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Preface

The famous Sun temple of Konark in India represents the chariot of the Sun God
(Surya) that is pulled by seven horses. This beautiful structure carved out of stone is
a good example of management where the seven horses must be controlled for the
proper movement of the chariot. The charioteer controls the movement of the char-
iot through a “leash” that is tied to each of the horses. Nature too has its own set of
controls that act as leashes to modulate the nuances of cellular functions. This book
is dedicated to the understanding of one such group of controls in plants, which
function as highly effective components of the signal transduction mechanism.

In today’s scenario, human health, food security, natural resources like water, air,
and soil (pollution as well as conservation) are the pertinent issues affecting man-
kind. Though food security is a major challenge at all levels, it is particularly impor-
tant for the plant biologists, especially in the context of climate change and scarcity
of arable land. Environmental stresses (both abiotic and biotic) and extensive
anthropogenic activities have contributed significantly to the drastic decline in crop
productivity over the years. Researchers have made significant agronomic advances
by crop improvement through extensive breeding and to some extent by genetic
manipulation. The genomic and post-genomic eras have witnessed the use of
advanced tools of gene manipulation and genetic engineering, to target a large num-
ber of genes for imparting stress tolerance in plants. Plant biologists are trying to
understand and explore the structural and functional relationship of gene(s) and
gene families, in the context of different physiological and developmental aspects of
the plant life cycle. However, the efforts to develop stress-tolerant crop varieties
have not been much successful. In lieu of this, we still require a detailed understand-
ing of the mechanisms underlying stress perception, transduction as molecular sig-
nals, and finally translation into defense or adaptive responses by plants.

Signaling pathways act as “nodes and hubs,” regulating myriad stimuli including
stress signals. These nodes and hubs also regulate the cross talk and disparate chan-
neling of stress signals and hence fine-tune the stimulus—response-coupling process
with the generation of adaptive responses. These mechanisms maintain a homeo-
static balance in the living systems in concomitance with stress perception and the
ensuing responses. There are several controls or molecular switches which turn
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these biological processes and signaling pathways “on and off.” Posttranslational
modifications of a protein can act as one of the key molecular switches in an organ-
ism. Protein phosphorylation is one such covalent modification that regulates sig-
naling cascades through the activation or deactivation of the components involved
in maintenance of a homeostatic state. This process of reversible regulation is car-
ried out through two groups of enzymes, kinases, and phosphatases. Kinases phos-
phorylate target proteins by adding a phosphate to the hydroxyl group on amino
acid residues, while phosphatases dephosphorylate a phosphorylated protein,
thereby forming a cellular switch to initiate or terminate diverse cellular processes.
Protein phosphosites mainly include nine amino acids: tyrosine (Tyr), serine (Ser),
threonine (Thr), cysteine (Cys), arginine (Arg), lysine (Lys), aspartate (Asp), gluta-
mate (Glu), and histidine (His). Ser-, Thr-, and Tyr- are the most commonly phos-
phorylated residues with profound implications in the regulatory pathways in
eukaryotic cells.

Protein kinases (PK) are known to be activated by primary stress response path-
ways (such as in Ca?* signaling) which subsequently elicit either a short-term quick
response like closing and opening of the stomata or a long-term response like acti-
vation of transcription factors. However, if this response is not switched off and
persists, the plant would be allocating its resources toward adaptive responses even
in the absence of stress. Thus, the resource allocation of the plant will tip more
toward protecting itself rather than a holistic growth response even after the stress
has been mitigated. This aspect of the regulation of stress response pathways dic-
tates the need for a discussion on protein phosphatases (PPs). These PPs are impor-
tant components which control many regulatory circuits in living organisms by
modulating the conformation, activity, localization, and stability of substrate pro-
teins. PPs are categorized depending on their biochemical properties. The three
main families of PP are Ser-/Thr-, Asp-, and Tyr-based. The Ser/Thr-based PPs are
divided into the phosphoprotein phosphatase (PPP) family and the metallo-
dependent PPs (PPM/PP2C) family. The Asp-based PPs are divided into the FCP-
like/CPL and HAD families. The Tyr-based PPs are further divided into the protein
Tyr phosphatases (PTPs) and dual specificity phosphatases (DsPTPs).

The phosphorylation—dephosphorylation-regulated “cellular switch” that moni-
tors plant physiology, growth, and development has immense potential in crop sys-
tems. Much of the information pertaining to this regulatory mechanism in plants is
still in the nascent stages, coming largely from model plants, Arabidopsis and rice.
The use of genetic and biochemical approaches aided by “omic” approaches are
currently enabling the unraveling of key components involved in the regulation of
stress tolerance. These key components of phosphorylation—dephosphorylation
such as kinases or phosphatases could be exploited to develop crop varieties better
equipped to handle adverse environmental conditions and hence lead to enhance-
ment of agricultural productivity.

This book entitled Protein phosphatases and stress management in plants:
Functional genomic perspective comprises of 17 chapters contributed by several
well-known plant biologists working in the field of Protein phosphatases and stress
management with a special emphasis on Functional Genomic aspect. This book
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elaborates on the state-of-art scientific advances in the field of “signaling under
stress conditions,” which will formulate a holistic understanding on the subject.

The first chapter describes the role of ancient chloroplast and mitochondrial PPs,
the Shewanella-like PPs (SLP1 and SLP2), of bacterial origin. They are remarkably
conserved in plants, suggesting that they play fundamental roles in chloroplast and
mitochondrial biology. The detailed functional role of SLP1 and SLP2 is being
investigated in several plant species, especially in the physiological and functional
context.

Chapters 2 and 3 elaborate the role of the purple acid phosphatases (PAPs). The
PAPs are involved in phosphate (Pi) homoeostasis and several other diverse func-
tions such as regulation of seed traits, root development, osmotic, oxidative and salt
stress tolerance in plants. Chapter 4 discusses the PP2A class of protein phospha-
tases that are composed of three subunits (catalytic “C”; scaffolding “A” and regula-
tory “R”). The Arabidopsis genome encodes multiple isoforms of these subunits
(3-As, 5-Cs, and 17-Bs subunits), and different combinations of these subunits are
expected to give rise to almost 255 different PP2A holoenzymes. Though PP2A are
mostly implicated in the regulation of developmental pathways, but in this chapter,
authors discuss their possible role in responses to salinity stress.

PP2Cs belonging to PPM family are the largest class of PPs in plants. Arabidopsis
and rice encode more than 76 and 90 PP2Cs, respectively, that are classified into 10
or more subgroups (A-K) with diverse functions. The best studied PPs include the
A-subclade of PP2C, which negatively regulate the ABA signaling pathway.
Chapters 5 and 6 discuss the role of PP2Cs in regulating diverse abiotic stresses and
ABA signaling. Chapter 7 presents a detailed insight into the role of PP2A and
PP2C families in sugar as well as hormone signaling and consequently in the main-
tenance of balance between stress and growth in plants.

The opening and closing of the stomata are governed by guard cell dynamics
which control their turgid state. Guard cell signaling is one of the most well-studied
physiological processes in plants, wherein an intricate interplay of PKs and PPs is
at work. Chapter 8 gives a detailed account of several PPs such as PP1s, PP2As, and
PP2Cs in the regulation of the stomatal movements. Chapter 9 presents an insight
into the involvement of several PPs in the regulation of plant responses under salt
stress in different species. Chapter 10 discusses the role of phosphatases and differ-
ent phosphatase gene families involved in stress signaling pathways, involved in the
regulation of stress tolerance.

Because crop productivity is directly dependent on the soil fertility and nutrient
content, mineral nutrient deficiency in plants is an important area which demands
greater attention from plant biologists. Deficiency of the major- and micro-nutrients
in the soil leads to a drastic penalty in growth and development, thus affecting the
crop yield and productivity. A large number of fertilizers are added to different
crops to enhance the yield and productivity. Among the fertilizers, NPK (nitrogen,
phosphorus, and potassium) is the most commonly preferred combination. Chapter
11 presents the role of various PPs in the regulation of responses to the K* defi-
ciency and the signaling therein. Moreover, this chapter also discusses the impor-
tance of Ca*-mediated CBL-CIPK (a homologue of the animal PP2B class
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phosphatase calcineurin) and PP2C modules in the regulation of K* transport, ABA
and abiotic stress signaling pathways in the model plant Arabidopsis. Chapter 12
elaborates the role of PPs in nitrogen response and nitrogen-use efficiency (NUE) in
different crops. Several PPs such as PP2Cs, PP2As, and others, identified in differ-
ent N uptake, assimilation, and remobilization regulatory pathways, are emerging as
important candidate genes for genetic manipulation. Chapter 13 elaborates on the
genome-wide identification of PPs from major cereals and small grain crops, their
structural organization as well as their involvement in diverse stress regulatory path-
ways. This chapter lays emphasis on PPs from the perspective of crop plants.

Besides regulating the cytoskeletal network comprising of microtubule and actin
filaments, PPs act as important determinants of cell cycle progression and thus regu-
lators of cell division. Chapter 14 presents the roles of various PPs in mitotic pro-
cesses and cytoskeleton regulation. In addition to abiotic stresses, biotic challenges
posed by pests and pathogens affect crop productivity drastically. To cope with
biotic stresses, plants have different layers of defense systems such as pattern-
triggered immunity (PTI) and effector triggered immunity (ETI). However, paral-
lelly, forces of natural selection aid pathogens in evolving a more effective arsenal
of defense mechanisms. Successful invasion by pathogens and the consequent
defense responses in plants solely depends on the host—pathogen interactions, which
comprise of a large number of components that trigger several signaling pathways.
Chapter 15 provides an extensive account of involvement of PPs in host—pathogen
interactions in both host and pathogen systems.

In animals, both Ser/Thr and Tyr phosphorylation—dephosphorylation regulate a
large number of physiological and developmental processes. However, till date, no
receptor tyrosine kinase (RTK) has been identified in plants, though several reports
suggest Tyr phosphorylation by non-canonical Tyr kinases. Tyr dephosphorylation
by Tyr-specific phosphatases is also not much explored. Based on the genome
sequence analysis of several plant species, not many PTPs have been identified.
Chapters 16 and 17 present an account of dual specificity phosphatases (DSPs;
which act on both phosphorylated Ser/Thr and Tyr) and Tyr-specific phosphatases
(PTP) in different plants. Their involvement in the regulation of different metabolic
(starch degradation), physiological (biotic and abiotic stresses), and various devel-
opmental processes is discussed.

Plants need to acquire a large number of reprograming in their biological pro-
cesses that enable them to withstand the changing nature of their environment.
Based on the extensive work done in the field of stress perception and signal trans-
duction, it is evident that research in the area of signal transduction is a key deter-
minant in the implementation of enhanced stress tolerance in plants. My best efforts
were rendered toward the inclusion of all aspects of PPs and their role in stress
management in this book. However, some aspects still await elaboration due to
space constraint and other limitations. Regardless of this, I firmly believe that this
book will be able to serve its purpose for students, researchers, and academicians
seeking an understanding of stress-mediated signaling in the context of PPs.

I express my gratitude to all the authors whose contributions have made it pos-
sible to bring vast information on one platform. I also express my sincere thanks to
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Dr. Malathi Bheri, Dr. Sibaji K. Sanyal, and Dr. Deepti M. Nambiar (Department of
Plant Molecular Biology, University of Delhi South Campus, New Delhi, India) for
their critical and constructive suggestions. I am also thankful to Delhi University,
University Grant Commission, Department of Biotechnology, Science and
Engineering Research Board, and Council of Scientific and Industrial Research,
India, for supporting the research in my laboratory.

New Delhi, India Girdhar K. Pandey
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Chapter 1
SLP1 and SLP2: Ancient Chloroplast
and Mitochondrial Protein Phosphatases

Jayde J. Johnson, Chris White-Gloria, Ryan Toth, Anne-Marie Labandera,
R. Glen Uhrig, and Greg B. Moorhead

1.1 Introduction

The covalent modification of proteins is now regarded as a common post-translational
mechanism to regulate protein function in all organisms. Phosphorylation was the
first protein covalent modification to be discovered and has its origins in the history
of glycogen metabolism and signal transduction research (Brautigan and Shenolikar
2018). Up to ten different amino acids that occur in proteins can be phosphorylated,
with serine, threonine, and tyrosine being the most common. Although varying
slightly across organisms and cellular conditions, a typical phospho-proteome is
about 86% phospho-serine, 12% phospho-threonine, and 2% phospho-tyrosine
(Sharma et al. 2014; van Wijk et al. 2014; White-Gloria et al. 2018). The recent
development of monoclonal antibodies that specifically recognize phospho-histi-
dine has uncovered roles for this modification in eukaryotes (Adam and Hunter
2018). The development of mass spectrometry technologies related to phospho-
proteomics, especially quantitative mass spectrometry, has established protein
phosphorylation as the most common covalent modification in all organisms
explored, including a variety of plant species (Sharma et al. 2014; van Wijk et al.
2014; White-Gloria et al. 2018).

Protein phosphorylation is not just a cytosolic and nuclear phenomenon; new
mass spectrometry data have also established protein phosphorylation as a common
event in chloroplasts (White-Gloria et al. 2018; Baginsky and Gruissem 2009;
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Reiland et al. 2009; Richter et al. 2016; Pagliarini and Dixon 2006), mitochondria
(Baginsky and Gruissem 2009; Pagliarini and Dixon 2006; Bykova et al. 2003;
Grimsrud et al. 2012), and peroxisomes (Oeljeklaus et al. 2016; Kataya et al. 2019).
Uncovering the abundant cache of protein phosphorylation events in eukaryotes is
no surprise given the enormous size of the protein kinase and phosphatase gene
families. For instance, human and Arabidopsis genomes encode ~518 and ~942
protein kinases and ~189 and ~150 protein phosphatase catalytic subunits, respec-
tively (Chen et al. 2017; Kerk et al. 2008; Uhrig et al. 2013a). Unlike kinases, the
number of protein phosphatases is in fact less than the above-quoted figures as sev-
eral of these do not act on protein substrates but are included in this group based on
sequence. Many protein phosphatases, predominantly the PPP family enzymes,
have additional regulatory subunits that dictate their function. The association of a
variety of unrelated regulatory subunits with a common catalytic subunit balances
the apparent disparity in protein kinase and phosphatase numbers. This multitude of
regulatory subunits also brings specificity to what are regarded as somewhat pro-
miscuous catalytic subunits (Brautigan and Shenolikar 2018; Moorhead et al. 2007,
2008, 2009; Bollen et al. 2010; Heroes et al. 2013; Nasa et al. 2018).

