamic acid residue of β-sandwich. Six water molecules
coordinate the two metal ions (hexacoordinate geometry), with one water
molecule bridging the two metal ions and four forming hydrogen bonds with
phosphate ion at catalytic site (Das AK, 1996). Similar to PPP enzymes,
dephosphorylation involve metal-activated water molecules (hydroxide ions) acting
as nucleophiles and attacking substrate-bound phosphorus atom in an SN2
mechanism (Das AK, 1996; Pan et al., 2015). Interestingly, dissociation of metal ions
from the catalytic site (using EDTA) inactivates the enzyme by abolishing phosphate
binding.
The subcellular targeting or substrate specificity of PP2C is speculated to be
provided by the peripheral C-terminal domain (not involved in catalysis), because
of the cleft that is created between it and the catalytic domain, and by secondary
domains- Leucine Rich Repeat (LPR) and Per-Arnt-Sim (PAS) domains etc. However,
it is still unclear how these accessory domains contribute to the phosphatase
activity and substrate-recognition.

2.3

Protein Tyrosine Phosphatase family (PTP)

The PTP family is the biggest family of human protein phosphatase, defined by the
short signature motif HCX5R (PTP motif), in which cysteine residue is catalytically
essential (Dixon, 1995). The human genome encodes for 107 PTP enzymes, which
in analogy to protein tyrosine kinases (PTKs) includes receptor-like transmembrane
and soluble cytosolic members. Interestingly, out of 107 PTPs, 11 are catalytically
inactive (pseudophosphatases), 2 dephosphorylate mRNA, and 13 dephosphorylate
inositol phospholipids (Andersen et al., 2004). Therefore, remaining 81 PTPs are
active enzymes with ubiquitous to cell type-restricted expression pattern.
Each PTP contains a highly conserved catalytic domain of ~280 residues that share
strong sequence similarity throughout the family. Their common 3D structure (α/β
structure) shows a central, highly twisted β-sheet (8-9 β-strands with 4 central
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parallel β-strands flanked by antiparallel β-strands), surrounded by α-helices (4 on
one side and 2 on the opposite side) (Barford et al., 1994) (Figure 7).

Figure 7: The catalytic fold of the PTP family phosphatases. The catalytic cleft is formed by highly
twisted 8 beta-sheets (1-8; turquoise and dark green) flanked by alpha-helices on both sides. The Ploop (PTP-loop) sits at the base of the active site and contains the PTP signature motif. The PTP activesite also accommodates WPD-loop (tryptophan-proline-aspartic acid-loop), which exist in either
open or closed conformations depending upon substrate bound or unbound states, respectively
(inset).

The active-site motif sequence HCX5R is located at the base of catalytic site cleft
and at the center of the molecule, which functions as a phosphate-binding loop (Ploop). PTP active-site is also formed by special surface loops called as WPD-loops
(Trp-Pro-Asp-loop), which contains essential residues (Aspartic acid) needed for
general acid/base catalysis, substrate-recognition, and catalytic turnover. The
phosphate group of pTyr is coordinated by main-chain amide group and the
arginine side-chain of the PTP motif so that the phosphorous atom is situated
adjacent to the catalytic cysteine. During pTyr dephosphorylation (two-step
reaction), cysteine residue triggers a nucleophile attack on phosphorous atom
followed by formation of phospho-cysteine intermediate, which is later hydrolyzed
by an activated water molecule in a phosphoryl-transfer reaction (Guan and Dixon,
1991). Notably, this cysteine-based catalytic mechanism of PTPs is somewhat
similar to GTP hydrolysis by GTPases.
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On the basis of their catalytic domain sequences, PTPs can be assigned to four
subfamilies: type I, II, and III cysteine-based PTPs, and the Asp-based phosphatases
(Alonso et al., 2004; Andersen et al., 2004).

2.3.1

Type I Cysteine-based PTPs

This is the largest PTP family (99 enzymes), which contains classical PTPs and VH1like, “dual-specificity” phosphatases (DSPs) (Alonso et al., 2004; Andersen et al.,
2004). Both classical PTPs and DSPs shares essentially the same cysteine-containing
core structure and catalytic mechanism. However, the catalytic pocket of DSPs is
relatively shallow but broader than that of classical PTPs, which is thought to be the
shape required for accommodating the pSer/pThr residues.

Figure 8: Schematic illustration of transmembrane and intracellular PTPs. (PTP= protein tyrosine
phosphatase, PEST=Pro-Glu-Ser-Thr, FERM domain= 4.1 protein, ezrin, radixin, and moesin domain,
12

PDZ= postsynaptic density protein, Drosophila disc large tumor suppressor, and zonula occludens-1
protein, BRO1= yeast vacuolar-sorting protein BRO1, and RDGS= Arg-Gly-Asp-Ser). Adapted from
Andersen et al., 2001.

(a) Classical PTPs: The 38 classical PTPs are strictly “pTyr-specific” and belong
to two groups: transmembrane receptor-like (RPTPs, 21) and intracellular nonreceptor like (NRPTPs, 17) (Andersen et al., 2001).
Many of the RPTPs displays features of cell adhesion molecules (CAM) (neural, NCAM and vascular, V-CAM) in their extracellular (ligand-binding) segments with
fibronectin-type III and immunoglobulin domains (Figure 8). One of the hallmarks
of the RPTPs is that most possess tandem catalytic domains in their intracellular
segment with maximally active membrane-proximal (D1) domain and inactive
membrane-distal (D2) domain (PTPRA or RPTPα is an exception) (Andersen et al.,
2001). The structural and functional diversity for RPTPs and NRPTPs is generated by
non-catalytic D2 domain and regulatory sequences flanking catalytic domain,
respectively, which are often important for their dimerization (via PPIs) and
subcellular distribution.

(b) VH1-like “dual-specificity” phosphatases (DSPs): There are about 61
DSPs, which are less well-conserved and termed as “dual-specificity” because they
can dephosphorylate both pTyr and pSer/pThr residues within the same protein
(Denu and Dixon, 1995). This heterogeneous group of PTPs comprise of VH1-like
phosphatases (related to a virulence factor VH1 of vaccinia virus) that can be further
subdivided on basis of the presence of explicit domains and sequence similarity:
MKPs (mitogen-activated protein kinase phosphatase; MAPK phosphatases),
atypical DSPs, CDC14s (cell cycle division phosphatases), PRLs (phosphatase of
regenerating liver), MTMs (myotubularins), PTENs (phosphatase and tensin
homologues deleted on chromosome 10), and slingshots (Patterson et al., 2009).
Briefly,
MKPs are best-characterized DSPs that dephosphorylate MAPKs at both pTyr and
pThr. They also contain an additional catalytically inactive N-terminal rhodaneselike domain or CDC25-homology domain.
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Atypical DSPs are evolutionary most ancient and phylogenetically quite distinct
from classical PTPs. They share some characteristics of MKPs but lack the Nterminal CH2 domain.
CDC14s are not so well-understood but dephosphorylated activation-loop pThr of
specific CDKs (cyclin-dependent kinase) during late mitotic events.
PRLs contains additional C-terminal CAAX box (C= cysteine, A= aliphatic amino acid,
X= serine, methionine, alanine, glutamine or cysteine amino acid) which allows
them to be post-translationally farnesylated and are susceptible to inactivation by
reversible oxidation.
MTMs and PTENs are only partially characterized and both dephosphorylate the
inositol phospholipids (D3-phosphate). While MTMs dephosphorylate
phosphatidylinositol-3,4-bisphosphate (PIP2) on internal membranes, the PTENs
primarily dephosphorylate phosphatidylinositol-3,4,5-trisphosphate (PIP3) at the
plasma membrane.
Slingshots contain additional 14-3-3 binding motifs, a C-terminal filamentous actin
binding site, and an SH3 (Proto-oncogene tyrosine-protein kinase Src Homology 3
domain)-binding motif. They dephosphorylate pSer and pThr of proteins in the ADF
(actin-depolymerization factor)/cofilin group.

2.3.2

Type II Cysteine-based PTPs

This subfamily contains only one phosphatase, an 18 kDa cytosolic (low molecular
weight PTP; LMWPTP), which is related to low molecular mass bacterial
phosphatases that are evolutionarily conserved (Alonso et al., 2004). The single
human LMWPTP gene, referred to as ACP1 (acid phosphatase 1), express two active
and one inactive (pseudophosphatase) isoforms through alternative splicing.
Though pTyr on many tyrosine kinases and their substrates can be
dephosphorylated by LMWPTP, its other functional and physiological aspects are
still unclear.
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2.3.3

Type III Cysteine-based PTPs

This subfamily comprises a small group of cell cycle regulators (M-phase inducer
phosphatase) that are known as CDC25 phosphatases (CDC25A, CDC25B, and
CDC25C). Their catalytic machinery is very similar to type I cysteine-based PTPs but
they are structurally unrelated. Like MKPs, the PTP signature motif in CDC25
phosphatases is flanked by two CDC25-homology domains (~25 residues) and
resembles more to bacterial rhodanese fold. They dephosphorylate pThr and pTyr
residues on the N-terminal inhibitory-loop of CDKs, leading to CDK activation and
cell cycle progression.