1.2 Protein Phosphatases in Eukaryotes

The protein phosphatases in eukaryotes belong to four separate families known as
PPP (phosphoprotein phosphatases), PPM/PP2C (Mg**-dependent protein phospha-
tases), Asp-based protein phosphatases, and PTP (phospho-tyrosine phosphatases).
The majority of phospho-serine and phospho-threonine dephosphorylation is cata-
lyzed by PPP and PPM family members. PPP members include PP1, PP2 (PP2A),
PP3 (PP2B), and PP4-7. It is notable that plants do not possess PP3 (PP2B) class of
phosphatases but instead are endowed with additional novel members such as
ALPH, RLPH, SLP1, and SLP2 (Pagliarini and Dixon 2006; Kerk et al. 2008; Uhrig
etal. 2013b). Here, we provide an update on the SLP1 and SLP2 enzymes that func-
tion in chloroplasts and mitochondria, respectively. As mentioned above, it is the
variety of additional subunits that bind the PPP catalytic subunits and bring specific-
ity to the enzymes, and we predict this is also true for the SLPs.

1.3 Chloroplast and Mitochondrial Protein Phosphorylation

It is now well accepted that protein phosphorylation is the most common covalent
modification of proteins in eukaryotes, with a majority of phosphoproteins residing
in the cytosol and nucleus. Less is known about the phospho-proteome of mitochon-
dria and chloroplasts, although phosphoproteins were identified in these organelles
in 1969 (in animals) (Linn et al. 1969; Miernyk and Randall 1987) and 1977
(Miernyk and Randall 1987; Bennett 1977), respectively. In fact, the first in vitro
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demonstration of protein kinase activity in 1954 was the phosphorylation of casein
by a mitochondrial extract (Pagliarini and Dixon 2006; Burnett and Kennedy 1954).
The pyruvate dehydrogenase complex (PDC) is composed of three components
with the E1 subunit being the first mitochondrial phosphoprotein to be discovered in
animals, followed soon by the plant E1 subunit (Miernyk and Randall 1987). PDC
catalyzes the reaction that yields acetyl-CoA and NADH from pyruvate and NAD*.
PDC activity is regulated by the inactivating phosphorylation by pyruvate dehydro-
genase kinase (PDK) and the activating dephosphorylation by the PP2C-like
enzyme, a phospho-pyruvate dehydrogenase phosphatase (PDP). Multiple proteins
in the mitochondrial matrix and intermembrane space have now been identified as
phosphoproteins. In 2013, 64 phosphorylated proteins and 10 protein kinases were
identified in plant mitochondria (Havelund et al. 2013). More recently, Law et al.
(2018) found that out of 802 mitochondrial proteins, 103 were found to have experi-
mentally determined phosphorylation sites in just the first 60 N-terminal amino
acids with implications in mitochondrial targeting (Law et al. 2018).

Recent chloroplast specific and general phospho-proteomic studies have illus-
trated widespread protein phosphorylation in the chloroplast (Baginsky and
Gruissem 2009; Reiland et al. 2009; Richter et al. 2016). This is consistent with
studies identifying multiple protein kinases and phosphatases in this organelle
(Baginsky and Gruissem 2009; Richter et al. 2016; Andreeva and Kutuzov 2004),
including casein kinase 204 (CK2a4), STN7, STNS, three thylakoid-associated
kinases (TAKSs), chloroplast sensor kinase (CSK), a family of atypical protein
kinases (Activity of BC1 Complex Kinase or ABC1K), several Plastid Protein
Kinases With Unknown Function (PKUs), seven type-2C phosphatases (PP2C),
TAP38, PBCP, and SLP1 (White-Gloria et al. 2018; Uhrig and Moorhead 2011). We
recently reviewed phosphorylation of the chloroplast starch metabolic machinery
and cataloged phosphorylation of most of these enzymes (White-Gloria et al. 2018).
Note that the plastid enzymes SEX4, LSF1, and LSF2 are designated phosphatases
based on sequence, yet they are not protein phosphatases, acting as either scaffolds
or starch phosphatases (Silver et al. 2014).

Clearly, protein phosphorylation is a regulatory mechanism that has been well
established in mitochondria and chloroplasts. The explosion of phospho-proteomic
data has revealed greater phosphorylation in these organelles than originally antici-
pated. This observation is simply consistent with a flood of phospho-proteomic data
revealing abundant protein phosphorylation in bacteria, the ancient origin of these
organelles.

1.4 Discovery and Bioinformatics of SLP1 and SLP2

Shewanella-like protein phosphatases 1 and 2, or SLP1 and SLP2, were identified
in a bioinformatic study and given the name Shewanella-like protein phosphatase
based on their sequence relationship to a PPP-like serine/threonine phosphatase of
this bacterium (Andreeva and Kutuzov 2004). This bacterial origin is consistent
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with the mitochondrial and chloroplast localization in eukaryotes as these two
organelles have been hypothesized to have had their origins in symbiotic bacteria.
All key residues that define the PPP family phosphatases (GDxHG, GDxVDRG,
GNHE, and HGG (Shi 2009)) are present in the SLPs, suggesting they are true pro-
tein phosphatases (Fig. 1.1) (Andreeva and Kutuzov 2004; Uhrig and Moorhead
2011). Orthologues of SLP1 and SLP2 are present in organisms across four of the
five major eukaryotic supergroups (plantae, opisthokonts, chromalveolates, and
excavates). The SLPs predominate in photosynthetic organisms with no SLP genes
in animals (Uhrig et al. 2013b). All plant species examined contain SLP1 and SLP2
genes. In addition, we uncovered a third, more ancient group of SLP phosphatases
(SLP3 phosphatases) in green algae (Uhrig et al. 2013b). Arabidopsis thaliana
SLP2 is an intronless protein phosphatase, and exploring SLP2 across higher plants
shows an almost complete absence of introns in the SLP2 gene (Uhrig and Moorhead
2017). The lack of introns is consistent with many mitochondrial destined proteins
(Uhrig and Moorhead 2017). Key features, including the chloroplast transit peptide
(cTP) on SLP1 orthologues, are shown in the alignment displayed in Fig. 1.1.
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Fig. 1.1 Sequence alignment of SLP1 and SLP2 orthologues. SLP1 and SLP2 sequences from a
variety of plants, algae, and moss were aligned with MAFFT to reveal conserved and unique
sequence motifs. Conserved PPP family hallmark sequences are indicated by black boxes (GDxHG,
GDxVDRG, GNHE, and HGG). SLP1 orthologues contain a chloroplast transit peptide (cTP,
green), which is lacking in mitochondrially destined SLP2. The cysteine pairs in SLP2 orthologues
(yellow) form disulfide bonds via the action of Mia40. Arabidopsis thaliana SLP1 (AtSLP1) and
SLP2 (AtSLP2) sequences were input into BLASTp and used to retrieve sequences for poplar
(Populus trichocarpa), tobacco (Nicotiana tabacum), moss (Physcomitrella patens), liverwort
(Marchantia polymorpha), rice (Oryza sativa), and Chlamydomonas or Cr (Chlamydomonas rein-
hardtii). ChloroP 1.1 and Uhrig et al. (2013b) were used to predict chloroplast transit peptides in
SLP1 sequences
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1.5 SLP1 Is a Chloroplast-Localized Serine/Threonine
Protein Phosphatase

Using fluorescent protein tagged version of AtSLP1 and multiple markers for cel-
lular compartments, AtSLP1 was demonstrated to be chloroplast localized, consis-
tent with bioinformatics that predicted a chloroplast transit peptide in AtSLP1 and
most other SLP1 orthologues (Uhrig et al. 2013b; Uhrig and Moorhead 2011)
(Fig. 1.1). This is consistent with western blotting of various tissues revealing that
AtSLP1 is only expressed in photosynthetic tissues. Biochemically, AtSLP1 is
insensitive to the classic PPP protein phosphatase inhibitors okadaic acid and micro-
cystin but is remarkably sensitive to inorganic phosphate (Pi) and pyrophosphate
(PP1). Although AtSLP1 has the hallmarks of a PPP family serine/threonine phos-
phatase, it displays activity against serine, threonine, and tyrosine phosphorylated
peptides (Uhrig and Moorhead 2011). Current evidence suggests that no tyrosine
phosphorylation occurs in the chloroplast (White-Gloria et al. 2018). AtSLP1 activ-
ity against tyrosine phosphorylated peptides may reflect the fact that it resides in the
chloroplast and may not need to maintain stringent or specific serine/threonine
phosphatase activity. This activity against phospho-tyrosine was displayed by both
the bacterial expressed protein and TAP-AtSLPI1 produced in planta (Uhrig et al.
2016). To date, no SLP1 substrates or regulatory subunits have been identified.

1.6 SLP2 Is a Mitochondrial Intermembrane Space Serine/
Threonine Protein Phosphatase

Although the closest relative of SLP1 is SLP2, sequence differences are readily
apparent. Arabidopsis thaliana SLP2 (AtSLP2) does not have a chloroplast transit
peptide (cTP) but does have a series of cysteines critical to AtSLP2 function
(Fig. 1.1). We have biochemically characterized AtSLP2 and used TAP (tandem
affinity purification)-tag coupled to mass spectrometry to identify binding partners.
Using this approach, a single clear binding partner for SLP2 has emerged: the oxi-
doreductase Mia40. Reverse TAP (TAP-Mia40) and co-immunoprecipitation con-
firmed Mia40 binding to SLP2 (Uhrig et al. 2017). Mia40 has been characterized in
yeast and human cells as a mitochondrial intermembrane space protein that medi-
ates the formation of disulfide bonds on target proteins. It has been demonstrated
that both Mia40 and SLP2 reside in the mitochondrial intermembrane space, while
some population of Mia40 also localizes to peroxisomes (Uhrig et al. 2017).
Although a direct interactor of AtSLP2, Mia40 only modifies the enzyme and is not
regarded as a regulatory subunit. Like AtSLP1, no regulatory subunits have been
identified for AtSLP2, and it is also insensitive to the inhibitors okadaic acid and
microcystin. Also, similar to SLP1, bacterially produced AtSLP2 displays activity
against serine, threonine, and tyrosine phosphorylated peptides, but the in planta
made TAP-AtSLP2 showed a remarkable preference for phospho-threonine over
phospho-tyrosine using the same peptide substrates (Uhrig et al. 2017).
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An insertional knockout of AtSLP2 (atslp2-2) was screened for growth pheno-
types, and an accelerated germination phenotype was uncovered (Uhrig et al. 2017).
This could be reversed when the knockout line was complemented with AtSLP2
driven by the endogenous promoter. Overexpression of AtSLP2 delays germination.
In a knockout of Mia40 (atmia40), seeds exhibited a moderate accelerated germina-
tion phenotype consistent with SLP2 being the driver of the phenotype and likely
displaying partial activity in vivo in the absence of Mia40 (Uhrig and Moorhead 2011).

1.7 Mia40 as a Redox Regulator

Specific mechanisms for the translocation of proteins through the outer mitochon-
drial membrane using the translocase of outer membrane (TOM) complex and then
into specific mitochondrial sub-compartments have been known for some time
(Fig. 1.2). However, it was not until 2004 that a protein was discovered in
Saccharomyces cerevisiae which specifically targeted proteins to the mitochondrial
intermembrane space (IMS), such as the small TIM proteins (Chacinska et al. 2004).
They termed this protein as mitochondrial intermembrane space import and assem-
bly protein 40, or Mia40. Experimental evidence showed that small TIM proteins

U RIRICIC IO IO TR
1918191 \IIIIIIIIIl\/},/;/‘f«

DI, Outer Membrane RyyioTITINISISISISISISISISE

Mia40 Intermembrane Space

FAD

) FAD
Erv1
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Fig. 1.2 Oxidoreductase Mia40 activates target proteins, including SLP2, in the mitochondrial
intermembrane space. Proteins destined to reside in the mitochondrial intermembrane space (IMS)
enter through the TOM complex and upon association with oxidized Mia40 form intramolecular
disulfide bonds via pairs of conserved cysteines (see Fig. 1.1). IMS destined proteins (red) enter
with reduced cysteines that are targeted by Mia40. By accepting electrons from target proteins,
Mia40 is reduced and must be reoxidized by Ervl. In yeast, it has been demonstrated that Erv1 is
reoxidized by transferring electrons to cytochrome c; this step has yet to be formally shown in
plants
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are imported into the IMS by TOM in a partly folded conformation and Mia40 then
aids in the proper folding of proteins in the IMS. The mechanism of Mia40 was
elucidated in 2005 (Mesecke et al. 2005) when it was found that proteins imported
through TOM contained conserved cysteine motifs necessary for their import. A
disulfide relay system was proposed in which Mia40 and another protein, Ervl, a
sulfhydryl oxidase, compose the disulfide relay (Fig. 1.2). In this relay, Ervl oxi-
dizes cysteine residues in Mia40 allowing it to modify cysteines of imported pro-
teins. Through disulfide bond isomerization, the proteins are then folded in the IMS
to their fully functional, native structures. Yeast cells which lack Erv1 and therefore
harbor Mia40 protein with reduced cysteines in their mitochondria lack viability
due to the inability to successfully import and fold mitochondrial IMS proteins.

Mia40 activates the phosphatase activity of recombinant AtSLP2 ~4-fold when
the artificial substrate pNPP is used, and this is dependent upon reductant, consis-
tent with Mia40 generating disulfides on the enzyme to activate it. Although Mia40
does not alter the substrate specificity of AtSLP2 (i.e., pSer, pThr versus pTyr), it
increases activity against substrate peptides up to 35-fold. Importantly, we demon-
strated that Mia40 has no effect on AtSLP1 (Uhrig et al. 2017). To date, no AtSLP2
substrates have been identified.