2.3.4

Asp-based phosphatases

This PTP subfamily contains two groups of enzymes: four EyAs (eyes absent) with a
pTyr specific activity and more heterogeneous HADs (haloacid dehalogenase) with
pSer/pTyr specific activities (Moorhead et al., 2007; Seifried et al., 2013). They differ
from all other PTPs in their catalytic mechanism where catalytic aspartic acid
(instead of cysteine) initiates a nucleophilic attack on the phosphoryl group of the
substrate and an Mg2+ ion is required as an obligatory cofactor for catalysis.

2.3.5

Pseudophosphatase PTPs

~ 10% of all PTPs are catalytically inactive enzymes, which possesses conserved PTP
domain but lack critical residues (cysteine, arginine, and aspartic acid) for catalysis
(Kharitidi et al., 2014). For example, STYX (phospho-serine/threonine/tyrosinebinding protein related to VH1 DSP) contains a naturally occurring substitution of
glycine for cysteine in the catalytic domain, which renders the phosphatase
inactive. Some D2 domains of RPTPs such as PTPRA (RPTPα), PTPRG (RPTPγ), and
PTPRZ (RPTPζ) also shows altered catalytic residues which impairs catalysis.
Interestingly, within PTP family, pesudophosphatases are mostly represented by
myotubularins (MTMs) with nearly half of them being catalytically inactive. By
complexing with other active MTM enzymes, such as in the case of active MTMR2pseudophosphatase MTMR5 complex, they could control both the enzymatic
activity and subcellular localization of active enzyme (Kim et al., 2003).
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3.

PROTEIN PHOSPHATASE REGULATION

To ensure the proper protein phosphorylation levels, both Ser/The phosphatases
and PTPs are tightly regulated to some extent by similar mechanisms of proteinprotein interactions, covalent modifications, and direct allosteric modulation of the
catalytic domain.
For many PPP enzymes, C-terminal region of catalytic domain appears to be crucial
for communicating the regulatory signal to the catalytic site. For example, kinasemediated phosphorylation of C-terminal Thr residue of PP1 catalytic subunit is
shown to inhibit its activity. Similarly, reversible methylation, performed by a pair
of methyltransferase (activation) and methylesterase (inhibition), of the C-terminal
leucine in a conserved TPDYFL motif of the catalytic subunit of PP2A is also reported
to alter the binding and catalytic affinity of the core enzyme (Xing et al., 2006). The
phosphatase activity is also guided by protein-protein interactions where myriad
proteins bind directly to the catalytic subunit and modulate its activity and
subcellular localization.

Figure 9: The protein phosphatase regulation by natural toxins and autoinhibitory elements. (A)
The PP2A catalytic subunit (blue) is occluded by natural toxin okadaic acid (brown). The right inset
depicts the detailed atomic interaction. The two metal ions are indicated as red spheres. Modified
from Xing et al., 2006. (B) The structure of PP5 illustrating the hydrophobic contact between
autoinhibitory αJ helix (purple) and TPR (tetratricopeptide repeat) domain (light purple), which
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blocks the catalytic channel of the phosphatase domain (green). The two metal ions at the binuclear
center are indicated as red spheres. Adapted from Shi, 2009.

In this regards, a number of endogenous inhibitory proteins (inhibitor-1, inhibitor2, nuclear inhibitor of protein phosphatase-1) and natural inhibitors/toxins
(microcystin and okadaic acid) are identified, which binds tightly to active-site of
PPPs and abolishes their interaction with other proteins or ligands (Figure 9A).
Another control mechanism for PPP enzymes is provided by the autoinhibition of
catalytic activity. For example, in case of PP2B and PP5 phosphatases, an
autoinhibitory domain (α-helical element and tetratricopeptide repeat domain,
respectively) lies over the substrate-binding channel of the catalytic domain and
blocks the substrate access to the active-site (Yang et al., 2005) (Figure 9B).
In analogy with PPP enzymes, PTPs are also subjected to fine-tuned regulation
which involves post-translational modifications, protein-protein interactions, and
autoinhibition etc. (Tonks, 2006). Many transmembrane PTPs are glycosylated (Nand O-linked carbohydrates) in their extracellular regions, while several DSPs are
modified with fatty acids (myristoylation and farnesylation) in their N- or C-terminal
regions (Alonso et al., 2004). Moreover, PTPs are often phosphorylated on Ser, Thr,
and Tyr residues themselves, which suggests that they are also substrates for
protein kinases. Especially, their tyrosine phosphorylation implies that they could
also be dephosphorylated by either autocatalysis or by other PTPs (in trans)
(Mustelin and Hunter, 2002). For example, the C-terminal of PTEN harbors casein
kinase 2 phosphorylation site, which regulates PTEN protein levels in the cell upon
phosphorylation followed by caspase activation.
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Figure 10: The protein tyrosine phosphatase regulation. (A) The oxidative mechanism of PTP
regulation by reactive oxygen species. The catalytic cysteine –SH group is in the thiolate anion (S -)
form under reduced condition (active). The oxidation by H 2O2 leads to the formation of sulphenic acid
(-SOH), which renders enzyme inactive. (B) The dimerization model of RPTP regulation. The activestate RPTPs are either dimers or monomers in which D1-D1 wedge motif interaction no longer occurs
due to phosphorylation. In the inactive state, RPTPs are dimerized when wedge motif of D1 domain
interacts with the active site of other D1 domain.

Many PTPs such as PTPN1 (PTP1B), PTEN, and CDC25C, have also been shown to be
oxidized transiently in response to various cellular stimuli which induces production
of reactive oxygen species such as H2O2 (hydrogen peroxide) (Figure 10A). In this
case, the active-site cysteine of PTPs is found to be susceptible to reversible
oxidation because of its micro-environment (low pKa), which inactivates PTP activity
(redox signaling). The dimerization of PTPs, especially, of some RPTPs (PTPRA and
PTPRC) provide another regulatory control, where an inhibitory helix-turn-helix
wedge motif from one domain occlude the active-site of the other partner domain
and attenuates the RPTP activity (dimer-induced inhibition) (Bilwes et al., 1996)
(Figure 10B). Apparently, oxidative stress also stabilizes the dimeric state of PTPRA
by inducing a conformational change in the D2 domain, which leads to change in
relative orientation of the two monomers in the dimer (rotational coupling).
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4.

PROTEIN PHOSPHATASES IN CANCERS

Historically, protein kinases have been the prime focus of cancer researchers and
major cancer drug targets, as many kinase-driven signaling cascades
(phosphorylation-relay) are overrepresented in various types of cancers. However,
protein dephosphorylation being the key process implicated in restoring signaling
homeostasis, it is not surprising that misregulation of protein phosphatases could
also be involved in the advent of human cancers and other diseases (Bollu et al.,
2017; Zhang and Claret, 2012) (Figure 11).

Figure 11: The signaling regulation by protein tyrosine phosphatases in cancer. The overview of
signaling pathways affected by PTPs, where inhibition of particular protein is indicated by black Tline. (JNK= c-Jun N-terminal kinase, JAK/STAT= Janus kinase/signal transducers and activators of
transcription, SRC= Proto-oncogene tyrosine-protein kinase Src, GRB2= Growth factor receptorbound protein 2, SOS= Son of sevenless, PI3K= Phosphoinositide 3-kinase, PIP2= Phosphatidylinositol
(4,5)-trisphosphate, PIP3= Phosphatidylinositol (3,4,5)-trisphosphate, PKB/AKT= Protein kinase B,
and mTOR= mechanistic target of rapamycin complex).
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In this direction, loss of phosphatase by genetic (frame-shift or point mutations,
chromosomal abnormalities) and epigenetic (promoter hypermethylation)
mechanisms have been reported in multiple cancers. For example, loss-of-function
mutations of PP2A catalytic and regulatory subunits are common in human tumors
(Lambrecht et al., 2018). Somatic alterations and homozygous deletions of the
PPP2R1B gene are observed in lung tumors and colorectal cancers, which leaves
defects in PP2A holoenzyme assembly (Ruediger et al., 2001). Several phosphatases
are also identified as the products of tumor suppressor genes including PP2A,
PHLPP2, PTPRJ, and PTEN, which are frequent targets of inactivation through
mutations or loss of heterozygosity in various cancers (Chen et al., 2011;
Ruivenkamp et al., 2003). PTEN gene is often lost in multiple tumor types such as in
advanced glial tumors (glioblastoma multiforme), prostate, endometrial, and renal
carcinomas, which leads to abnormally high PI3K-AKT (phosphoinositide 3 kinaseprotein kinase B) activation (Song et al., 2012; Stambolic et al., 1998).
Further, tumor-specific methylation (gene silencing) within the regulatory region
(cytosine-guanine nucleotide islands) of genes encoding PTPRG and PTPN13
phosphatases are identified in wide-range of adenocarcinomas, glioblastomas, and
squamous cell carcinomas (Shu et al., 2010; Zhu et al., 2008). More interestingly, a
number of malignant tumors are also driven by aberrant up-regulation of
phosphatases. For instance, high expression levels of PP4 catalytic (PP4C) and
regulatory (PPP4R2 and PPP4R3A) subunits were detected in malignant forms of
breast and lung tumors, while overexpression was noted in colon adenocarcinomas
(Mohammed et al., 2016; Sugiura et al., 2008). At the same time, gain-of-function
or activating mutations of phosphatases, such as of PTPN11 or SHP2 (cytosolic PTP)
in juvenile myelomonocytic leukemia, solid tumors, and Noonan syndrome
patients, have been found which causes increased PTP activity (Tartaglia et al.,
2001; Tartaglia et al., 2003).
With these examples, it could now be established that phosphatases hold the
potential to serve as prognostic markers for various cancer types, as exemplified by
PTP4A3, which appeared to be a promising biomarker for early stages of colorectal
cancers with liver and lung metastases (Bessette et al., 2008). Similarly, studies on
PPM1D (Wip1 phosphatase) mutations in ovarian, colorectal cancers and non20

small-cell lung carcinoma patients have highlighted it as another new diagnostic
biomarker in cancer patients (Peng et al., 2014; Yang et al., 2015).

4.1

Phosphatase-directed therapeutics

With the significant role of protein phosphatases in predisposition to human
cancers, it is now even more relevant to target phosphatase activity for anti-cancer
treatments. However, the phosphatases as candidates for cancer drug discovery is
a relatively new and progressing field in comparison to kinases, for which
tremendous efforts have been put forth by the research community and
pharmaceutical industries.

4.1.1

Challenges in phosphatase drug design

The structural complexity and functional versatility of phosphatases possess several
hurdles in the effective development of the phosphatase therapeutics (De Munter
et al., 2013; Lazo et al., 2017). At the sequence level, different Ser/Thr phosphatases
are expressed as isoforms, sharing a high sequence homology of the phosphatase
domains, which makes it difficult to distinguish and selectively target the
phosphatases. Then the combinatorial approach, where one catalytic subunit forms
a variety of holoenzymes, further complicates the situation for regulating the
phosphatase function by a single small compound. More so, the catalytic site of
phosphatases is positively charged and the screening of compound libraries usually
yield negatively charged inhibitors (nonhydrolyzable phosphotyrosine mimetics),
with a poor cell permeability and bioavailability. Because of their opposing activity
towards kinases and knowing that many anti-cancer drugs are kinase-inhibitors, it
is obvious to consider the phosphatase-activators as their equivalents for cancer
treatment design. However, enzyme activators are generally more difficult to
identify, compared to inhibitors, because most activators work allosterically and
enzyme assays designed to quantify an increase in output signals demands a higher
level of accuracy (Barr, 2010; Salamoun and Wipf, 2016; Zorn and Wells, 2010).
Despite these challenges, various strategies of targeting phosphatase catalytic
subunits or protein interaction motifs or individual phosphatase-substrate
complexes have been utilized to produce clinically relevant compounds or drugs.
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4.1.2

Ser/Thr phosphatase drug design

Because of the functional deregulation of phosphatases in cancer, many PPPs have
become an attractive target for drug development (Zhang et al., 2013b). A dozen of
natural inhibitors like okadaic acid, microcystin-LR, calyculin, cyclosporine-A, FK506,
cantharidin, and fostriecin have been successfully identified, which associate tightly
with the catalytic site and cause global inhibition of Ser/Thr phosphatasedephosphorylation (Swingle et al., 2007). For example, fostriecin is a PP2A/PP4
inhibitor that shows anti-tumor properties by forcing cancer cells prematurely into
mitosis and ultimately into apoptosis (Buck et al., 2003). Though most of these
exogenous cytotoxins do not show high selectivity and are not well-tolerated, the
structure-activity relationship (SAR) studies considering a minor difference in the
catalytic site residues, could be utilized to generate chief inhibitor-analogs with
distinctive phosphatase-selectivity and higher tumor-targeting efficacy. So far, only
fostriecin could enter the phase I clinical studies, due to its low cytotoxicity and
potent anti-tumor activity. Screening for a range of small molecules also produced
substrate-based cyclic phosphopeptide (for PPM1D) and nonphosphate-based (for
PHLPP2) catalytic domain inhibitors with enhanced cancer cell permeability and
potency (Sierecki et al., 2010; Yamaguchi et al., 2006).
Alternatively, small-peptides or –chemical compounds that mimic phosphataseinteracting motif (binding motif) of various protein substrates could also be utilized
in an anti-cancer approach which depends upon targeted disruption of
phosphatase holoenzyme complexes (Tappan and Chamberlin, 2008). Thus, various
synthetically modified RVXVF-peptides or high-affinity docking-site motif mimicking
molecules (salubrinal and trichostatin A) are exploited to prevent phosphatasesubstrate interactions and dephosphorylations. For instance, trichostatin A is a
histone deacetylase (HDAC) inhibitor which, by afflicting the PP1-HDAC6
interaction, exhibit anti-tumor characteristics (Zhang et al., 2013b). Similarly, an
OP449 peptide which antagonizes SET oncoprotein, a potent PP2A inhibitor that is
overexpressed in chronic and acute myeloid leukemias, is utilized as potential antileukemia therapeutic approach (Agarwal et al., 2014). The establishment of some
Ser/Thr phosphatase as tumor-suppressors also facilitated the search for
phosphatase-activators, which restore normal enzymatic function. In this context,
biochemical identification of both natural and small-molecule activators like
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NPLC0393 (for PP2C), FTY720 (for PP2A), and chaulmoogric acid (for PP5), has
proved to be a promising therapeutic intervention (Cher et al., 2010; Wang et al.,
2010; Zhang et al., 2013a).

4.1.3

Tyrosine phosphatase drug design

Excessive tyrosine phosphorylation, as a consequence of aberrant PTK-PTP balance,
is a hallmark of cancers and further strengthen the idea that PTPs could be the next
potential drug targets. The efforts of targeting PTP active-site by selective oxidation
of catalytic cysteine (cyclic sulfenyl-amide intermediate), which leaves PTP inactive,
has turned out be a viable approach for PTP therapeutics (Figure 10A). A number
of small-molecule inhibitors like sulfone-stabilized carbanions and 1,3-diketone
derivatives, have been identified which capture and stabilizes oxidized (van
Montfort et al., 2003). Such an approach has also been employed for CDC25
inactivation by quinone-based compounds.
More recently, conformation-specific antibodies have been used for the transient
trapping of the inactive PTPN1 (PTP1B). These antibodies are designed to recognize
the conserved sequence of the PTP active-site harboring oxidized cysteine.
Additionally, catalytic inhibition could also be achieved by other active-site directed
inhibitors like non-hydrolyzable pTyr-mimetics. However, their inefficient cellular
delivery and low bioavailability have led to the development of high-specificity
bidentate inhibitors, which targets the catalytic site and an adjacent substrate
binding region. Two such PTPN1 (PTPB1) inhibitors: ertiprotafib and
trodusquemine, have entered the clinical trials. Other PTP-specific inhibitors for or
PTPN11 or SHP2 (sodium stibogluconate) and PRL-3 (thienopyridone) are also being
tested for anti-cancer therapies.
The attempts of targeting phosphatase activity by receptor PTP dimerization has
also been reported as yet another good strategy for phosphatase-selective drug
designing (Bohmer et al., 2013) (Figure 10B). The small-molecules such as bidentate
antibodies and small peptides that disrupt or stabilizes dimeric structure could be
used to block downstream signaling. For example, a monoclonal antibody targeting
the extracellular regions of PTPRJ (DEP1) phosphatase has been identified that can
block angiogenesis in cancer cells. Several wedge-domain peptides against PTPRS
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(PTPσ) have been shown as inhibitors of RPTPs that binds the interface of
dimerization domains and have achieved appreciable success in cancer treatment
(Xie et al., 2006).

5.

PHOSPHATASE-SUBSTRATE RELATIONSHIP

Clearly, it is now well-perceived that high phosphatase activities enable versatile
tuning of cellular signals that dictates amplitude, timing, and directionality of signal
transduction events. Therefore, in order to define their molecular actions, it is
pivotal to identify the substrates of these enzymes. In kinases, substrate recognition
by active site depends upon consensus phosphorylation sequence, however, in
phosphatases this is guided by interactions between domains or docking motifs,
spatially separated from target phospho-binding site, and protein substrate. High
variability in these interaction motifs poses a challenge in concluding phosphatase
substrates. Hence, it is required to chart certain criteria or experimental standard
and robust methods for defining a putative phosphatase-substrate association
(Table 1).