1.8 MS-Based Substrate Discovery: The Future of Protein
Phosphatases?

The discovery of protein phosphatase substrates has been technically challenging
and always lags behind advances in protein kinase substrate discovery. Advances in
mass spectrometry methods, in particular quantitative mass spectrometry, have
changed the scenario now (Nasa et al. 2018; Rusin et al. 2015). It is now possible to
knock out specific protein phosphatases and through quantitative analysis identify
phosphopeptides that increase in the absence of the phosphatase, making the pro-
teins these phospho-peptides are derived from as putative direct substrates. Although
there are limitations in this approach, it is expected to revolutionize protein phos-
phatase substrate elucidation, and we expect this will be a common approach for
protein phosphatase studies in the near future.

1.9 Conclusions

Bioinformatic, cell biological, and biochemical studies have established SLP1 and
SLP2 as protein phosphatases that reside in the chloroplast and mitochondrial inter-
membrane space, respectively. Sequence analysis of SLP1 and SLP2 shows they are
“bare” catalytic subunits with no accessory domains to regulate their activity.
PPP family phosphatases typically associate with other proteins that regulate their
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function in the cell. To date, no regulatory subunits for either SLP1 or SLP2 have
been identified. Understanding the functions and roles for each enzyme will require
identifying these regulatory subunits and finding their substrates. Only then can we
assign clear biological functions for these proteins. We speculate that this will be
aided by quantitative mass spectrometry.
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Chapter 2

Phosphoprotein Phosphatase Function
of Secreted Purple Acid Phosphatases

Mina Ghahremani and William C. Plaxton

Abbreviations

APase Acid phosphatase

ECM Extracellular matrix

ER Endoplasmic reticulum

HAD Haloacid dehalogenase
LC-MS/MS  Liquid chromatography-tandem mass spectrometry
MS Mass spectrometry

PAP Purple acid phosphatase

Pi Orthophosphate

P-Ser Phosphoserine

PSI Pi starvation-inducible

P-Thr Phosphothreonine

PTM Posttranslational modification
P-Tyr Phosphotyrosine

VLK Vertebrate lonesome kinase

2.1 Introduction

®

Check for
updates

Acid phosphatases (APases; E.C. 3.1.3.2) catalyze the hydrolysis of orthophosphate
(Pi, HPO,*") from Pi monoesters and anhydrides with acidic pH optima. Purple
APases (PAPs) represent the largest class of plant APases and exist as a diverse fam-
ily of metallohydrolases involved in a multitude of biological processes. These
include Pi-ester hydrolysis to facilitate plant Pi acquisition and the generation of
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reactive oxygen species as an immune response in mammals (Schenk et al. 2013;
Tran et al. 2010a; Wang and Liu 2018). In contrast to other APases, PAPs are not
inhibited by L(+)-tartrate. Hence, PAPs are also known as tartrate-resistant APases.
Eukaryotic PAPs are glycoproteins that display highly variable amino acid sequences
and sizes. However, their active sites are highly conserved, with seven invariant
amino acid side chains coordinating Fe** and M?* metal cations (M = Fe*" in ani-
mals; Zn** or Mn?* in plants) that participate in the catalytic mechanism for Pi-ester
hydrolysis (Schenk et al. 2013). A charge-transfer transition from a conserved
metal-coordinating tyrosine residue to the Fe** metal ligand leads to a typical
absorption peak around 510-560 nm and a distinctive pink or purple color of PAPs
in solution. Plant PAPs belong to a relatively large gene family encoding a diverse
suite of isozymes. For example, the genome of the model plant Arabidopsis thaliana
contains 29 PAP genes whose transcription is dependent upon various developmen-
tal and environmental factors (Li et al. 2002) (Fig. 2.1). These PAPs have been clas-
sified into two major groups according to their size, i.e., low molecular weight
“mammalian-like” PAPs of approximately 35 to 45-kDa and higher molecular
weight PAPs that range from about 50 to 70 kDa (Fig. 2.1). By contrast, only a
single PAP isozyme of about 35-kDa (ACP5) has been characterized from animals.
As discussed below, human ACP5 (HSACPS) is associated with microbial killing
and bone resorption through its peroxidase and protein phosphatase activities,
respectively (Schenk et al. 2013). Bioinformatics has identified a second PAP-like
gene termed ACP7 in mammals and other animal phyla that encodes a 55-kDa poly-
peptide that is more closely related to high molecular weight plant PAPs than it is to
the low molecular weight ACP5 (Fig. 2.1) (Flanagan et al. 2006). Subsequent tran-
scriptome profiling via RNA-seq indicated that human ACP7 (HsACP7) is tran-
scribed in various tissues, particularly skin and brain (https://www.ncbi.nlm.nih.
gov/gene/390928). However, there have been no follow-up studies of the protein
expression levels, biochemical properties, or function of the putative plant-like,
high molecular weight ACP7 of humans or other animals (G. Schenk, personal
communication).

Most PAPs that have been biochemically characterized are classified as nonspe-
cific APases that catalyze Pi hydrolysis from a broad spectrum of Pi monoesters
(Schenk et al. 2013; Tran et al. 2010a). This is consistent with their central role in
cellular Pi metabolism, particularly scavenging and recycling Pi from intra- and
extracellular Pi esters during nutritional Pi deprivation or senescence of vascular
plants (Stigter and Plaxton 2015; Tran et al. 2010a; Wang and Liu 2018). However,
HsACPS expressed in macrophages also plays a role in immunity via the generation
of reactive oxygen species (via a Fenton reaction involving the “redox-active” Fe?*
of their catalytic site) (Schenk et al. 2013). Similarly, several plant PAPs that func-
tion as APases also exhibit peroxidase activity that may contribute to the metabo-
lism of reactive oxygen species during biotic or abiotic stress (Li et al. 2008; Tran
et al. 2010a). The aim of this chapter is to briefly review the central role of PAPs in
mediating plant Pi acquisition and use, followed by a discussion (1) of protein phos-
phorylation networks in the extracellular matrix (ECM) of animal and plant tissues
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Fig. 2.1 Classification of Arabidopsis thaliana PAPs (AtPAPs) and Homo sapiens PAPs (HsACP5
and HsACP7) based on clustering analysis of amino acid sequence. For AtPAPs, the clustering
analysis used amino acid sequences of 19 predicted PAPs and those of ten PAPs (AtPAP3, AtPAP7—
AtPAP13, AtPAP17, and AtPAP18) derived from cDNA analysis. AtPAPs possess three main
groups (groups I, II, and III), which are further divided into subgroups. The deduced amino acid
sequences of two human PAPs, HsACP7 and HsACPS5, were obtained from UniProt (https://www.
uniprot.org) and aligned with AtPAPs in MUSCLE 3.8 using ClustalW. A maximum likelihood
tree was constructed in MEGA 7.0 using WAG model with the gamma distributed with invariant
sites (G + 1) and the partial deletion options. The bootstrap values for the three main groups are
boxed, and the bootstrap values for the subgroups are indicated by arrows. The predicted molecular
masses of the deduced polypeptides are listed in the last column. (Figure modified from Li
et al. 2002)
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and (2) that certain PAP isozymes secreted by animal and plant cells appear to func-
tion as phosphoprotein phosphatases rather than as nonspecific scavengers of Pi
from extracellular Pi monoesters.

2.1.1 PAPs Play a Central Role in Plant Pi Acquisition
and Use Efficiency

Phosphorus is an essential element for growth and metabolism because it plays a
central role in nearly all-metabolic processes. Roots preferentially absorb phospho-
rus from the soil in its fully oxidized anionic form, Pi (Fig. 2.2). Despite its impor-
tance, Pi is one of the least available macronutrients in many terrestrial and aquatic
environments (Plaxton and Tran 2011; Tran et al. 2010a; Veneklaas et al. 2012). In
soil, Pi frequently forms insoluble precipitates with metal cations such as Al** and
Ca?* or is converted into organic P molecules by soil microbes that therefore render
it unavailable for direct root uptake (Fig. 2.2). Thus, plants needed to evolve adapta-
tions that facilitate their acclimation to extended periods of nutritional Pi deficiency
(within species-dependent limits) by eliciting a complex array of morphological,
physiological, and biochemical adaptations, collectively known as the Pi-starvation
response. The Pi-starvation response arises in part from the coordinated induction
of hundreds of Pi-starvation-inducible (PSI) genes that reprioritize internal Pi use
and maximize external Pi acquisition and includes (1) extending the root’s surface
area for Pi absorption, (2) root excretion of organic acid anions such as malate and
citrate to mobilize Pi from insoluble Pi-metal cation complexes in the soil, and (3)
the induction of high-affinity Pi transporters as well as alternative bypass enzymes
to the Pi- or adenylate-dependent reactions of central metabolism (Fig. 2.3) (Plaxton
and Tran 2011). Upregulation of certain vacuolar and secreted (cell wall and apo-
plast) PAP isozymes is another important aspect of plant Pi-starvation responses.
Numerous studies have characterized PSI PAPs to define the molecular mechanisms
underlying this archetypal response of Pi-deprived plants, as well as to identify
potential targets for the biotechnological improvement of crop Pi acquisition and
use efficiency (Tran et al. 2010a; Wang and Liu 2018). Transgenic PAP expression
offers a promising approach for sustainable crop Pi nutrition since organic P typi-
cally constitutes at least 50% of the total P in soils and is the predominant form of
P found in soil solutions (Fig. 2.2).

Integrated biochemical and functional genomic studies have identified the closely
related AtPAP10, AtPAP12, and particularly AtPAP26 (Fig. 2.1) as the predominant
PAP isozymes that are upregulated and secreted into the ECM by Pi-deprived
Arabidopsis suspension cells and seedlings (Hurley et al. 2010; Robinson et al.
2012b; Tran et al. 2010b; Veljanovski et al. 2006; Wang et al. 2014). Their wide-
spread and reversible upregulation in roots and shoots of Pi-starved Arabidopsis,
overlapping but nonidentical substrate selectivities and pH-activity profiles, and
high specific APase activities support the hypothesis that they collectively mediate
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Fig. 2.2 Model of soil phosphorus (P) cycle. Most soils across the world are highly Pi limited
since their soluble Pi concentration typically ranges between 1 and 5 pM, which is far below the
intracellular Pi concentration (5-20 mM) required for optimal plant growth. (a) The lack of avail-
able Pi is due to several factors: (1) Pi is leached out of the soil due to the negative charge of clay,
(2) Pi is converted into organic P forms by microorganisms, and (3) Pi can precipitate as insoluble
calcium salts and iron or aluminum oxides in alkaline and acidic soils, respectively. (b) Less than
20% of Pi fertilizer applied worldwide per year is typically assimilated by crops. The remainder is
either (1) converted into organic P by soil microbes; (2) bound by metal cations such as Al**, form-
ing insoluble complexes; or (3) lost as runoff into nearby surface waters, resulting in the nutrient
enrichment of aquatic and marine ecosystems and consequent “blooms” of green algae and toxic
cyanobacteria; this stubborn environmental problem has caused extensive eutrophication

efficient Pi scavenging and recycling from a broad range of extracellular Pi esters
(Fig. 2.3). Indeed, growth of wild-type Arabidopsis seedlings on media containing
glycerol-3-phosphate (an effective in vitro substrate of AtPAP10, AtPAP12, and
AtPAP26) as their sole source of exogenous P was indistinguishable from that of
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Fig. 2.3 A model outlining adaptive metabolic processes that help plant cells acclimate to nutri-
tional Pi deficiency (Plaxton and Tran 2011). (a) Phospholipase induction is accompanied by the
replacement of membrane phospholipids (orange sphere) with non-P containing amphipathic sul-
fonyl and galactolipids (blue and green sphere, respectively). (b) Secreted nucleases, ribonucle-
ases, phosphodiesterases, and PAPs participate in systematic Pi mobilization from soil-localized
nucleic acids. (¢) Upregulation of high-affinity Pi transporters of the plasma membrane. (d)
Alternative pathways of cytosolic glycolysis, mitochondrial electron transport, and tonoplast H*-
pumping facilitate respiration and vacuolar pH maintenance by Pi-deprived plant cells. (e) Organic
acid anion excretion solubilizes mineralized forms of Pi and organic P as well as increases the
ability of secreted PAPs to scavenge Pi from soil-localized organic Pi monoesters. (f, g)
Upregulation of intracellular, cell wall (CW), and apoplast/rhizosphere targeted PAPs enhances the
Pi acquisition and use efficiency of Pi-deprived plants (Tran et al. 2010b; Wang et al. 2014). PAPs
catalyze Pi hydrolysis from a broad and overlapping range of Pi monoesters with an acidic pH
optimum and function in the production, transport, and recycling of Pi

Pi-replete seedlings. AtPAP12 and AtPAP26 function likely includes scavenging Pi
from 3’-(d)NMPs derived from nuclease-mediated nucleic acid hydrolysis (Fig. 2.3).
This was supported by the impaired development of atpapi2/atpap26 T-DNA dou-
ble insertion mutant seedlings during growth on media containing salmon sperm
DNA as their sole source of exogenous P (Robinson et al. 2012b). Vacuolar and cell
wall-targeted AtPAP26 were also strongly upregulated by senescing leaves of
Pi-replete plants to remobilize Pi from endogenous Pi-ester pools (Robinson et al.
2012a; Shane et al. 2014). Senescing leaves of an atpap26 T-DNA mutant exhibited
a >90% decrease in APase activity, impaired Pi remobilization, and delayed senes-
cence (Robinson et al. 2012a). The collective results have defined AtPAP26 as a
principal contributor to intra- and extracellular APase activity, and that AtPAP26
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loss of function elicits dramatic effects on Arabidopsis Pi metabolism that cannot be
compensated for by any other AtPAP isozyme. As outlined below, however, several
animal and plant PAP isozymes that are secreted into the ECM effectively hydro-
lyze Pi from phosphoamino acid and phosphoprotein substrates, suggesting that
they might function in planta as a phosphoprotein phosphatase rather than as non-
specific scavengers of Pi from organic P molecules. However, this discussion first
warrants a summary of recent and compelling evidence for extensive and dynamic
extracellular protein phosphorylation networks in the animal and plant kingdoms.