Class

MS-based
method

Sub-class

Proteomics

Phosphoproteomics
Y2H-based methods
Intact cellFRET-based methods
based
methods Fluorescent colocalization
FCCS-based methods

Methods
Coverage
1. Stabilization: substrate-trapping, crosslinking, BioID
2. Isolation: GST pull-down, TAP, CoGeneral
immunoprecipitation
3. Identification: SILAC, ICAT, iTRAQ , SRM,
MRM, SWATH
IMAC, MOAC, immunoaffinity, chemical
General
modulation
Y2H, PCA, MaMTH, KISS, BiFC, PLA, M-Track
Target
FRET, UC-FRET, pcFRET, FLIM
Target
Immunoimmobilization, VIP, QD-VIP
Target
FCCS, RICS, FLCS
Target

Table 1: Methods for studying Phosphatase-Substrate relationships. (BioID= proximity dependent
biotin identification, GST= glutathione S-transferase, TAP= tandem affinity purification, SILAC= stable
isotope labeling with amino acid in cell culture, ICAT= isotope-coded affinity tag, iTRAQ= isobaric
tags for relative and absolute quantitation, SRM= selected reaction monitoring, MRM= multiple
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reaction monitoring, SWATH= sequential window acquisition of all theoretical fragment ion spectra,
IMAC= immobilized metal affinity chromatography, MOAC= metal oxide affinity chromatography,
Y2H= yeast 2-hybrid, PCA= protein-fragment complementation assay, MaMTH= mammalianmembrane two-hybrid, KISS= kinase substrate sensor, BiFC= bimolecular fluorescence
complementation, PLA= proximity ligation assay, M-Track= methyl-tracking, FRET= fluorescence
resonance energy transfer, UC-FRET= upconversion-FRET, pcFRET= photochromic-FRET, FLIM=
fluorescence lifetime imaging microscopy, VIP= versatile interacting peptide tag, QD-VIP= quantum
dots-VIP, FCCS= fluorescence cross-correlation spectroscopy, RICS= raster image correlation
spectroscopy, FLCS= fluorescence lifetime correlation spectroscopy). Modified from Fahs et al., 2016.

One such basis is the ability of target protein to interact with phosphatase
substrate-trapping mutant and form a stable enzyme-substrate complex
(Blanchelot 2005). For example, PTPs have catalytic site cysteine that forms a
covalent phospho-intermediate before complete dephosphorylation (hydrolysis) of
phosphate-moiety (Figure 12). Replacement of this active-site cysteine to serine
(C/S) allows the stable binding of tyrosine-phosphoprotein but blocks its
dephosphorylation, which leads to accumulation of phospho-intermediate.
Subsequently, this can be immunoprecipitated for the identification of trapped
substrate.

Figure 12: The protein tyrosine phosphatase catalytic mechanism. The catalytic site cysteine –SH
group (P-loop) attacks phosphorus-oxygen bond in the substrate and forms a phosphocysteine
intermediate. The catalytic aspartate (WPD-loop; Trp-Pro-Asp-loop) then utilize water molecule to
cleave (hydrolyze) phosphorous–sulfur bond and release the dephosphorylated substrate and free
phosphate. Modified from Zhao et al., 2015.
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Additionally, the demonstration of direct in vitro and in vivo dephosphorylation of
putative cellular protein can also be utilized as another approach in the assignment
of phosphatase substrate. One can monitor the substrate dephosphorylation
(release of a phosphate group) by using radiolabeled- or calorimetric-based, antiphospho antibodies- based, and even mass spectrometry-based detection systems.
These straightforward approaches not only detect overall phosphorylation levels of
phosphatase-substrate but also pinpoint the discrete phospho-sites, which can be
relevant for the modulation of biological signaling. Alternatively, in recent past
large-scale strategies have also been adopted, where information from highcontent siRNA screening, expression pattern, dephosphorylation profile, and
colocalization has been integrated to construct the cell wide phosphatase-substrate
networks.

6.

PROTEOMIC METHODS TO STUDY PHOSPHATASES

6.1

Affinity Purification and Mass Spectrometry (AP-MS)

Apparently, the bimolecular protein-protein interactions are essential for holding
giant macromolecular protein complexes and exerting their diverse purpose within
the cell. Therefore, it is pivotal to catalog these potential PPIs for gaining insight
into the global supra-molecular organization of biological systems. Not surprisingly,
former researchers have strived to discover members of protein complexes and
predict their physical interactions using standard biochemical and genetic
techniques such as tagged-protein purifications or pull-downs, antibody-based coimmunoprecipitation, and yeast two-hybrid systems, each with its own strengths
and weaknesses (Gavin and Hopf, 2006). Nevertheless, these approaches are
generally limited to specific protein complexes and are more relevant for the labscale analysis of individual pairwise or binary PPIs (direct) within small complexes
and local biological networks. For example, the yeast two-hybrid method was
employed for obtaining first interaction maps of organisms such as metazoan C.
elegans and yeast, with only few studies intended towards human complexes (Ito
et al., 2001; Li et al., 2004; Rual et al., 2005; Stanyon et al., 2004).
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Of late, generic experimentation of affinity purification followed by mass
spectrometry (AP-MS) has been utilized to successfully isolate the components and
map the PPIs of large stable complexes at proteome-wide manner. Several key
factors must be considered for such applications: the method must retain essential
elements of complex against unspecific protein background and all baits must be
processed under same conditions in order to yield reproducible and comparable
results. In this direction, expansion in epitope-tagging strategies (FLAG, protein A,
calmodulin binding protein, and Step tags etc.) and MS-instrumentation has
provided an unprecedented view on the interactomics of not only the yeast
complexes but also of higher eukaryotes (human and Drosophila) with complicated
networks (Guruharsha et al., 2011; Krogan et al., 2006; Oppermann et al., 2009).

Figure 13: General Proteomic workflow for AP-MS and BioID. The isogenic stable cell lines are
induced to express Twin-strep and hemaglutinin- tagged (SH; orange) and BirA-tagged (BirA; light
green) bait proteins using tetracycline and tetracycline+biotin, respectively. Notably, BirA-tag
biotinylate (brown dots) the proteins proximal to the bait. The binding partners of tagged bait protein
are single-step affinity-purified with strep-tactin beads (grey). The eluted proteins are trypsinized to
small peptides, which are analyzed by liquid chromatography-mass spectrometry (LC-MS). The data
is statistically processed by various bioinformatics tools to identify, quantify, and map protein
interaction networks.

This high-throughput AP-MS method (Figure 13) has three general steps: First, the
epitope-tagged exogenous protein (or bait) is expressed in cells to form a complex
with the endogenous components. Second, the protein complexes of tagged27

protein are isolated by single or double-step (dual) affinity purification. Third, the
parts of protein complexes are subsequently identified by nanoflow liquid
chromatography-mass spectrometry (LC-MS) based on the presence of proteinspecific unique peptides (Glatter et al., 2009). Because this robust system offers an
inducible expression of baits at near physiological levels and a high-speed protein
identification with superior sensitivity, it assures minimal false-positives or falsenegatives and high-reproducibility in deciphering the complex biophysical
interactions of multi-dimensional complexes (Varjosalo et al., 2013b).

6.1.1

Proximity-dependent Biotin Identification (BioID)

The protein complexes are inherently very dynamic entities, which besides forming
stable or direct interactions also establishes transient or indirect PPIs with
neighboring proteins to conclude their biological functions. In this scenario, the
conventional high-throughput methods might also display certain limitations
including the restricted capability to arrest weak, low abundance, and insoluble
protein interactors, which could lead to incomplete or erroneous interaction
analysis. Hence, the recently developed BioID design allows the identification of
those adjacent proteins and their short-lived PPIs under given cellular environment
by exploiting a promiscuous bacterial biotin ligase (BirA), which biotinylate (in situ)
lysine residue of nearby interacting proteins in a proximity-dependent manner
(Roux et al., 2012; Varnaite and MacNeill, 2016) (Figure 13). Because the radius of
biotin-labeling is ~10 nm, BioID, as a complementary method holds a great
advantage in capturing (streptavidin-mediated affinity purification) the
endogenous transient or weak close-by interactors that have even drifted away and
do not physically interact with bait protein (Kim et al., 2014).

6.2

Label-free quantitative proteomics

Generally, the large-scale AP-MS and BioID studies led to qualitative and descriptive
interaction portrait of protein complexes. However, it is also critical to determine
abundance (quantitative) changes and the stoichiometric estimates in the members
of protein complexes during the course of signaling or under well-defined cellular
conditions (Bantscheff et al., 2012). Indeed, this type of information can be
extracted from AP-MS data with various quantitative proteomic tools such as those
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based on stable isotope labeling of peptides, spectral counting, and label-free
precursor ion (MS1) signal intensities (Gingras et al., 2007; Neilson et al., 2011;
Zybailov et al., 2007). With the significant technical and cost-effective
improvements of MS-based proteomics, the label-free quantification (LFQ) has
become a widely adopted platform for studying quantitative interactomics as a
function of the underlying proteome (Wepf et al., 2009). The LFQ information,
characterized by intensity profiles of interactors across many samples, can be
depicted either as absolute protein abundance in the sample (absolute
quantification) or as the comparative change in protein amounts between two
states (relative quantification). Though the protein identification from AP-MS relies
on the detection of unique peptides, it should be noted that failure to identify or
detect a peptide does not always mean that the protein is absent from the sample.
Here, the non-labeling strategy of LFQ is, especially, ideal for investigating proteins
relatively low in abundance that could simply not be recognized by their peptide
due to the limited threshold of detection. Among various open source programs,
MaxQuant and Progenesis are sought-after quantitative proteomic tools that
provide the visualization, assessment, and extraction of LFQ-values from LC-MS
measurements (Mueller et al., 2008).
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II

AIMS OF THE STUDY

The primary goal of this thesis was to comprehensively elucidate the composition
of human protein phosphatase complexes and their interrelationships, with the
special interest in understanding their cellular protein interactions and
determinants of the high-order complex assembly. This objective was further
extended to explore the biological context of selected phosphatase interaction that
might be involved in regulating specific signaling pathway.
The individual aims of the presented studies were as follows:
 To perform a high-throughput proteomics analysis of the human protein
phosphatases from three families: PPP, PPM, and PTP
 To study both qualitative and quantitative effects of activity-inhibition,
mediated by Ser/Thr phosphatase inhibitor Okadaic acid, on the
phosphatase complex architecture and function.
 To outline the biological contribution of one of the identified novel
phosphatase interaction in the RET-MAPK signaling pathway.
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III

MATERIALS AND METHODS

1.

DNA Constructs (I-III)

Gateway® recombination technology (Thermo Fisher Scientific) was utilized for
creating all the DNA constructs. The entry vectors of all studied genes were
gathered from human ORFeome collection and were cloned at either N- or Cterminal of following tetracycline-inducible destination vectors:-

Destination vectors
pTO_HA_StrepIII_GW_FRT

Tag

Study

SHA

I, II, III

pTO_BirA_myc_GW_FRT

BirA-myc

I, II

pTO_StrepIII_HA_BirA_GW_FRT

SHA-BirA

III

Table 2: List of destination vectors used in the presented studies. (SHA= twin-strep and
hemagglutinin and BirA= modified biotin ligase). (Liu et al., 2018; Varjosalo et al., 2013a; Yadav et
al., 2017).

2.

Cell Lines and Cell Culture (I-III)

The experiments were conducted in following cell lines:-

Cell line
HEK293 Flp-In TRex
HEK293-MSR
HEK293
HeLa
HCT116
MDCK

Origin

Manufacturer

Culture media

I, II, III

Invitrogen

Human embryonic kidney

DMEM; Sigma
ATCC
Sigma

Human cervical cancer
Human colorectal cancer
ATCC
Madin-Darby canine kidney

Study

McCoy´s 5A; Sigma
MEM; Sigma

I, III
I, III
I, III
I
III

Table 3: List of cell lines and culture media used in described studies. (DMEM= Dulbecco’s modified
Eagle medium and MEM= minimum essential medium).
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All cell lines were grown in a humidified incubator at standard conditions of 37˚C
and 5% CO2. Recommended cell culture medium was always supplemented with
100 µg/ml penicillin-streptomycin and 10% fetal bovine serum (Sigma).

3.

Pharmacological Treatments (I, III)

The following chemical compounds and ligands were used in presented studies:-

Reagent
Okadaic acid
Wnt3a
GFRα1
GDNF

Manufacturer Concentration Treatment time
Santa Cruz
100 nM
3 hrs
Sigma
50 ng/ml
16 hrs
R & D systems
0.5 μg/ml
24 hrs
R & D systems
100 ng/ml
24 hrs

Study
I
I
III
III

Table 4: List of pharmacological reagents.

4.

Isogenic Stable Cell Line Generation (I-III)

HEK293 Flp-In T-Rex cells, containing single Flp Recombination Target (FRT)-site at
a transcriptionally active genomic locus, were co-transfected with pOG44
(Invitrogen) and the gene of interest (SHA- or BirA- tagged) expression vectors using
FuGENE 6 Transfection reagent (Promega). Here, pOG44 expressed Flprecombinase, which inserts single-copy of the gene of interest at FRT-site via
homologous recombination. Two days post-transfection, the cells were selected in
Hygromycin B (Invitrogen) for 3 weeks. The SHA- and BirA-tagged bait expression
was induced with tetracycline (1 µg/ml; Sigma) for 24 hrs. However, for BirA-tagged
baits, induction media was supplemented with biotin (50 µM). Certain phosphatase
(PPPs and PPMs) stable cell lines were also treated with okadaic acid (50 ng/ml; 3
hrs) prior to harvesting on ice (I) (Table 4). After centrifugation at 4°C, cell pellets
were snap-frozen in liquid nitrogen.

5.

Affinity Purification of Complexes (I-III)

For SHA-tagged pull-downs, the cell pellets were lysed in HENN-lysis buffer (50 mM
HEPES pH 8.0, 5 mM EDTA, 150 mM NaCl, 50 mM NaF, 0.5 % NP40, 1 mM DTT, 1.5
mM Na3VO4, 1 mM PMSF, and 1x protease inhibitors cocktail; Sigma). However, for
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BirA-tagged pull-downs, the lysis buffer was supplemented with 0.1% SDS and 80
U/ml Benzonase Nuclease (Santa Cruz). The cleared lysates were passed through
pre-washed Strep-Tactin sepharose beads (IBA GmbH) under gravity. Unbound
proteins were flushed away and bound proteins were eluted with 0.5 mM biotin
(Pierce) elution buffer.
The eluted proteins were reduced with Tris(2-carboxyethyl) phosphine, alkylated
with iodoacetamide, and digested with trypsin (overnight at 37°C; Promega). The
tryptic peptides were desalted using reverse-phase C18 microspin columns (The
Nest Group) as per manufacturer’s instructions.

6.
6.1

Proteomics (I-III)
Liquid Chromatography (LC) and Mass spectrometry (MS)

For LC-MS analysis peptide mixtures were applied to the following mass
spectrometers (Thermo Fisher Scientific) through online EASY nLC II- reverse phase
nanoflow system (Thermo Fisher Scientific) in positive-ion mode:-

Instrument
LTQ Qrbitrap XL
Velos Pro Qrbitrap Elite
Q Exactive™ Hybrid QuadrupoleOrbitrap

C18 pre-column
2 cm x 100 μm, 5 μm,
120 Å
2 cm x 75 μm, 2 μm,
100 Å

C18 analytical column
10 cm x 75 μm, 3 μm,
120 Å
15 cm x 50 μm, 3 μm,
100 Å

Study
I
I, II
I, III

Table 5: List of mass spectrometers used for peptide analysis.

The solvent gradient increased linearly from 5%-35% acetonitrile in 0.1% formic
acid at a flow rate of 300 nL/min for either 60 min (I, II) or 90 min (III). The detailed
MS-settings are described in Yadav et al., 2017.

6.2

Database Searches (I-III)

The identities of complex proteins (preys) and phosphopeptides were determined
by MS-data analysis software Proteome Discoverer (Thermo Fisher Scientific) using
SEQUEST and MaxQuant using Andromeda, respectively. All MS-spectral files
(.RAW) were processed against human reference proteome database
UniProtKB/Swiss-Prot (www.UniProt.org) at standard parameters of precursor (15
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ppm) and fragment (0.8 Da) mass tolerance, static (carbamidomethyl on Cysteine)
and dynamic (oxidation on Methionine) peptide modifications. Additional dynamic
peptide modifications of N-terminal (any) and C-terminal (biotin on Lysine) were
included for BioID MS-files (I-III). For phosphopeptide analysis, phospho S, T, Y with
molecular weights of +79.966 Da (I) and +85.966 Da (III) were applied.

7.

Bioinformatics (I-III)

Various post-search supplementary steps were performed in order to interpret the
protein and phosphopeptide identification results.

7.1

Data Filtering and Mining (I-III)

The high-confidence interactions (HCI) were obtained using SAINTexpress
(Significance Analysis of INTeractome) software, which converts label-free spectral
counts of a prey (purified with specific bait) into the probability value (SAINT Score)
of true interaction with reference to GFP negative controls (I). Additional filtering
against CRAPome (www.crapome.org), a repository of negative-control AP-MS
experiments, was performed to further eliminate the contaminating background
proteins and determine HCIs (I). Later, the information from following online
interfaces was integrated to explain the HCIs:-

Resource
Cytoscape 3.1.0
PINA 2.0
HPRD
DAVID 6.8
Interpro
COSMIC

Used for
Protein network visualization
Protein interaction annotation
Phosphatase bait localization
Gene Ontology analysis
Protein domain annotation
Cancer mutation catalogue
Mammalian protein complex
CORUM
annotation
IST Online
In silico cancer gene expression
PhosphoSitePlus Post-translational modifications

web-links
https://cytoscape.org/
http://omics.bjcancer.org/pina/
http://www.hprd.org/
https://david.ncifcrf.gov/home.jsp
https://www.ebi.ac.uk/interpro/
https://cancer.sanger.ac.uk/cosmic
http://mips.helmholtzmuenchen.de/corum/
http://ist.medisapiens.com/
https://www.phosphosite.org/

Study
I, II, III
I, II, III
I
I
I
I
I
I, III
I, III

Table 6: List of online database resources and web tools.
(PINA= protein interaction network analysis, HPRD= human protein reference database, DAVID=
database for annotation, visualization and integrated discovery, COSMIC= catalogue of somatic
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mutations in cancer, CORUM= comprehensive resource of mammalian protein complexes, and IST=
in silico transcriptomics).