2.2 Extracellular Protein Phosphorylation Networks
of Animals and Plants: The Neglected PTM

Reversible protein phosphorylation is the most important posttranslational modifi-
cation (PTM) of eukaryotic proteins since it participates in the control of virtually
all aspects of cell physiology and development including signal transduction, cell
differentiation, cytoskeleton organization, active transport (ion pumping), gene
expression, disease and stress responses, and metabolic fluxes (Moorhead and Tran
2006). Phosphoproteomic studies indicate that phosphorylation occurs in at least
70% of all eukaryotic proteins, with the majority having multiple phosphorylation
sites. Protein kinases and phosphatases catalyze the covalent incorporation or
hydrolysis, respectively, of Pi groups on target proteins.

2.2.1 Animals

The occurrence of extracellular protein phosphorylation was debated for many
years, despite the fact that casein, a secreted storage protein of a mother’s milk, was
the first phosphoprotein to be discovered over 130 years ago. Numerous secreted
proteins! have since been shown to be phosphorylated in vertebrate and invertebrate
animals (Yalak et al. 2014). For example, phosphoproteomic screens have identified
25 to 85 different phosphoproteins in different human body fluids including cere-
brospinal fluid, blood plasma, and saliva. Further studies detected over 500 phos-
phoproteins in human serum (Yalak et al. 2014), whereas over 1000 animal
phosphoproteins listed in the PhosphoSitePlus database (https://www.phosphosite.
org) have been annotated as being extracellular or transmembrane proteins (Klement
and Medzihradszky 2017). A remarkable feature of the mammalian phosphopro-
teome (and possibly plant; see below) is that a substantial proportion of the ECM

"Proteins occurring in the luminal side of the ER or the Golgi, as well as interior of digestive vacu-
ole (i.e., lysosome in animals, cell vacuole of plants), are also considered to be part of the secreted
proteome (i.e., the “secretome”).
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proteome of cultured or primary tissue samples contain phosphotyrosine (P-Tyr), in
addition to phosphoserine (P-Ser) and phosphothreonine (P-Thr) (Bordoli
et al. 2014).

In the classical secretion pathway, a short transit peptide targets the protein to the
endoplasmic reticulum (ER) and then the Golgi network after which it is packaged
into secretory vesicles that are released into the ECM (Fig. 2.4) or targeted to the
lysosome. During this transport, the protein may undergo various PTMs apart from
glycosylation (a typical PTM of secreted eukaryotic proteins), including dithiol-
disulfide interconversion and phosphorylation (Canut et al. 2016; Ghahremani et al.
2016). Proteins of the secretory pathway that are not fully secreted may also be
phosphorylated (e.g., the extracellular domain of plasma membrane-spanning
receptors). Proteins lacking a transit peptide and thus not entering the classical ER/
Golgi secretory pathway can also be exported to the ECM by unconventional means,
i.e., via exocytosis or direct translocation across the plasma membrane.
Phosphorylation of secreted proteins may precede their export or occur post-
secretion via extracellular protein kinases (Fig. 2.4) (Klement and Medzihradszky
2017; Yalak et al. 2014).

Secreted protein kinases, evolutionarily and structurally distinct from cytoplas-
mic kinases, have been identified in the ECM of mammals, as well as several inver-
tebrate animals (Gerson-Gurwitz et al. 2018; Sreelatha et al. 2015; Tagliabracci
et al. 2013; Yalak et al. 2014). For example, Fam20C is a ubiquitous mammalian
serine kinase dedicated to phosphorylating a wide range of secreted and highly
acidic milk-, salivary-, enamel-, dentin-, and bone-specific proteins (which typically
contain an S-x-E-pS consensus motif) involved in diverse processes such as biomin-
eralization (i.e., bone and tooth formation), lipid homeostasis, wound healing, cell
adhesion, and cell migration (Sreelatha et al. 2015; Tagliabracci et al. 2013, 2015;
Yalak and Vogel 2012). Fam20C resides inside the Golgi but also occurs as an
N-terminally truncated, fully secreted form. FAMK-1, a secreted Fam20C ortholog,
contributes to fertility, embryogenesis, and development in the nematode worm
Caenorhabditis elegans (Gerson-Gurwitz et al. 2018; Tagliabracci et al. 2015). In
addition, “vertebrate lonesome kinase” (VLK) is a novel secreted protein kinase of
mammals that phosphorylates a broad range of ECM proteins on tyrosine residues
and is vital for embryonic development (Bordoli et al. 2014; Tagliabracci et al.
2015). High VLK expression occurs in platelets, where it is rapidly and quantita-
tively secreted in response to specific stimuli. Besides phosphorylating substrate
proteins within the Golgi, secreted VLK also phosphorylates tyrosine residues in
various protein targets in the ECM using endogenous secreted ATP? sources (e.g.,

2The protein kinase co-substrate ATP cannot passively diffuse across the plasma membrane owing
to its high charge. Thus, extracellular ATP originates from cytosolic ATP via its regulated secretion
in the absence of cell lysis; that is, cytoplasmic vesicles laden with ATP secrete their cargo into the
ECM of animal and plant cells via exocytosis (Bordoli et al. 2014; Chivasa and Slabas 2012; Yalak
and Vogel 2012). It is notable that extracellular ATP is an important stimulus for cell signaling that
functions in many aspects of animal and plant physiology, including growth, development, and
stress responses (Cao et al. 2014; Chivasa and Slabas 2012; Yalak and Vogel 2012).
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Fig. 2.4 Phosphorylation and dephosphorylation of ECM proteins by secreted protein kinases and
PAPs, respectively. Signal-peptide-containing proteins that are directed to the ECM are transported
through the secretory pathway. The newly synthesized proteins enter the endoplasmic reticulum as
nascent proteins containing a short sequence of hydrophobic amino acids at the N-terminus known
as the signal peptide. The signal peptide is recognized and cleaved by signal peptidase, localized
in the ER. The proteins are shuttled to the Golgi apparatus for further PTMs including glycosyl-
ation. Specific type of Golgi membrane proteins transports ATP and divalent metal cations (e.g.,
Mg?) into the Golgi lumen to provide the protein kinase with phosphate-donating molecules. The
secreted proteins can be packaged into vesicles that are transported and released into the ECM via
exocytosis. Proteins of the secretory pathway become phosphorylated either in Golgi lumen or
after secretion to the ECM. Secreted PAP catalyzes the dephosphorylation of the substrate
in the ECM
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see model of Fig. 2.4). Fam20C and VLK are more phylogenetically distant from
one another than they are from canonical cytoplasmic protein kinases (Tagliabracci
et al. 2013). This indicates that the evolution of multiple secreted protein kinases
occurred independently, as opposed to divergence from a common ancestor.

Several secreted mammalian phosphoproteins have well-defined functions that
depend on their phosphorylation by secreted protein kinases. In particular, phos-
phorylation of the glycoprotein osteopontin by Fam20C plays pivotal roles in
diverse physiological and pathological situations including osteopontin-receptor
interactions, biomineralization, inflammation, immune responses, and tumor metas-
tasis (Klement and Medzihradszky 2017; Tagliabracci et al. 2015; Yalak and Vogel
2012). Mutations in Fam20C kinase trigger a devastating bone disorder in humans
known as “osteosclerotic bone dysplasia” or Raine syndrome. Osteopontin was
originally isolated from bovine bones but was subsequently detected in a variety of
mammalian cells and body fluids, including plasma, urine, and milk.

2.2.2 Plants

The model plant Arabidopsis thaliana leads the field of plant ECM proteomics, with
approximately 5000 Arabidopsis genes encoding proteins targeted to the secretory
pathway, the majority of which are thought to require at least one PTM to confer
activity and stability (Albenne et al. 2013; Canut et al. 2016; Ghahremani et al.
2016). Numerous proteomic studies have documented a wide array of enzymes and
other proteins within the ECM of Arabidopsis and other plant species (Albenne
et al. 2013; Ghahremani et al. 2016). Relative to mammals, however, far less is
known about the prevalence, mechanisms, and functions of protein phosphorylation
within the ECM of Arabidopsis or other plants. A limited number of studies have
established that phosphorylation of secreted plant proteins on tyrosine, serine, and/
or threonine residues does indeed occur and may be of functional importance to
plant ECM metabolism and signaling. For example, two-dimensional electrophore-
sis coupled with anti (P-Tyr)-immunoblotting revealed several ECM proteins of
suspension-cultured Arabidopsis or tobacco cells that appeared to be phosphory-
lated on tyrosine residues (Kaida et al. 2010; Ndimba et al. 2003). Similarly, two-
dimensional electrophoresis, Pro-Q Diamond phosphoprotein staining, and
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MS)
indicated that up to 31 different cell wall-targeted glycoproteins were
phosphorylated during cell wall regeneration by protoplasts of Arabidopsis
suspension-cultured cells (Kwon et al. 2005). The list of Arabidopsis cell wall phos-
phoproteins included expansins, a-xylosidase, p-xylosidase, f-galactosidase,
a-mannosidase, phosphatases, phosphoesterases, isomerases, lectins, dehydroge-
nases, and proteases (Kwon et al. 2005). Likewise, two-dimensional electrophoresis
coupled  with  phosphoprotein  staining and  high-resolution  liquid
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chromatography-tandem MS (LC-MS/MS) identified 35 phosphoproteins involved
in a wide range of biological processes and molecular functions (including cell wall
and reactive oxygen species metabolism) in the ECM of cultured potato cells
(Elagamey et al. 2016). Orbitrap LC-MS/MS and immunoblotting recently revealed
that cell wall-localized AtGALI1, a glycosylated 55-kDa mannose-binding and
apple domain lectin that is upregulated and secreted into ECM and cell vacuole of
Pi-starved Arabidopsis, is bisphosphorylated at Tyr*® and Thr* (Ghahremani et al.
2019b). Conservation of AtGAL1’s pTyr*® and pThr* phosphosites in its paralogs
AtGAL2 and AtGALS3, as well as several of its closest orthologs from other plant
species, indicated that this unusual PTM might be of widespread importance for
members of this mannose-binding lectin subgroup. Determining the mechanisms
and functions of AtGALI (bis)phosphorylation will be an important avenue for
future studies. Interestingly, parallel research demonstrated that AtGALI1 specifi-
cally interacts with a high-mannose glycoform of AtPAP26 and that this association
enhances AtPAP26’s APase activity and physical stability (Ghahremani et al.
2019a). Biochemical, proteomic, and loss-of-function mutant studies have provided
definitive evidence that AtPAP26 is the predominant vacuolar as well as a major
secreted PAP isozyme involved in Pi scavenging and recycling during Pi deprivation
or leaf senescence (Veljanovski et al. 2006; Hurley et al. 2010; Tran et al. 2010b;
Robinson et al. 2012a, b; Shane et al. 2014; Wang et al. 2014).

It is notable that developmental- or stress-induced dynamic changes in the phos-
phorylation status of plant ECM proteins have been reported, implying that revers-
ible protein phosphorylation is not restricted to the intracellular phosphoproteome
of plant cells. For example, when Arabidopsis suspension cells were treated with
fungal elicitors or subjected to nutritional Pi deprivation, marked changes in the
profile of the extracellular proteome occurred, including differential phosphoryla-
tion of certain ECM proteins (Ndimba et al. 2003; H. Tran, K. Ellis, W. Plaxton,
unpublished research). These changes were hypothesized to be part of a signal
transduction cascade mediating cellular responses to fungal infection or Pi depriva-
tion. Alterations in the phosphorylation status of many ECM proteins also occurred
during early protoplast regeneration of Arabidopsis cell cultures (Kwon et al. 2005).
However, it remains unknown whether any secreted plant phosphoprotein is phos-
phorylated in the ER or Golgi lumen during the sorting pathway and/or phosphory-
lated post-secretion by extracellular protein kinases (Fig. 2.4). Pioneering studies of
Citovsky and coworkers (Citovsky et al. 1993) demonstrated that P30, a tobacco
mosaic virus (TMV) cell-to-cell movement protein, was phosphorylated by a pro-
tein kinase contained within the cell wall of tobacco leaves. The cell wall-associated
protein kinase was proposed to reduce TMV virulence by phosphorylating P30 at
Ser258, Thr261, and Ser265 and thereby sequestering it within the cell walls.
Although high-throughput proteomic studies have listed mitogen-activated and Ser/
Thr protein kinases as members of the plant ECM proteome, further research is
needed to validate their occurrence and protein kinase activities, along with poten-
tial ECM protein targets that they phosphorylate in planta.
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2.3 Phosphoprotein Phosphatase Function of Secreted PAPs

Eukaryotic protein phosphatase type I and calcineurin (protein phosphatase 2B)
contain binuclear metal centers that possess striking similarity to PAPs in the coor-
dination environment of the active site (Ljusberg et al. 1999; Schenk et al. 2013;
Vincent and Averill 1990). This implies that PAPs might also function to reverse
protein kinase action by dephosphorylating phosphoproteins. Indeed, numerous
PAPs purified from the ECM of animal or plant cells effectively hydrolyze Pi from
phosphoproteins, phosphopeptides, and/or phosphoamino acids in vitro indicating
that they might also function as phosphoprotein phosphatases in vivo (Del Vecchio
et al. 2014; Halleen et al. 1998; Kaida et al. 2008; Ljusberg et al. 1999; Tran et al.
2010a). This is supported by the aforementioned discoveries of dynamic protein
phosphorylation events within the ECM of animal and plant cells.