7.2

Label-Free Protein Quantification (LFQ) (I)

The Progenesis software (Nonlinear Dynamics Limited) was used for label-free MS1
quantification of phosphatase interactors within the retention time window of 1065 min at default settings. The peak list, generated from the profile data of MS scans
and MS/MS spectra, was searched with Proteome Discoverer (SEQUEST) at the
same parameters as described above. The raw MS1 intensity of an identified
protein across all runs was considered as a measure of relative protein abundance.

8.
8.1

Other Assays
Co-Immunoprecipitation (Co-IP) and Western Blotting (I, III)

HEK293-MSR cells were co-transfected with the SHA-tagged and V5-tagged gene of
interest expression vectors. Their lysates were incubated with anti-HA agarose
beads (1 hr; Sigma) at 4°C and bound proteins were eluted with 2x Laemmli buffer.
For western blotting, denatured samples were separated on precast SDS-PAGE gels
(sodium dodecyl sulfate-polyacrylamide gel electrophoresis; Bio-Rad) and semi-dry
transferred onto nitrocellulose membrane (Whatman GmbH). The membranes
were incubated with the following primary antibodies: anti-V5 (Thermo Fisher
Scientific) (I, III), anti-HA.11 (BioLegend) (I, III), and anti-pTyr (clone 4G10; Merck)
(III). After washes, membranes were incubated with anti-mouse horseradish
peroxidase conjugated (GE Healthcare) secondary antibody (I, III) and bands were
detected by Amersham ECL (Electrochemiluminescence) reagent (GE Healthcare).

8.2

Luciferase Reporter Assay (I, II)

HEK293 (I, III) or HCT116 (I) cells were transfected with either wild-type or mutant
(SHA-tagged) form of the gene of interest expression vectors along with GFP and
ATF2-based (Activating Transcription Factor 2; Qiagen) (I) or pGal4-based (III) Firefly
luciferase reporters. An extra pGal4-BD-Elk 1 expression vector was also cotransfected in HEK293 cells for study III. SV-40 Renilla luciferase plasmid was always
used as internal control (I, III). Post-treatment with soluble ligands Wnt3a (I) or
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GDNF-GFRα1 (III), the luciferase reporter activity was measured using the DualLuciferase® Reporter Assay System (Promega) on ClarioSTAR (BMG Labtech)
multilabel-microplate reader.

8.3

Invasion assay (III)

The 3D collagen gel inserts were prepared in 24-well plates as previously described
in Sugiyama et al., 2013. Briefly, 2.2 mg/ml rat tail collagen I (Sigma-Aldrich)
solution was allowed to polymerize (37°C, 1 hr) in Falcon cell culture inserts.
Transfected MDCK cells were added on top of each 3D gels insert. Medium
supplemented with GDNF (50 ng) and GFRa1 (250 ng) was added to the lower
chamber. After 7 days cells were fixed with 4% paraformaldehyde and embedded
into paraffin. Hematoxylin and eosin-stained sections were imaged under a
fluorescent microscope (DM LB; Leica).

9.

Statistics (I, III)

In MS and luciferase experiments, fold changes were estimated from baitnormalized relative protein abundance (mean intensities) and replicate average
counts, respectively, as either treated vs. untreated or mutant vs. wild-type. A
student’s t-test was performed for comparison. p values of p < 0.01 (**) and p <
0.001 (***) for study I, while p < 0.001 (**) and p < 0.0001 (***) for study III defined
the significance. Error bars indicated either standard error of mean or standard
deviation where applicable (I, III).
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IV
1.

RESULTS AND DISCUSSION
PROTEOMICS LANDSCAPE: HUMAN PROTEIN
PHOSPHATASES (I)

Identities of protein phosphatase substrates and protein-protein interactions (PPIs)
remain one of the major questions, in order to define their molecular functions.
Therefore, to draw an accurate picture of human phosphatase interaction
landscape, we undertook an integrative global proteomic approach of AP-MS for
the large-scale identification of phosphatase-associated soluble proteins and
intracellular PPIs.

1.1

Protein phosphatase interactome profiling

The AP-MS enabled us to systematically recognize new elements of 52 catalytic
protein phosphatase subunits and 12 regulatory subunits from three major human
protein phosphatase families: PPP, PPM, and PTP. Their longest isoforms, wherever
possible, were cloned into Strep-Hemagglutinin-tagged (SHA) destination vectors.
Next, the stable isogenic HEK293 Flp-In T-REx cell lines with tetracycline-inducible
expression of each phosphatase bait were generated. The collected cells were
single-step affinity-purified and subjected to LC-MS analysis. The spectral files were
searched with MS-data analysis program SEQUEST against human protein sequence
reference database. The identified preys were statistically tested for significance
(interaction confidence score) using SAINT algorithm (Significance Analysis of
INTeractome) (Choi et al., 2011) and refined (low-quality or potential false-positive
hits) with CRAPome database (Mellacheruvu et al., 2013).
With this, a phosphatase binary interaction map (phosphatome) of 838 highconfidence probabilistic interactions (HCI), distributed among 480 stably associated
proteins was achieved. To assess the completeness, the results were compared
with publically available PPIs, which revealed that most (631; 75%) of these physical
interactions have not been detected before (Figure 14A). Expectedly, PPP family
members generated more high-scoring physical interactions per bait (median 38)
than average phosphatases (12.7 HCIs), with no correlation between the relative
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bait abundance and the number of PPIs. We also discovered a large number of novel
binary interactions for previously under-characterized phosphatases, especially
from PPM and PTP families.

Figure 14: (A) The proportion of previously known (blue) and novel (red) interactions within
phosphatase families. (B) The cluster of TP4A-complex showing several shared interactions between
TP4A1 and TP4A2, owing to their similar sequences (inset). UniProt entry names are used for
nomenclature. Adapted from Yadav et al., 2017.

We noted broad features of the phosphatase interactome topology where related
phosphatases were organized into the clusters or communities of interconnected
HCIs and proteins. However, the minute differences within these clusters explained
their bi-functional divergence during evolution. As exemplified by the TP4A
complexes (TP4A1-3 or PTP4A1-3), where both TP4A1 and TP4A2 collectively
interacted with metal ion transporters CNNMs (CNNM1-4) while TP4A3 did not
(Figure 14B).
The AP-MS interactions were also validated, independently, by BioID (in HEK293
Flp-In T-REx cells) and co-immunoprecipitation (in HEK293-MSR cells) methods,
with high verification rates of 77% and 69%, respectively. This demonstrated the
analytical quality of the entire dataset, which agreed with the reliability rates
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secured from other analogous network studies (Wang et al., 2014a; Varjosalo et al.,
2013a).

1.2

Overall biological significance

Because the attributes of PPIs could also furnish direct biological meaning to the
phosphatase actions, we combined proteomics and bioinformatics to grasp the
relevance of obtained HCIs. For this, the interacting prey proteins were examined
for Gene Ontology (GO) terms and structural domains etc. Interestingly, all three
families commenced a non-overlapping pattern for their enriched GO terms:
molecular function, biological processes, and cellular component. This property of
phosphatase interactors in our study clearly outfaced ʽʽpromiscuityʼʼ and pointed
towards their unique biology.

Figure 15: Gene Ontology analysis and phosphatases in cancers. (A) The pie chart for each
phosphatase family (PTP, PPP, and PPM) represents the number of interactors associated with
biological process (BP) terms. Top five BP terms are listed. (B) The graph illustrates the enrichment
of cancer proteins in human phosphatome (green dotted line n=23; p < 0.001), while the distribution
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of cancer proteins in 10,000 random networks (red dotted line n=15; 20, 200 proteins, and 515 HCIs).
Modified from Yadav et al., 2017.

For instance, biological processes classification revealed that most identified
proteins for PPP, PPM, and PTP families were associated with unique terms of
protein folding (19 proteins; 63%), cell-cell adhesion (10 proteins; 38%), and mRNA
regulation (34 proteins; 73%), respectively (Figure 15A). Notably, this analysis also
conveyed the structural organization of phosphatase complexes, where GO profile
of PPP family interactors successfully highlighted their multi-protein design
compared to other phosphatase families. Simultaneously, the DAVID analysis of
these interactors showed the presence of certain recurring structural motifs and
domains (HEAT, TCP1 WD40, and ankyrin etc.), which provided a deeper
perspective on their specialized functions that might have evolved through various
domain-domain interactions.
Further basal importance of the phosphatome organization was derived from their
involvement in human diseases, especially cancers. Out of 53 analyzed
phosphatases, 25 phosphatases were linked to 22 cancer-associated proteins
(phosphatase-CAPs network) that were related to different cancers as either tumor
suppressors or oncogenes. These CAPs were obtained with relatively higher
frequency in our phosphatome than from a random network of similar size (Figure
15B). Moreover, the brain tumors and leukemia emerged as two prominent cancer
types when these CAPs was scanned for their cancer tissue gene expression
profiles.

1.3

Quantitative network dynamics

One of the principal benefits of AP-MS is the ability to directly seize prime
condition-specific quantitative changes in the PPIs at a complex level. Therefore,
we adapted the label-free AP-MS quantitation (LFQ) approach to interrogate
network dynamics of protein phosphatases under the restrained condition. The
enzyme activities of PPP and PPM family phosphatases were obstructed by
chemical inhibitor okadaic acid, which occupies the catalytic pocket (Swingle et al.,
2007). Here, the LFQ analysis (MS1 quantification) not only showed the presence
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or absence of certain PPIs but also measured the protein abundance fluctuations in
the components of phosphatase complexes.
This idea was greatly translated by PP2A and PP1 matrices, where binary
interactions within several sub-complexes were significantly disrupted after
inhibitor treatment (Figure 16). For example, within PP2A-interacting striatin
module (STRIPAK complexes: PP2AA-core/striatins/STK26/SLMAP/STRPs and
PP2AA-core/striatins/CTTB2/CT2NL/SIKE1/ FGFR1OP2/PHOCN) we noticed ≥ 2-fold
decrease in the protein abundance of striatins, SLMAP, STRP1, CT2NL, SIKE1,
FGFR1OP2, and PHOCN proteins in presence of okadaic acid (Kean et al., 2011).
Such LFQ changes indicated a wide-spread perturbation of PPIs within PP2A
interactome, which ultimately lead to the dissociation of these specific entities from
PP2A-core.

Figure 16: Label-free AP-MS quantitation of PP2A complex. The graph represents the protein
abundance fold change (okadaic acid treated/untreated) in PP2A sub-components such as striatin
module, PP4, integrator, and TRiC (TCP1-ring complex; T-complex protein 1-ring complex) complexes.
UniProt entry names are used for nomenclature. Adapted from Yadav et al., 2017.
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Indeed, the interaction stability is also needed for the structure-function integrity
(or vice versa), which in cellular systems is, especially, dependent on protein
(de)phosphorylation. Therefore, by examining the okadaic acid-induced phosphochanges (phosphopeptide analysis) in phosphatase complex partners, with the
possibility of some being potential substrates, we detected site-specific
phosphorylation differences in these networks. For instance, the appearance of
several phospho-sites on STK26 and striatin proteins (STRN, STRN3, and STRP1)
after okadaic acid-induced PP2A inhibition indicted their hyper-phosphorylation
and explained their observed dislodging form PP2A-core as a consequence of
overall structural re-organization in PP2A-substrate complex.
In summary, our interactome study identified many novel interactions for poorly
characterized phosphatases, providing better functional understanding, and
expanded the structure-activity relationships of many biologically relevant
phosphatase-substrate interactions.

2.

PROTEOMICS SIDE-VIEW AS PROOF OF CONCEPT:
DROSOPHILA COMPLEX INTERVENTION (II)

Till date, Drosophila represents a great model for genetic research, yet many of its
proteins are still biophysically and functionally undetermined. Therefore, after
establishing the feasibility and precision of our proteomic pipeline in studying
human interactomics, we also sought to outline the protein complexes in fly-system
and deduced the role of nutrient sensing in growth and development of Drosophila.
Previously, it has been established that tissue growth is directed by the availability
of nutrients, which in turn is linked to protein biosynthesis. This is coordinated by
ribosome biogenesis, through Pol 1-mediated transcription of nucleolar rRNA (47S
pre-rRNA) (Kos and Tollervey, 2010; Schneider et al., 2006) (Figure 17A). In
Drosophila mTORC1 (mechanistic target of rapamycin complex 1), which act as a
nutrient sensor, is identified as one of the crucial key regulators of this process
(Powers and Walter, 1999). By activating both Pol 1-dependent rRNA transcription
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and transcription factors (TIF-1A and Myc) it contributes towards the nutrientdependent growth (Hannan et al., 2003) (Figure 17A). Notably, the rRNA
transcription itself is subjected to epigenetic regulation, where histone H4
acetylation and H3 tri-methylation is responsible for transcriptionally active-state
of rRNA, whereas, H3 methylation for rRNA gene silencing (Santoro and Grummt,
2005; Zhou et al., 2002). Though several regulatory components are identified for
such rRNA processing mechanisms, the other determinants are not yet to be
discovered.

2.1

PWP1 complex: Interactomic insights on rRNA processing

We implemented our scheme for uncovering molecular complex of one of the
insufficiently known Drosophila nuclear protein- Protein tryptophan protein 1
(PWP1 or endoneuclein), identified as growth-regulator in past studies (Casper et
al., 2011). This WD40 domain (Trp-Asp domain) rich protein is documented to bind
chromatin of rDNA with highly modified histone regions (H4K20me3) (Casper et al.,
2011; Shen et al., 2015). Besides that, PWP1 is also shown to extensively colocalize
with serine phosphorylated RNA Pol II (activated form) during the transcription,
however, its role in ribosomal gene regulation is not yet clear (Casper et al., 2011;
Suka et al., 2006). Therefore, to obtain a further comprehensive view on PWP1
functions we expressed and purified its whole protein complexes from fly S2 and
human HEK293 Flp-In T-REx cells, and employed both proteomic methods AP-MS
and BioID. Notably, Drosophila PWP1 exhibit 36% amino acid sequence similarity
with that of the human.
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Figure 17: PWP 1 complex in mTOR signaling. (A) mTOR1 signaling mechanism of cell growth, which
depends upon nutrients and energy supply for cell growth. The signaling intricacy involves regulation
of ribosome biogenesis and de novo protein synthesis through key multiprotein signaling complexes.
(IGF= insulin-like growth factor, mTORC1= mechanistic target of rapamycin complex 1, MYBBP1=
Myb-binding protein 1A, PWP1= protein tryptophan protein 1, Pol1= DNA polymerase 1, and NCL=
nucleolin). Modified from Liu et al., 2017. (B) The proteome organization of Drosophila (d) and
human (h) PWP1 complexes, showing clusters of functionally appropriate proteins that are engaged
in the regulation of PWP1 functions in mTOR signaling. Each functional cluster is color coded. UniProt
entry names are used for nomenclature. (Key: Bait= hexagons, interacting prey proteins= triangles,
and novel protein interactions= blue lines). Modified from Liu et al., 2017.

Consistent with its structure, we captured its peculiar interaction with T-complex
(chaperonin complex) subunits that also binds to WD40 repeats containing
substrates (Miyata et al., 2014) (Figure 17B). Various nucleolar interaction proteins
such as BRX1 (ribosome biogenesis protein BRX1 homolog), Nop56 (nucleolar
protein 56), and FBRL (fibrillarin), with established functions in pre-rRNA processing
and early ribosomal maturation, were also identified through our dual approach
(Figure 17B). Here, Myb-binding protein 1A (MBB1A) and nucleolin (NCL) proteins
were of special interest because they were suggested to coordinate Pol I-mediated
transcription and rRNA processing (Cong et al., 2012; Hochstatter et al., 2012)
(Figure 17A). Moreover, many other novel proteins involved in ribosome
biogenesis, male fertility, and carbohydrate metabolism were also retrieved, which
spotlighted its functions in ribosomal gene regulation, male germline stem cell
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maintenance, and nutrient-dependent animal growth (Casper et al., 2011; Shen et
al., 2015).
To sum up, the proteomic analysis of PWP1 not only markedly expanded its lesserknown roles in rRNA processing and regulation but also verified our AP-MS dual
strategy across different species.

3.

PROTEIN TYROSINE PHOSPHATASE-ALPHA: NOVEL
REGULATOR OF RET SIGNALING (unpublished, III)

We extended our phosphatase interactome study by drawing the molecular and
functional outlook of phosphatase-prey association, particularly, of PTPRA-GDNFGRB2 interaction (I). Interestingly, our systematic results showed a novel
interaction between PTPRA and neurotrophic factor GNDF (glial-cell-derived
neurotrophic factor), which was responsible for activation of RET (Rearranged
during Transfection) during neuronal and kidney morphogenesis (Durbec et al.,
1996; Sainio et al., 1997) (I). Whereas, GRB2 (Growth factor receptor-bound protein
2), along with other adaptor proteins, was previously shown to bind activated
(phosphorylated) RET for downstream signal propagation, via Ras-MAPK (Rasmitogen-activated protein kinase), PI3K-AKT (phosphoinositide 3 kinase- protein
kinase B), and PLC-γ (phospholipase C gamma) pathways (Alberti et al., 1998; Besset
et al., 2000; Hayashi et al., 2000). Our phosphatome also highlighted the connection
of high PTPRA expression to various brain-derived tumors (neuroblastoma and
glioma etc.) (I) and, simultaneously, aberrant RET functions were also reported in
tumors of neuronal origin (brain, thyroid, and kidney) (Eng, 1999; Flavin et al., 2012;
Peterson and Bogenmann, 2004). This similarity leads us to postulate that PTPRA in
complex with RET kinase might play a regulatory role in GDNF-mediated Ras-MAPK
signaling, with putative significance in neuronal development and pathogenesis.