2.3.1 Animals

One of the best documented examples for a phosphoprotein phosphatase function of
a secreted PAP concerns the involvement of HSACPS, the 35-kDa human PAP
(Fig. 2.1), in bone resorption by osteoclasts (Oddie et al. 2000; Schenk et al. 2013).
Expression of HSACP5 is mainly restricted to differentiated cells of nuclear phago-
cytic lineage, primarily osteoclasts and macrophages. In osteoclasts involved in
active bone resorption, HsACPS5 is secreted into the bone ECM where it dephos-
phorylates phosphoprotein substrates, particularly osteopontin and osteonectin
(Halleen et al. 1998; Ljusberg et al. 1999; Marshall et al. 1997; Oddie et al. 2000).
Studies of transgenic mice over- and underexpressing their endogenous HsACP5
ortholog provided definitive evidence that secretion of this PAP by osteoclasts is an
essential prerequisite for proper mineralization of cartilage in developing bone and
bone matrix resorption by adult bones (Oddie et al. 2000; Schenk et al. 2013). Thus,
the major function of HSACPS5 in bone resorption appears to be the catabolic degra-
dation of bone matrix phosphoproteins, thereby facilitating access by specific pro-
teases. This is analogous to the role proposed for HsACPS5 in the dephosphorylation
of red blood cell membrane and cytoskeletal phosphoproteins during erythrophago-
cytosis by macrophages. Although HsACP5 exhibits optimal phosphoprotein
phosphatase activity with acidic phosphopeptides containing P-Tyr, it also dephos-
phorylates protein-bound P-Ser and P-Thr as well (Halleen et al. 1998; Ljusberg
et al. 1999; Marshall et al. 1997; Oddie et al. 2000). One of its most important
physiological substrates, osteopontin, was in vivo phosphorylated on multiple
serine and threonine residues, in addition to tyrosine, when overexpressed in human
embryonic kidney cell cultures (Li et al. 2015).
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2.3.2 Plants

Although purified plant PAPs inevitably appear to show phosphatase activity with
phosphoamino acids or phosphopeptides as substrates (Tran et al. 2010a), several
exhibit novel kinetic features that would make them particularly well geared for a
phosphoprotein phosphatase function in planta. For example, the major PAP puri-
fied from potato tubers or cell walls of tobacco suspension cell cultures exhibited
maximal activity with P-Tyr relative to any other substrate that was tested (Gellatly
et al. 1994). The purified potato PAP exhibited a P-Tyr hydrolyzing specific activity
of >1900 pmol Pi produced min~' mg~!, which to the best of our knowledge remains
the highest APase activity reported for any PAP studied to date. Immunoblotting
using antibodies raised against P-Tyr demonstrated that several endogenous phos-
photyrosylated tuber polypeptides could serve as in vitro substrates for the purified
potato PAP (Gellatly et al. 1994). Although the physiological significance of the
potato PAP’s substantial in vitro activity with P-Tyr and endogenous phosphotyro-
sylated proteins remains obscure, the possibility that this PAP may function to
dephosphorylate certain protein-located P-Tyr residues in vivo was suggested
(Gellatly et al. 1994; Kaida et al. 2008). This might include patatin, the major stor-
age protein of potatoes which accounts for up to 45% of the total soluble protein in
the tubers, and that becomes heavily phosphorylated during tuber development
(Bernal et al. 2017; Elagamey et al. 2016). As with other vegetative storage proteins
(and PAPs), patatin is also targeted to the cell vacuole. Similarly, NtPAP12 is a cell
wall-localized tobacco PAP that is highly active against phosphotyrosylated pep-
tides (Kaida et al. 2008). Interestingly, transgenic NtPAP12 expression resulted in
altered cell wall composition and enhanced f-glucan synthase activity, implying
that this PAP isozyme might function in the ECM as a phosphoprotein phosphatase
involved in the control of cell wall biosynthesis (Kaida et al. 2009, 2010). Follow-up
studies demonstrated that NtPAP12 efficiently dephosphorylated three phosphopro-
teins of the tobacco ECM, including a-xylosidase and B-glucosidase (Kaida et al.
2010). Moreover, dephosphorylation inhibited a-xylosidase activity, whereas over-
expression of NtPAP12 in tobacco cell cultures not only decreased fp-glycosidase
activity but also increased levels of xyloglucan oligosaccharides and cello-
oligosaccharides within the ECM. This research provided strong evidence that
NtPAP12 helps control the phosphorylation status and thus activity of a-xylosidase
and f-glucosidase, which are responsible for the degradation of xyloglucan oligo-
saccharides and cello-oligosaccharides within the cell wall (Kaida et al. 2010).
AtPAP25 is a member of the high molecular weight Arabidopsis PAP family
(Fig. 2.1) that appears to be exclusively expressed and targeted to cell walls of
Pi-starved plants, while exhibiting kinetic features consistent with its potential func-
tion as a phosphoprotein phosphatase (Del Vecchio et al. 2014). Transcript profiling
and immunoblotting with anti-AtPAP25 immune serum indicated that AtPAP25 is
strictly expressed and secreted during Pi deficiency. Coupled with AtPAP25’s potent
mixed-type (allosteric) inhibition by Pi (I5p = 50 pM), this indicates a very tight
feedback control by Pi that would prevent AtPAP25 from being synthesized or
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functioning as a phosphatase except when Pi levels are extremely low. Promoter:-
glucuronidase reporter assays revealed specific AtPAP25 expression in shoot vascu-
lar tissue of Pi-starved plants. Development of an atpap25 T-DNA insertion mutant
was arrested during cultivation on soluble Pi-deficient soils but rescued upon Pi
fertilization or complementation with AtPAP25. Quantification of transcripts encod-
ing five well-documented PSI genes (i.e., A4, AtPPCKI, AtRNS1, AtPAPI2, and
AtPAPI7) indicated that Pi starvation signaling was attenuated in shoots of the soil-
cultivated atpap25 mutant. Since AtPAP25 exhibited near optimal APase activity
with several phosphoamino acids and phosphoproteins as substrates, it was hypoth-
esized to play a key signaling role during Pi deprivation by functioning as a phos-
phoprotein phosphatase, rather than as a nonspecific scavenger of Pi from
extracellular Pi esters (Del Vecchio et al. 2014). Additional studies are required to
confirm AtPAP25’s putative phosphoprotein phosphatase role in the ECM of shoot
vascular tissue of Pi-deprived plants, as well as how it might participate in the sig-
naling pathways by which Arabidopsis responds to nutritional Pi deprivation at the
molecular level. In this regard, transcriptomic and (phospho)proteomic profiling to
assess global gene and (phospho)protein expression changes in the atpap25 mutant
could help to further establish the degree to which Pi starvation signaling was atten-
uated in the mutant.

2.4 Plant Haloacid Dehalogenase-Like APases May Function
as Cytoplasmic Phosphoprotein Phosphatases

Apart from PAPs, APases belonging to the haloacid dehalogenase (HAD) superfam-
ily are also upregulated by Pi-deficient plants (Baldwin et al. 2001, 2008; Hur et al.
2007; Pandey et al. 2017). The HAD superfamily is represented by a diverse assort-
ment of enzymes including ATPases, epoxide hydrolases, dehalogenases, phospho-
mutases, and phosphoserine phosphatases. LePS2 was the first PST HAD superfamily
gene characterized in tomato (Baldwin et al. 2001, 2008). The phosphoprotein
phosphatase activity of overexpressed LePS2 was hypothesized to trigger a signal-
ing cascade that resulted in increased APase activity, anthocyanin accumulation,
and delayed flowering in tomato (Baldwin et al. 2008). Another PSTHAD, OsHADI1,
is a cytosolic APase of rice that exhibits a broad pH-activity profile and substrate
specificity including phosphoamino acids and phytic acid (Pandey et al. 2017).
Overexpression of OsHADI in rice led to increased APase activity, Pi accumula-
tion, and improved growth under restricted Pi supply. OsHAD1 overexpression was
suggested to reduce the phosphorylation status of several target phosphoproteins,
leading to the induction of Pi transporters, phytases, phosphatases, and genes
involved in organic acid production. Moreover, pull-down assays indicated that
OsHADI associates with protein kinases known to play important roles in several
signal transduction pathways involved in abiotic and biotic stress acclimation. Thus,
OsHADI in coordination with protein kinases was hypothesized to mediate the
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phosphorylation status of downstream targets and thereby contribute to the control
of rice Pi metabolism (Pandey et al. 2017).

2.5 Concluding Remarks

The biochemical and molecular properties, expression patterns, and subcellular
location of plant PAPs indicate that this family of metalloenzymes was significantly
modified during the evolution of vascular plants, generating an assortment of high
and low molecular weight isozymes (Fig. 2.1) suited for a broad variety of meta-
bolic, developmental, and environmental situations. Plant PAP studies have tradi-
tionally focused on the roles that they play in Pi scavenging and recycling from Pi
monoesters and anhydrides during Pi starvation or senescence (Stigter and Plaxton
2015; Tran et al. 2010a; Wang and Liu 2018). However, the possibility that certain
secreted PAP isozymes have a specific phosphoprotein phosphatase function within
the ECM of plant cells is supported by (1) their ability to efficiently dephosphory-
late various phosphoamino acids, phosphopeptides, and phosphoproteins in vitro;
(2) the existence of extensive and dynamic protein phosphorylation events within
the plant ECM; and (3) the well-established precedent for an extracellular phospho-
protein phosphatase role of the secreted low molecular weight human PAP, HsACPS.
Nevertheless, studies of the prevalence, functions, and mechanisms of reversible
protein phosphorylation within the plant ECM are still in their infancy. Although
enhanced proteomic and MS techniques are continually expanding the list of plant
ECM proteins (Albenne et al. 2013), and the majority of plant ECM proteins appear
to undergo multiple PTMs (Canut et al. 2016; Ghahremani et al. 2016), few studies
to date have focused on detecting or understanding site-specific PTMs such as phos-
phorylation that may be pivotal to ECM protein function and metabolism. A chal-
lenging yet important goal for future research will therefore be to document the
mechanisms and functional consequences of extracellular protein phosphorylation
in the signaling and metabolic pathways involved in plant development and accli-
mation to biotic and abiotic stresses. Whether biotic or abiotic, the imposed stress
can induce dramatic alterations within the ECM proteome that facilitate plant accli-
mation to unavoidable stressful conditions. Signal transduction cascades initiated
within the apoplast can trigger changes in cell wall composition and intracellular
metabolism that mediate stress acclimation via the action of a diverse suite of
enzymes. Understanding how, when, and why plant ECM proteins are phosphory-
lated could provide crucial insights into the dynamic nature of the cell wall and how
plant cells respond to external stressors and stimuli. Gaining a full understanding of
the molecular pathways involved in these PTMs will likely contribute toward future
biotechnological efforts of engineering stress-tolerant crops and trees. Continued
identification and characterization of Golgi and ECM phosphoproteins under vari-
ous physiological situations, along with pinpointing the occurrence and targets of
secreted protein kinases, and phosphoprotein phosphatase function of secreted
PAPs will be required before our understanding of reversible protein



26 M. Ghahremani and W. C. Plaxton

phosphorylation within the plant ECM is complete. These key questions are not
simple issues; however, they are critical to continued pursuit of the mechanisms and
functions of protein phosphorylation in plant cell biology.
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Chapter 3

Purple Acid Phosphatases (PAPs):
Molecular Regulation and Diverse
Physiological Roles in Plants

Poonam Mehra and Jitender Giri

3.1 Introduction

Purple acid phosphatases (PAPs) represent the largest group of acid phosphatases
(APases; E.C. 3.1.3.2) that are characterized by their pink or purple color in water
solution. This color of PAPs is derived from a charge transfer transition from Tyr
residue to chromopheric Fe (III) in the dinuclear metal center (Oddie et al. 2000;
Wang et al. 2015). PAPs possess metallophos domain and belong to metallophos-
phoesterase superfamily, which also includes exonucleases and protein phospha-
tases (Tran et al. 2010a). PAPs catalyze the hydrolysis of several P-containing
compounds at acidic pH (pH 4.0-7.0). In mammals, PAPs have been studied for
many biological functions (reviewed in Olczak et al. 2003). Mammalian PAPs are
involved in ROS generation, iron transport, and bone sorption. Some of these roles
such as iron transport are not associated with their enzymatic activity. Due to their
role in bone metabolism, mammalian PAPs have been identified as potential targets
for curing osteoporosis and other bone ailments (Oddie et al. 2000; Miti¢ et al.
2006). Bifunctional mammalian PAPs catalyze peroxidation as well as hydrolytic
reactions. However, plant PAPs are widely studied for their roles under Pi defi-
ciency (Tran et al. 2010a). The transcript induction of PAPs is considered as one of
the explicit molecular signatures for Pi deficiency. Under Pi deficiency, PAPs cata-
lyze the hydrolysis of several P containing organic compounds present intracellu-
larly or in the rhizosphere. Thus, PAPs are key players involved in Pi acquisition and
redistribution (Kuang et al. 2009). With progressively more investigations into their
biological functions, some PAPs have now also been characterized for their roles in
signal transduction, oxidative stress, nodule formation, mycorrhizal symbiosis, and
senescence (Kaida et al. 2008; Li et al. 2008). This chapter describes the diverse
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roles of PAPs in plants and contemplates new lines of investigations to discover
their novel functions and mechanisms.

3.2 Structure and Classification of PAPs

In plants, the protein sequences of PAPs are reported to have an N-terminal non-
active domain and a C-terminal active domain (Schenk et al. 2005, 2013). All PAPs
are characterized with five conserved blocks of amino acid residues (DXG/
GDXXY/GNH(D/E)/VXXH/GHXH) with seven metal-ligating residues (in bold
letters) that are involved in metal coordination at dinuclear metal center (Li et al.
2002). These metal-ligating residues constitute the active site of these enzymes and
are highly conserved from bacterial to mammalian PAPs (Li et al. 2002; Olczak
et al. 2003). However, some recent studies in Arabidopsis, rice, and soybean have
reported some alterations in the composition of the seven invariant residues (Li
et al. 2002, 2012a; Zhang et al. 2011). PAPs are present in a diverse class of organ-
isms including bacteria, fungi, plants, and mammals (Kuang et al. 2009). The bime-
tallic active site of mammalian PAPs possesses Fe**—Fe** center, whereas the active
site of plant PAPs contains Fe**~Mn?* or Fe*—Zn** center (Schenk et al. 1999, 2005;
Flanagan et al. 2006). Replacement of ferric ion with Mn?* in the dinuclear center
led to complete loss of PAP activity in sweet potato (Miti¢ et al. 2009). This indi-
cates the absolute requirement of ferric ion for the phosphatase activity of PAPs. All
characterized mammalian PAPs are either monomeric proteins of ~35 kDa (LMW,
low molecular weight) or homodimeric proteins of ~55 kDa (HMW; high molecular
weight) (Schenk et al. 2000). Similar LMWs and HMWs also exist in plants; how-
ever, the HMW PAPs in plants are of ~45-75 kDa molecular weight (Tran et al.
2010a). Structural analysis of plant PAPs has revealed dimerization of HMW PAPs
by disulfide bridges formed through cysteine residues (Olczak et al. 2003).
Depending on their location of activity preferences, PAPs are also classified as
intracellular and extracellular. Intracellular PAPs can remobilize phosphorus (P)
from cellular P reserves, whereas secreted PAPs can hydrolyze P from bound
organic P sources. Noticeably, a significant fraction of soil P, nearly 50-80%, occurs
as organic P and constitutes the bound P pool, not readily available for plant use
(Wang et al. 2009). Secretory PAPs can hydrolyze these bound organic P sources to
make them available for plant use. Thus, PAPs are considered important candidates
for improving low Pi tolerance of plants.

3.3 PAPs Exist as a Multigene Family

In plants, PAPs are present as a multigene family. PAP family members have been
identified in Arabidopsis (29 AtPAPs) (Li et al. 2002), rice (26 OsPAPs) (Zhang
et al. 2011), soybean (35 GmPAPs) (Li et al. 2012a), maize (33 ZmPAPs)
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(Gonzdlez-Muiioz et al. 2015), chickpea (Bhadouria et al. 2017), and Jatropha cur-
cas (25 JcrPAPs) (Venkidasamy et al. 2019). In a recent study, PAP genes were
identified in ten vegetable species belonging to Brassicaceae, Solanaceae, and
Cucurbitaceae (Xie and Shang 2018).

According to the phylogenetic classification, all rice and Arabidopsis PAPs are
classified into three major groups (I, II, and III) and seven subgroups (Ia, Ib, Ic, Ila,
IIb, MIa, and IIIb) (Zhang et al. 2011). In a recent classification, PAPs from
Arabidopsis and different crops (Phaseolus vulgaris, Zea mays, Vigna radiata,
Hordeum vulgare, Nicotiana tabacum, Triticum aestivum, Oryza sativa, and
Medicago truncatula) were divided into four major groups: I, II, III, and IV (Tian
and Liao 2015). The largest group, group I, was further divided into subgroups: I-1
and I-2 (Tian and Liao 2015). Noticeably, many PAPs of the subgroup I-2 have been
reported to possess phytase activity. These include AtPAP15, OsPAP23 (OsPHY 1),
MtPHY 1, GmPAP19, and CaPAP7 (Hegeman and Grabau 2001; Xiao et al. 2005;
Kuang et al. 2009; Li et al. 2012b; Bhadouria et al. 2017). On the other hand, almost
all of the PAPs of group I except for AtPAP2 are not yet characterized. Interestingly,
Pi starvation does not influence the expression of AtPAP2, which is localized in
plastids and mitochondria (Sun et al. 2012). Further, AtPAP2 was found to be
involved in carbon metabolism (Sun et al. 2012). Most of the PAPs of group II
(AtPAP10, AtPAP12, AtPAP25, AtPAP26, OsPAP10a, OsPAP10c) are character-
ized for their roles in improving low Pi tolerance of plants (Tran et al. 2010b; Wang
et al. 2011; Tian et al. 2012; Del Vecchio et al. 2014; Lu et al. 2016). Group III,
comprising only 11 PAPs, constitutes the smallest group. No PAP of this group has
been characterized so far. Similarly, the functional role of very few PAPs from
group IV has been elucidated. This includes AtPAP17 (del Pozo et al. 1999),
PvPAP3, PvPAP4, and PvPAP5 (Liang et al. 2012). Therefore, given the functional
diversity of plant PAPs, a large number of PAPs still need to be investigated for real-
izing their potential in multiple stresses.

3.4 Plant PAPs Are Nonspecific Phosphatases

Depending on their pH requirements for optimum activity, plant phosphatases
belong to two classes: alkaline phosphatases and acid phosphatases. While alkaline
phosphatase exhibits absolute substrate specificity, acid phosphatases are relatively
nonspecific (Duff et al. 1994). APases (acid phosphatases) are further classified as
specific and nonspecific APases (Duff et al. 1994). Specific APases are specialized
in nature and possess substrate specificities, which are not absolute but specific to
some extent. These include 3-phosphoglycerate phosphatases and phosphoenolpyr-
uvate phosphatase (Duff et al. 1989). On the other hand, nonspecific APases act
upon a broad range of substrates. Majority of the PAPs belong to the class of non-
specific APases. However, some PAPs such as OsPAP23 and AtPAP15 are specific
APases due to their high preference for phytate as substrate (Kuang et al. 2009; Li
et al. 2012b). Similarly, cell wall-localized AtPAP25 specifically functions as
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phosphoprotein phosphatase (Del Vecchio et al. 2014). Nonspecific PAPs such as
AtPAP10 and PvPAP3 showed the highest activity with an organic substrate, ATP
(Liangetal. 2010; Wang et al. 2011), whereas secretory Arabidopsis PAPs (AtPAP12
and AtPAP26) and tomato PAPs (LeSAP1 and LeSAP2) showed maximum activity
with PEP (phosphoenolpyruvate) (Bozzo et al. 2002; Tran et al. 2010b). In rice,
OsPAP21b was shown to possess the highest activity against di- and tri-nucleotides
as well as sugar phosphates and phosphoproteins (Mehra et al. 2017). In the absence
of detailed biochemical characterization of several known and unknown PAPs, it is
difficult to develop a concluding remark about overall substrate specificities of
PAPs. However, there is growing evidence that phosphatase activity of many PAPs
is inhibited by the higher concentration of Pi suggesting a feedback loop regulating
PAPs (Bozzo et al. 2002; Veljanovski et al. 2006; Liang et al. 2010; Mehra
et al. 2017).

3.5 Regulation of Purple Acid Phosphatases in Plants

PAPs are reported to be regulated at transcriptional, translational, and/or posttrans-
lational levels in plants (Fig. 3.1). Several PAPs have been reported to be induced
spatiotemporally under Pi deficiency in Arabidopsis and crop plants (Wang et al.
2011; Zhang et al. 2011; Gonzédlez-Mufioz et al. 2015; Mehra et al. 2016). Induction
of PAPs under Pi deficiency is regulated by transcription factors such as PHRI,
WRKY75, and ZAT6 (Rubio et al. 2001; Devaiah et al. 2007a, b; Zhang et al. 2011).
Recently, OsPAP21b was shown to be directly regulated by OsPHR2 through in
vitro studies (Mehra et al. 2017). Overexpression of ZAT6 increased the activity of
APases in roots of Arabidopsis as compared to WT (Devaiah et al. 2007b). Similarly,
overexpression lines of rice PHR2 showed increased expression of OsPAPs (Zhang
et al. 2011). Further, rice mutant, ospho2, and RNAI lines of OsSPX1 also showed
increased activity of APases in rice roots as compared to WT under Pi deficiency
indicating PHO?2 and SPX to be negative regulators of OsPAPs (Zhang et al. 2011).
However, any direct evidence of such regulation is not revealed yet. Few studies
report the posttranscriptional/posttranslational regulation of PAPs. Recently, tran-
scripts and protein of OsPAP21b in rice overexpression lines were shown to undergo
downregulation in Pi-replete conditions (Mehra et al. 2017). This study also showed
that expression of OsPAP21b was systemically regulated by plant Pi status. Also,
some PAPs (e.g., AtPAP26) undergo posttranslational modifications such as glyco-
sylation, which is supposed to influence localization, kinetic properties, and stabil-
ity of enzymes (Tran et al. 2010b). It has been found that transcripts of AtPAP26 are
constitutively expressed irrespective of plant Pi status (Veljanovski et al. 2006).
However, AtPAP26 protein showed significant accumulation under Pi deprivation
(Veljanovski et al. 2006). Furthermore, under Pi deficiency, AtPAP26 is secreted as
two distinct glycoforms; AtPAP26-S1 and AtPAP26-S2. The AtPAP26-S2 form was
found to interact with secretory bisphosphorylated, Pi-inducible lectin, AtGALI
(Ghahremani et al. 2018). Interaction of AtGAL1 with AtPAP26-S2 glycosylated
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Fig. 3.1 Regulation of purple acid phosphatase (PAP) activity in plants. Schematic representation
of known molecular regulatory mechanisms of PAPs. Expression of PAPs is positively regulated at
transcriptional levels by transcription factors such as PHR1, WRKY75, and ZAT6, whereas PHO2
and SPX protein negatively regulate PAPs. Phosphorus deficiency (-P) induces accumulation of
most of the PAP proteins. Repletion of phosphorus degrades PAPs by high Pi-inducible proteases.
Many PAPs are known to undergo posttranslational modification such as glycosylation.
AtPAP26-S2, a glycoform of AtPAP26, is produced during Pi deficiency. Interaction of AtPAP26-S2
with Pi-inducible lectin AtGALI1 is known to stabilize AtPAP26 under Pi deficiency

form enhances stability and APase activity of AtPAP26. This suggests that specific
posttranslational modifications of PAPs may have a significant impact on their
activities.

Some other studies also indicate the existence of such regulations. For instance,
the proteolytic turnover of PAPs dramatically increased after Pi resupply in
Pi-starved tomato suspension cells (Bozzo et al. 2004). This was also accompanied
by the induction of some proteases that possibly bring about the degradation of
PAPs (Bozzo et al. 2004). Similarly, the protein level of AtPAP10 was significantly
increased in overexpression lines of AtPAP10 under Pi deficiency as compared to
Pi-replete conditions (Zhang et al. 2014). Few posttranscriptional and posttransla-
tional regulatory modules have been revealed under Pi deficiency. Among these,
regulation by AtPHO2-miR399-AtPHR1-A#4 module constitutes one of the highly
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characterized regulations under Pi deficiency (Chiou et al. 2006; Doerner 2008).
However, no reports are suggesting any role of this module in regulating PAPs.

Moreover, reversible phosphorylation and dephosphorylation are also known to
regulate some enzymes under Pi deficiency. In Arabidopsis, low Pi-inducible phos-
phoenolpyruvate carboxylase (PEPC) is activated by phosphorylation under Pi defi-
ciency (Gregory et al. 2009). Interestingly, transcripts of genes encoding for PEP
carboxylase kinases (AtPPCK1/2) are also significantly induced upon Pi starvation
(Gregory et al. 2009). Although Pi status-dependent reversible accumulation of
PAPs is documented, any direct regulation of PAPs by phosphorylation is not yet
explored. Therefore, more investigation needs to be further carried out to reveal
details of the posttranscriptional/translational regulation of PAPs and its relevance
under Pi deficiency.

3.6 Diverse Functions of Plant PAPs

3.6.1 Organic P Utilization

Secretory and root-associated PAPs are recognized as important molecular players
for the plant’s adaptation to low Pi environments (Tran et al. 2010a). Overexpression
of some of the PAPs with phytase activity has been shown to improve plant growth
on organic P supplemented growth medium. Since phytate is the most abundant
(30-65%) organic P form in soil (Harrison 1987), targeting PAPs with phytase
activity is an active research area to increase organic P solubilization by crop plants.
Overexpression of MtPAPI derived from Medicago truncatula, GmPAP4 from soy-
bean, and AtPAP15 from Arabidopsis led to the increased Pi acquisition and plant
growth on phytate as a sole P source (Xiao et al. 2006; Wang et al. 2009; Kong et al.
2014). AtPAP15 is a nonsecretory PAP. Therefore, AtPAP15 was fused with the
signal peptide of carrot to enhance extracellular phytate utilization (Wang et al.
2009). In the model plant Arabidopsis, 29 putative PAPs have been reported, of
which 11 are low Pi inducible (Wang et al. 2014). Some of the Arabidopsis PAPs,
such as AtPAP17, AtPAP26, AtPAP12, AtPAP25, AtPAP15, and AtPAP10, have
been well characterized for their important roles under Pi deficiency (Kuang et al.
2009; Tran et al. 2010b; Wang et al. 2011; Del Vecchio et al. 2014). AtPAP12 and
AtPAP26 are the major PAPs secreted by Arabidopsis roots under Pi deficiency
(Tran et al. 2010b). Secreted AtPAP12 and AtPAP26 were shown to hydrolyze
exogenously supplied herring sperm DNA for providing phosphate nutrition to
Pi-starved Arabidopsis seedlings (Robinson et al. 2012), whereas atpap12atpap26
double mutant was unable to hydrolyze extracellular DNA leading to poor growth
and development as compared to WT (Robinson et al. 2012). AtPAP12 and AtPAP26
were also found to hydrolyze phosphate monoesters such as glycerol-3-phosphate
when supplied as sole P source to Arabidopsis seedlings (Robinson et al. 2012).
Similarly, few PAPs have been biochemically and/or functionally characterized
in crop plants. These include KbPAP and PvPAP3 from common bean (Cashikar
et al. 1997; Liang et al. 2012), NtPAP from tobacco (Lung et al. 2008) and LeSAP1
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and LeSAP2 from tomato (Bozzo et al. 2002). Overexpression lines of low molecu-
lar weight PAP, PvPAP3, increased utilization of extracellular ANTPs in common
bean leading to enhanced biomass as compared to WT (Liang et al. 2010). PvPAP3
was reported to be localized in the apoplast, and plasma membrane is indicating that
PvPAP3 can also mobilize phosphate monoesters in apoplast (Liang et al. 2010).
Other most characterized PAPs, LeSAP1 and LeSAP2, were identified from culture
media of Pi-starved tomato cell suspension and were found to be the major secre-
tory tomato PAPs with broad substrate specificity (Bozzo et al. 2002). In soybean,
GmPAP4 and GmPAP14 have been shown to enhance organic P utilization (Kong
et al. 2014, 2018). In a recent study, plasma membrane-localized SgPAP23 from
Stylosanthes guianensis was reported to be a primary enzyme involved in extracel-
lular phytate utilization in forage crop, stylo (Stylosanthes spp.) (Liu et al. 2018).
Overexpression of SgPAP23 enhanced phytase activity in both bean hairy root and
Arabidopsis. Likewise, overexpression of other SgPAPs (SgPAP7, SgPAPI2, and
SgPAP26) also increased root-associated APase activities in transgenic bean hairy
root (Liu et al. 2016).