3.1

PTPRA forms complex with RET and inhibits RET signaling

Structurally, both PTPRA and RET are transmembrane receptor-like proteins, with
multiple extracellular and intracellular domains. PTPRA has a small glycosylated
extracellular domain and two intracellular phosphatase domains D1 (membrane45

proximal) and D2 (membrane-distal) (Daum et al., 1994; Wang and Pallen, 1991).
Whereas, RET has several cell surface cadherin-like domains with a cysteine-rich
region and a cytoplasmic tyrosine kinase domain (Ibanez, 2013). Here, through CoIP experiments in HEK293-MSR cells, we established the physical interaction
between PTPRA and RET by utilizing phosphatase-dead (C/S) PTPRA mutants: C433S
in D1 domain and C723S in D2 domain, which act as “substrate-trapping” mutants
because they can bind but cannot dephosphorylate the target protein (Figure 18A).

Figure 18: PTPRA-RET interaction and signaling impact. (A) The Co-IP of SHA-tagged PTPRA full
length and substrate-trapping (C433S and C723S) mutants with V5-tagged RET shows their
bimolecular interaction. (B) The Ras-MAPK activation luciferase assays show a dose-dependent
inhibitory role of PTPRA on RET signaling upon GFRα1-GDNF ligand stimulation. (Key: Blue bar=
untreated condition, orange bar= ligand treated condition, error bars= standard deviation, **= p <
0.001, and ***= p < 0.0001)

The functional importance of PTPRA-RET interaction was drawn by employing RETMAPK activation luciferase detection system, where luciferase reporter gene
activity in HEK293 cells is measured upon ligand-mediated RET stimulation. Our
luciferase assays, when cells were co-stimulated with GFRα1 (GDNF family receptor
alpha 1) and GDNF ligand co-complex, the PTPRA showed a significant (~1.9-fold)
decrease in luciferase signal. This not only showed that PTPRA down-regulated the
RET-pathway activity in a dose-dependent manner but also indicated that such
PTPRA response could serve as a potential regulatory mechanism in human cancers
(Figure 18B).
46

Therefore, we also studied the effect of PTPRA on activities of two oncogenic RET
MEN2 (multiple endocrine neoplasia type 2) mutants MEN2A (C634R) and MEN2B
(M918T) in HEK293 cells. MEN2A is dimeric and MEN2B is monomeric RET forms,
that are constitutively active even in absence of their stimulating ligand (Eng and
Mulligan, 1997; Santoro et al., 2004). In luciferase assays, PTPRA decreased MEN2AMAPK activity by up to ~2.6-fold, while no effect on MEN2B was obtained, which
concluded that PTPRA inhibits the activity of cancer-causing MEN2A protein, most
likely by preferential binding to dimeric RET forms.

3.2

PTPRA represses cancer phenotype

The elevated RET-MAPK signaling is often responsible for the deregulation of
normal cell growth, survival, and migration and serves as a key factor in the onset
of many neuronal cancers. The fact that PTPRA restricted RET and MEN2Amediated Ras-MAPK pathway activity in our experiments, this directed us to check
whether these molecular effects of PTPRA has direct repercussions in controlling
cancer-related traits.

Figure 19: PTPRA effects on RET- induced cell invasion. (Upper panel) The RET-MEN2A oncogenic
variant, bearing point mutation (C634R) in cysteine-rich motif, causes ligand-independent RET
receptor dimerization, autophosphorylation, constitutive activation of downstream signaling (eg.
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Ras-MAPK pathway), and overall cell growth abnormalities such as invasion. (Lower panel) PTPRA
dephosphorylates RET-MEN2A and “switch-off” the uncontrolled downstream pathway signals,
thereby, restoring the normal growth functions as shown by the decrease in cell invasion capacity.

In MDCK cell invasion assays, we found that PTPRA expression obstructed the
invasion of MEN2A expressing cells, which established that PTPRA indeed governs
tumor suppressive role in cancer progression (Figure 19). However, MEN2B
expressing cells still remained highly invasive, which supports the above the
mentioned luciferase assays results.
To conclude, this study revealed that PTPRA effectively limited the activities of both
RET and MEN2A proteins. As though, many cellular targets and biological
implications for PTPRA are yet to be discovered, we presented RET as a novel
physiological substrate of PTPRA, where PTPRA imposed negative regulation on
GDNF-RET signaling. We also demarked the tumor suppressive role of PTPRA in
tuning RET functions, that might provide a key anti-cancer mechanism in neuronal
tumors.
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V

CONCLUSION AND FUTURE PROSPECTS

Protein kinase and phosphatases, often cooperate to regulate a broad spectrum of
cellular signaling responses via dynamic protein phosphorylation/
dephosphorylation. Evidently, kinases drew most attention of the scientific
community because of their indispensable functions and prominent association
with human cancers. However, this thesis aims to shed new light on the overall
molecular context of human protein phosphatases in terms of their multi-protein
organization and biological activity, which constrain their view as merely “erasers”
that turn off signaling (I, III). Through proteomic inspection, we provided an
extensive systematic characterization of human protein phosphatases (PPP, PPM,
and, PTP families) (I). Some were identified as important regulators, many of them
are still under-studied. Hence, it was not surprising that their system-wide analysis
disclosed protein-protein interactions that were not identified before. Indeed, the
reliability of these large-scale results very much depends upon the high accuracy
and reproducibility of the applied strategy. Therefore, the utter advantage of our
proteomic method was also tested in the Drosophila system for investigating key
component of, rather unexplored, PWP1 complex (II). From dual AP-MS and BioID
approach, we identified relevant PWP1 interacting proteins that were involved in
regulating nutrient-dependent growth, which aptly widened the previously
undetermined functional role of PWP1 in these organisms (II). Moreover, a
significant overlap was also observed in PWP1 complex composition between
human and Drosophila, which verified the overall feasibility of our approach across
different species (II).
Bioinformatics analysis remains an indispensable part of modern high-throughput
proteomic studies. Thereby, integrating information from various resources, we
placed phosphatase interaction into diverse functional perspective (I). This aspect
of our study furnished the deeper biological meaning of phosphatase interactions,
with clear distinction among phosphatase families, and enabled us to highlight
“non-promiscuity” of phosphatase actions in cellular events (I).
Human cancer is a major consequence of the deregulation of these cellular events.
Here, we identified a significant link of phosphatases and their interactors to
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cancers, such as brain tumors and leukemia, with high frequency, which indicated
that even phosphatases are crucial hubs for signaling regulation in origin of cancer
(I). This feature was further demonstrated by studying the role of PTPRA
phosphatase and its novel substrate RET kinase in regulating ligand-mediated
(GDNF/GFRα1) Ras-MAPK signaling (III). The PTPRA catalyzed dephosphorylation
was not only observed for RET but also for its cancer mutant RET-MEN2A, which
was responsible for neuroendocrine tumors especially thyroid and adrenals
carcinomas. Additionally, PTPRA also undermined the RET as well as RET-MEN2A
MAPK signaling activities, with direct effects on cancer phenotype such as cell
invasion (III). This clearly, advocated PTPRA tumor suppressive capacity in
controlling cancer progression through key signaling channels.
Knowing that most cancer-drugs are biased towards kinases and only handful of
phosphatase-drugs are in clinical trials, our phosphatase-cancer protein
interactions also showed that they are undeniable targets for future drug
development (I). In this regard, alterations (disruption/stabilization) of
phosphatase complex can impart promising clues for drug-design (I, III). In fact, by
precisely elucidating the dynamics of phosphatase and their interactions upon
inhibition (Okadaic acid) through our label-free quantitative approach, we also
provided an experimental basis for such implications (I). Here, via examples of PP1
and PP2A phosphatase complexes, we pinpointed the molecular changes at
phosphorylation levels that can be exploited for maneuvering specific phosphatasetarget (or substrate) relationships in certain cancers (I). In addition, the interaction
stabilization by use of phosphatase substrate-trapping mutants, such as active-site
C/S mutants utilized for PTPRA and RET study, can facilitate new practical solutions
(III). Because many cancerous conditions arise due to either heightened kinase
activities or expression, the discovery of novel phosphatase-kinase interactions, like
the one between PTPRA-RET, could possibly present an innovative plot for futuristic
anti-cancer applications (III).
Taken together, this thesis presents the functionally informative interactions of
human phosphatases that, in absence of such large-scale studies, provide better
understanding and a unique knowledge base with high-reliability. Nevertheless,
detailed bio-functionality of these novel interactions are unexplained, which also
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lay the foundation for more future molecular investigations, especially, for
delineating phosphatase-substrate cross-talk and complex assembly. Finally, it can
be emphasized that high coverage of phosphatases in cancers will yield alternativedrug discovery schemes for guiding cancer specific signaling regulation.
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