In rice, PAPs exist as a large family of 26 members (Zhang et al. 2011). Most of
these PAPs are low Pi inducible and are principally expressed in roots (Zhang et al.
2011). However, there are no reports revealing localization of rice PAPs at the tissue
or organellar levels. Rice PAP OsPAP23 has been shown to possess phytase activity
and is recognized as OsPHY1 (Li et al. 2012b). Overexpression of OsPHY with
potato signal peptide increased accumulation of total and soluble P in transgenic
tobacco as compared to WT (Li et al. 2012b). OsPHYI was found to be highly
expressed in seeds indicating their role in solubilization of seed phytate during seed
germination. Notably, 70% of the seed P reserves are stored as phytate, which is
hydrolyzed by phytases in germinating seeds (Dionisio et al. 2011). Another rice
PAP, OsPAP10a, was reported to increase utilization of exogenously supplied
ATP. Rice overexpression transgenics of OsPAP10a showed significantly enhanced
secretory APase activity as compared to WT (Tian et al. 2012). Another closer
homolog of OsPAP10a, i.e., OsPAP10c, has also been reported to possess similar
functions as OsPAP10a (Lu et al. 2016). Notably, both rice PAPs, OsPAP10a and
OsPAP10c, are close homologs of well-characterized Arabidopsis PAP, AtPAP10.
Another rice PAP, OsPAP21b, is a secretory protein that hydrolyzes soil organo-
phosphates making them available for plant use (Mehra et al. 2017). Despite the
very low phosphorus use efficiency (PUE) and high economic importance of rice,
the majority of the rice PAPs are still uncharacterized.

3.6.2 Seed Germination and Abiotic/Biotic Stress Tolerance

Though most of the PAPs are low Pi inducible, Pi deficiency was not found to influ-
ence the expression of some of the PAPs (Veljanovski et al. 2006; Sun et al. 2012).
Functional analysis of many PAPs revealed their diverse functional roles (summa-
rized in Table 3.1). For example, AtPAP15 is known to possess phytase activity and
is involved in the hydrolysis of phytate during seed and pollen germination (Kuang
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et al. 2009). Overexpression of AtPAP15 was shown to alleviate salt and osmotic
stress besides reducing phytate content in seed as compared to WT (Zhang et al.
2008). Overexpression of another Arabidopsis PAP, AtPAP2, enhances growth and
yield through enhanced sucrose phosphate synthase (SPS) activity in Arabidopsis
transgenics as compared to WT (Sun et al. 2012). Similarly, mitochondrion local-
ized soybean PAP, GmPAP3, was found to be induced by salt and oxidative stress
instead of phosphate deficiency (Liao et al. 2003). Overexpression of GmPAP3 in
Arabidopsis increased tolerance to osmotic, salt, and oxidative stresses as compared
to WT (Li et al. 2008). This study suggested the role of GmPAP3 in ROS scavenging
for providing stress tolerance. Similarly, PgPAP18 from Pennisetum glaucum was
also reported to be involved in multiple stress tolerance (Reddy et al. 2017). Another
PAP, AtPAP17, was also reported to exhibit peroxidase activity and is induced by
salt and ABA (del Pozo et al. 1999). However, AtPAP17 is also induced by Pi starva-
tion. This upholds the possibility that low Pi-inducible PAPs can also play multiple
roles under different abiotic stresses like other Pi-independent PAPs.

Very few studies have also unearthed the role of PAPs in disease resistance.
Expression of Arabidopsis Purple Acid Phosphatase 5 (AtPAPS) is induced by
infection of the bacterial pathogen, Pseudomonas syringae pv. tomato DC3000 (Pst
DC3000) (Ravichandran et al. 2013). atpap5 mutants showed enhanced susceptibil-
ity to Pst DC3000 and displayed reduced expression of defense-related genes such
as PRI (Pathogenesis-Related Gene 1), ICSI (Isochorismate Synthase 1), and
PDF1.2 (Plant Defensin 1.2). Exogenous application of SA analog, BTH, restored
expression of PRI in atpap5 indicating the role of AtPAPS5 upstream to SA pathway.
This study provided evidence indicating novel roles of PAPs in plant defense
mechanisms.

3.6.3 Root Architecture Modulation

Phosphatase activity of PAPs can also modulate root system architecture (RSA).
Overexpression lines of root surface-associated Arabidopsis PAP, AtPAP10, devel-
oped larger roots as compared to WT under Pi-deficient and ADP supplemented
conditions (Wang et al. 2011). AtPAP10 overexpression lines possessed increased
lateral root length, lateral root density, and primary root length as compared to WT
under Pi deficiency. On the other hand, atpapl0 mutants formed weaker roots as
compared to WT (Wang et al. 2011). AtPAP10-mediated phosphorylation of associ-
ated root proteins involved in growth and development was suggested as a possible
mechanism for increased root growth in A7PAP10 overexpression lines. Similarly,
overexpression of a tobacco PAP, NtPAP12, increased deposition of cellulose and
B-glucan synthesis in the cell wall of transformed tobacco cells (Kaida et al. 2009).
NtPAP12 is believed to dephosphorylate cell wall-associated enzymes, a-xylosidase
and P-glucosidase for regulating cell wall biosynthesis (Kaida et al. 2009). In rice
also, overexpression of OsPAP21b enhanced primary as well as lateral root length
under Pi deficiency as compared to WT (Mehra et al. 2017). Opposite to this,
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silencing of OsPAP21b reduced root biomass in rice transgenics as compared to
WT. These findings indicate some plausible direct or indirect roles of PAPs in RSA
modulation under Pi deficiency. Further, some phosphate compounds, which act as
signaling molecules, could be potential targets of PAPs to bring about physiological
and morphological alterations in plants under Pi deficiency. However, this hypoth-
esis needs further investigations.

3.6.4 Nodule Formation and Arbuscular Mycorrhizal
(AM) Symbiosis

Leguminous crops have high phosphate requirement for driving energy-demanding
processes such as nitrogen fixation (Mehra et al. 2018). Few PAPs have been studied
for their roles in nitrogen fixation and nodule formation. Recently, soybean PAP
GmPAP21 was reported to be involved in energy charge control in nodules of soy-
bean (Li et al. 2017). GmPAP21 showed high expression in nodules apart from
roots, leaves, stems, and pods. However, overexpression of GmPAP2] inhibited
nodule formation in soybean. Similarly, overexpression of another PAP, AsPPD],
also inhibited nodulation in transgenic Astragalus sinicus hairy roots (Wang et al.
2015). Moreover, no nodule formation was observed in half of the overexpressed
roots. On the other hand, silencing of AsPPDI increased the number of nodules,
albeitnodules were smaller and possessed very low nitrogenase activity. Furthermore,
silencing of AsPPD] led to early nodule senescence consequently impairing nitro-
gen fixation.

Besides legume-rhizobium symbiosis, PAPs participate in AM symbiosis.
Soybean PAP, GmPAP33, was recently found to be involved in arbuscule degenera-
tion (Li et al. 2019). Investigations revealed that GmPAP33 hydrolyzes phospholip-
ids (phosphatidylcholine) and phosphatidic acid present in arbuscular membranes.
Expression of GmPAP33 is induced by AM inoculation irrespective of Pi availabil-
ity indicating crucial roles of GmPAP33 in AM symbiosis rather Pi availability.
Overexpression of GmPAP33 led to the formation of large arbuscules and increased
yield in soybean as compared to control plants. On the contrary, RNAI lines showed
smaller arbuscules and high content of phospholipids. These results point toward
the roles of PAPs in arbuscule turnover and AM symbiosis.

3.6.5 Regulation of Flowering

Expression studies of PAP family members in different tissue have revealed their
prominent expression in reproductive tissues. Although their accurate biological
functions in reproductive tissues are still unclear, accumulating evidence constantly
indicates their role in flowering and seed development. Interestingly, all 28 of the
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expressed AtPAPs showed expression in flower. Moreover, nine of the ArPAPs
showed expression in flower only (Zhu et al. 2005). Histochemical GUS assays
showed expression of AtPAP23 in the floral apical meristem, immature flower, pet-
als, and anthers in Arabidopsis (Zhu et al. 2005). However, overexpression, knock-
out, or silencing of AtPAP23 could not produce any visible differences in flower
development between WT and transgenics. This may be attributed to functional
redundancy among different members of Arabidopsis PAPs. Similar to Arabidopsis,
most of the chickpea PAPs were predominantly expressed in flower bud (Bhadouria
etal. 2017). In rice also, overexpression of PAPs such as OsPAP21b and OsPAP10a
led to early flowering (Mehra et al. 2017; Tian et al. 2012). These findings suggest
that PAPs may influence flowering in plants, probably by regulating Pi homeostasis.
Several reports indicate the role of phosphorus in flowering and fruit set in different
plant species (Menary and Staden 1976; Anuradha et al. 1990; Erel et al. 2008;
Petraglia et al. 2014). Interestingly, Pi deficiency is also reported to influence the
expression of several genes involved in flowering such as FLC (flowering locus C),
FT (flowering locus T), and LFY (leafy) (Kant et al. 2011). However, a direct mech-
anism between the activity of PAPs and flowering is yet missing and needs further
investigations.

3.6.6 Seed Development

Phosphorus nutrition is known to play important roles in seed development (Millar
and Turk 1943). Phytate content in seeds is directly associated with seed weight
(Dwivedi et al. 2017). In a recent study, one of the chickpea PAPs, CaPAP7, was
found to possess phytase activity (Bhadouria et al. 2017). Interestingly, expression
of CaPAP7 was significantly higher in chickpea genotypes with lower seed weight
and seed phytate content. This study revealed the role of PAPs as “functional phy-
tases” in regulating seed phytate and consequently seed weight.

Functions of some of the PAPs have also been implicated in grain filling in crops.
Out of 26 rice PAPs, five PAPs were found upregulated at 15 DAA (days after anthe-
sis) (Jeong et al. 2017). Increased expression of PAPs was suggested to be involved
in phosphate remobilization from senescing flag leaves to developing grains.
Notably, expression of OsPAP26 was found to be induced in senescing leaves,
whereas Pi deficiency had no impact on the expression of OsPAP26 (Gao et al.
2017). This suggests an explicit role of some PAPs in leaf senescence and Pi remo-
bilization. Similarly, A7PAP26 (Arabidopsis orthologue of rice OsPAP26) also plays
a role in leaf senescence and phosphate remobilization to seeds (Robinson et al.
2012). atpap26 mutants showed delayed senescence and parallelly reduced seed P
concentrations. Altogether, these findings reveal significant functions of PAPs in
modulating Pi status in flag leaves and seeds during grain development.
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3.7 Future Perspectives

Plant PAPs are integral to Pi deficiency responses. Overexpressing many functional
PAPs in Arabidopsis and major crop plants has so far proved successful in improv-
ing organic P utilization, especially phytate. Further efforts for combining actions of
both secretory and intracellular PAPs may simultaneously improve Pi acquisition
efficiency as well as intracellular Pi utilization. This holds the chance for improving
phosphorus use efficiency (PUE) of many crop plants (e.g., rice) with very low
PUE. In the case of developing nations, such efforts will also possibly relieve the
economic burden lied on importing a large amount of Pi fertilizers. Moreover, tar-
geting PAPs for improving PUE can also minimize the application of Pi fertilizers,
thereby addressing several ecological concerns associated with injudicious fertil-
izer use.

Plant PAPs are endowed with many unique characteristic features, for instance,
broad substrate specificities. Several substrates for PAP proteins have been
unearthed. These substrates involve a diverse class of compounds such as phospho-
lipids, phosphoproteins, phosphosugars, nucleotides, and phosphoinositols. Given
the versatility of their substrates, plant PAPs may be associated with a range of
molecular processes and signal transduction pathways. Reversible phosphorylation
is one of the prime mechanisms modulating signal transduction pathways (Lan et al.
2013; Li et al. 2014). Regulation of phosphorylation status of many proteins and
other compounds by PAPs may determine the course of many signaling cascades.
However, the precise role of PAPs in signaling processes is still elusive and demands
more investigations. Additionally, PAPs themselves are reported to undergo post-
transcriptional or posttranslational modifications. The extent to which these modifi-
cations affect their structure, stability, and kinetic properties needs to be tested in
details.

Over the years, plant PAPs have been largely studied from the perspective of
improving low Pi tolerance. However, building evidence suggests their wider roles
in multiple stresses and physiological and developmental processes (Fig. 3.2).
Prominent expression of PAPs in flower parts is also intriguing and needs intense
efforts to explore their possible functions in flowering. Several PAPs have been
identified for their roles in remobilization of phosphate from senescing flag leaves
to developing seeds (Jeong et al. 2017), while some others (e.g., AtPAP15, CaPAP7,
OsPAP23) act as functional phytases. These PAPs serve as future targets for manip-
ulating P quantity ultimately loaded into grains. This will not only reduce Pi removal
from crop fields at harvest but also control seed phytate content. Notably, seed phy-
tate constitutes around 65-80% of P in seeds (Raboy 2001). Humans and monogas-
tric animals lack the natural ability to digest phytate. Consequently, 90% of the
consumed phytate is excreted, which ultimately finds its way into rivers and lakes
causing eutrophication (Raboy 2009). Therefore, minimizing seed phytate content
without compromising vigor and seed germination has been suggested useful in
addressing phytate promoted eutrophication (Yamaji et al. 2017). Phytate being an
“anti-nutrient” also chelates many important nutrients such as iron, zinc, and



46 P. Mehra and J. Giri

Salt stress, osmotic
stress, oxidative stress
(GmPAP3, AtPAP17)

Disease resistance
(AtPAPS)

Phytate solubilization

(AtPAP15, OsPAP23)
Root architecture

modulation (AtPAP10,

NtPAP12, OsPAP21b) Remobilization of P from
cellular sources of organic

P under Pi deficiency
Nodule formation (GmPAP21) (OsPAP21b, AtPAP15,
OsPAP23)

Intracellular
Grain filling and senescence

Arbuscular mycorrhizal
AtPAP26
(AM) symbiosis PAPs \ ( )
GmPAP33
(GmPAP33) Extracellular
Seed development
\ (CaPAP7)

Flowering (OsPAP21b,
OsPAP10a)

Solubilization of phytate
in extracellular milieu
(SgPAP23, MtPAPI,

GmPAP4)

Mobilization of
phosphate monoesters in
apoplast (PvPAP3)

Hydrolysis of organic P
sources (AtPAP12,
AtPAP26, OsPAP10a,
OsPAP21b, LeSAPI,
LeSAP2)

Fig. 3.2 Plant purple acid phosphatases (PAPs) are involved in diverse physiological roles.
Summary of diverse functions of intracellular and/or extracellular plant PAPs

calcium, thereby reducing their bioavailability. Therefore, further research is needed
to deploy highly active phytases/PAPs for minimizing seed phytate content in crops
possessing high seed phytate content. Besides, “secretory” PAPs with phytase activ-
ity can also mobilize the most abundant organic P reserve, i.e., soil phytate. Thus,
these PAPs can play dual roles in imparting both low P tolerance and improving
seed quality.

Cumulative results from independent studies have well explored the roles of
PAPs in diverse physiological processes. However, the current knowledge of their
mechanisms of actions in complex metabolic networks is very limiting. Detailed
investigations into their regulation, posttranscriptional modifications, structure, and
kinetic properties could carve out new means for increasing their efficiency and
stability. Overall, PAPs participate in multiple physiological, metabolic, and molec-
ular processes. Therefore, a comprehensive understanding of their mechanisms and
broader functions would facilitate the designing of effective breeding and biotech-
nological strategies for improving crop yields through multiple stress tolerance.
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Chapter 4

Role of Serine/Threonine Phosphatase
PP2A Class and Its Regulators in Salinity
Stress Tolerance in Plants

Srishti Chawla, Deeksha Marothia, and Pratap Kumar Pati

4.1 Introduction

Constantly changing environmental conditions are one of the significant concerns
of crop cultivators worldwide. Out of these threats, salt, drought, and temperature
are the major factors affecting plant productivity drastically by changing vital plant
processes, including photosynthesis, respiration, and nutrient acquisition (Gupta
and Huang 2014; Fedoroff et al. 2010). A spectrum of stress signals either alone or
collectively are sensed by plants especially by roots under high salt or low water
conditions, which can further not just damage the plant cells but can even be detri-
mental to the whole plant (Vinocur and Altman 2005; Gupta and Huang 2014;
Zhang and Shi 2013). Modern experimental tools such as genome/proteome
sequencing, availability of whole genome sequences, genetic engineering, and
microarray imaging approach have greatly aided in the development of new strate-
gies to achieve salt tolerance in plants (Kaur and Pati 2017).

On molecular levels, the stress signal reception involves a series of biochemical
phosphorylation and dephosphorylation events (Fig. 4.1). Both kinases and phospha-
tases exist as large families; however, plant kinases always outnumber the plant phos-
phatases. This numerical imbalance still maintains the phosphorylation status of the
cell molecularly by regulating many vital processes of the plant cell (Wang et al. 2007).
Recent developments in the understanding of molecular roles of plant phosphatases in
response to salt stress and water deficiency have made a significant addition to knowl-
edge in the field. This chapter provides insights into plant PP2A phosphatases and
summarizes our current understanding of their role to combat salt stress.
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Fig. 4.1 Signal transduction pathway of plant in response to various stresses. The extracellular
stress signals activate large and complex kinase phosphatase signaling cascade including the gen-
eration of secondary signal molecules

4.2 Overview of Serine-Threonine Phosphatases in Plants

4.2.1 Classification of Protein Phosphatases

The process of protein phosphorylation is very well known to regulate the critical
events in the eukaryotes and prokaryotes. This phosphorylation signature appears
on different amino acid substrates such as tyrosine, serine, threonine, cysteine, argi-
nine, lysine, aspartate, glutamate, and histidine with serine, threonine, and tyrosine
phosphorylation exclusively observed in plant and animal cells (Mustelin et al.
2002). In plants, the phosphatase family comprises only 150 members, whereas a
sizable superfamily of 1050 members is known for protein kinases. These 150 phos-
phatase members were further classified into different subfamilies known as phos-
phoprotein phosphatases (PPPs), metal-dependent protein phosphatases (PPMs),
protein tyrosine phosphatases (PTPs), and aspartate-based phosphatases based upon
phospho-amino-acid-substrate specificity (Shi 2009). It is worth noting that PPPs
and PPMs share common catalytic subunits (Fig. 4.2) and PPMs are monomeric
enzymes that include type 2C protein phosphatases requiring Mn?* or Mg?* ions for
their activity (Cohen 1989; Tonks 2006; Moorhead et al. 2009). Further, this class
of phosphatases in the plant kingdom is metal dependent. The PPP family includes
different members such as PP1, PP2A, novel phosphatases (PP4, PP5, PP7), plant-
specific kelch phosphatases, and two newly discovered PPPs annotated as bacterial
related SLP (Shewanella-like protein) and bacterial-like protein phosphatases
known as the Rhizobiales/Rhodobacterales/Rhodospirillaceae-like phosphatases
(RLPHs) (Andreeva and Kutuzov 2004; Uhrig and Moorhead 2011; Uhrig et al.
2013). The PPP family contains three characteristic sequence motifs within the con-
served catalytic domains: GDxHG, GDxVDRG, and GNHE (Fig. 4.2).
Phosphoprotein phosphatase class is highly conserved and is one of the ancient
types of phosphatases found in plants. Out of the three subfamilies of Ser/Thr phos-
phatase classes, the PP2A class of enzymes is insensitive to mammalian inhibitors
I-1 and I-2, whereas okadaic acid potentially inhibits PP2As only. However, PPP1
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Fig. 4.2 Structural architecture of the plant phosphoprotein phosphatase (PPP) family. The highly
conserved core catalytic domain of each PPP subfamily is depicted in gray with signature aspects
of each motif highlighted. Dark blue and light blue represent amino acids involved in metal ion
coordination and phosphate binding, respectively. The microcystin inhibition docking motif
SAPNYC (brown) is also described, highlighted by a reactive cysteine (C) to which microcystin
covalently attaches. PP7 maintains this motif but lacks the reactive C, whereas Shewanella-like
protein (SLP) phosphatases completely lack this motif. Within these motifs, “x” represents any
amino acid. Unique features of each subfamily are also depicted: TPR (tetratricopeptide repeat)
(green), NLS (nuclear localization signal) (red), and cTP (chloroplast transit peptide)

class enzymes are sensitive to both mammalian inhibitors I and II along with oka-
daic acid in the nanomolar range (Wang et al. 2007).

Interestingly, in Arabidopsis thaliana, 26 genes encode for various PPP mole-
cules but lack phosphatases from PPP3 class, a type of serine/threonine phosphatase
subfamily known as calcineurin or PP2B. Most of PPP family-related phosphatases
associate with specific regulatory subunits to direct them for a particular cellular
response in a specific cellular compartment (Moorhead et al. 2009). Unlike PPPs
and PPMs, the PTP subfamily is independent of any metal ion and cofactors for its
activation. Phosphatases from the PTP family instead involve a cysteine from con-
served signature CX5R motif to dephosphorylate its target protein (Tonks 2013).
Interestingly, PTPs vary in their core domain structure as well as in their substrate
preferences. Like PTPs, aspartate-based phosphatases also have a signature con-
served domain (DXDXT/V) and were named after their pioneering member FCP1.
Metal-dependent FCP1p removes a phosphate group explicitly from the C-terminus
of RNA polymerase II and HAD (haloacid dehalogenase) family of enzymes
(Archambault et al. 1997; Kamenski et al. 2004; Shi 2009).

In A. thaliana, various PPP molecules are encoded by 26 genes, whereas 76 dif-
ferent genes are known to encode multiple PP2C units (Schweighofer et al. 2004).
In plants, PP2C enzymes are well known to play critical roles in stress response
signal transduction, hormonal orchestration, and organ and flower development
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(Luan 2003; Schweighofer et al. 2004). In the Oryza sativa genome, only 90 PP2C-
encoding genes are known (Singh et al. 2010). The plant genome also encodes
diverse members from class PP1, PP2A, PP4, and PP6 proteins. Out of these, PPPs
are regulated by distinct structural and functional subunits to perform various func-
tions on different targets via the same core subunit. Interestingly, recent studies have
shown the roles of different PP2As from the plant in multiple crucial cellular signal-
ing pathways such as saline and water deficit conditions.

4.2.2 Global Functions of PP2A: Diverse Functional
Spectrum

PP2A catalytic subunits catalyze the majority of the soluble phosphatase activity at
phosphoserine and phosphothreonine. It plays a vital role in the regulation of cel-
lular metabolism. The localization of different holoenzyme forms such as PP2A-B’0
holoenzyme in peroxisomes positively affects peroxisomal 3-oxidation, which was
earlier responsible for consequences in hypocotyl growth. In A. thaliana, the B’
subunit of PP2A is involved in energy metabolism and is highly expressed during
the senescence phase. Interestingly in an independent sugar assay, the B’C knockout
seedlings showed hypocotyl retardation on sucrose-free medium, adding to its
potential role in energy metabolism (Kataya et al. 2015). The PP2A enzyme is also
required for the activation of metabolic enzymes including nitrate reductase and
sucrose phosphate synthase, which plays an essential role in carbon and nitrogen
metabolism. The majority of studies suggested the function of PP2A in gene expres-
sion, ion channel regulation, and developmental processes (Luan 2003).

PP2A plays a critical role during cell cycle regulation by various dephosphory-
lating substrates of the cell cycle pathway for survival and proper functioning of
cells. It plays a significant role during cell proliferation, development and death, cell
mobility, cytoskeleton dynamics, and various other signaling pathways (Ingebritsen
and Cohen 1983; Janssens and Goris 2001). The PP2A enzyme is also considered as
a primary cell cycle regulating enzyme because of the dynamic nature of its holoen-
zyme subunit, activation, and inhibition. It is involved in the regulation of various
cell signaling pathways such as Wnt, mTOR, and MAP kinase. It is also involved in
transcription, translation, and mitotic division, which are crucial for the proper
functioning of the cell (Wlodarchak and Xing 2016).

In A. thaliana, the ton2 gene encodes a c-terminal protein of PP2A in higher
plants. This protein and other PP2A subunits collectively control cytoskeletal orga-
nization in plants (Luan et al. 2002). Recent reports on pathogen attack and
environmental stress revealed the importance of protein phosphatases undergoing
phosphorylation and dephosphorylation in various signaling pathways. Generally,
reversible phosphorylation plays a vital role in the activation and inactivation of
MAPKSs (mitogen-activated protein kinases).
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Plants undergo various cellular changes such as ion fluxes, oxygen bursts, and
production of phytoalexins and salicylic acid and others in response to pathogen
attack. The PP2A expression is induced in Helianthus annuus (sunflower) after
inoculation with Phoma macdonaldii, a necrotrophic fungus. The activation of a
defense-related protein phosphorylation cascades causes oxidative burst followed
by localized cell death. Hence, the upregulation of possible negative modulators by
pathogens may be a kind of protective mechanism. Therefore, the PP2As also act by
desensitizing the protein phosphorylation cascades, thereby tightly regulating the
defense response to prevent extensive damage to host tissues (Mdthé et al. 2019).

In A. thaliana, protein phosphatase 2A-B’y and B’C subunits help in regulation of
plant tolerance to aphid infestation. Also, different PP2A subunits are involved in
defense signaling in plants. In reports, B'n and B’C subunits of PP2A enzyme restrict
the activation of BAK1 (BRI1-associated receptor kinase 1), which is a co-receptor
required for the defense activation by several plasma membrane receptor kinases
(Segonzac et al. 2014). Moreover, B’0 subunit PP2A localized in peroxisomes was
with bacterial pathogen resistance (Kataya et al. 2015).

Over the years, PP2As have emerged as key players regulating the signal path-
ways to ensure the proper functioning of various development processes under nor-
mal and stressed conditions. OsPP2A-1 to PP2A-5 subunits of PP2A in O. sativa
play a vital role in developmental stages, heat and cold stress, and drought (Bheri
and Pandey 2019; Yu et al. 2003). The PP2A subunit in the tobacco plant, TaPP2Ac-1,
is known to induce a drought stress response (Hu et al. 2017). Moreover, PP2As are
also responsible for induction of photoprotective mechanisms and increased toler-
ance against abiotic stress and acclimation strategies upon environmental
perturbations.

The B'n, B’0, and B’y subunits of PP2A in A. thaliana play an essential role in
the regulation of flowering time. The cytoplasmic B’y subunit of PP2A controls
organellar ROS signals and SA-dependent defense responses. Also, the day length-
dependent responses to intracellular oxidative stress are maintained by PP2A sub-
units (Bheri and Pandey 2019; Méathé et al. 2019; Li et al. 2014; Trotta et al. 2011).

4.2.3 Salinity Stress Sensor Kinases in Plants

The saline stress is sensed by a group of sensors, which detects the change in the
external environment that may include mechanical stimuli, cell wall damage, or the
rupture of the plasma membrane and cell wall connections (Fig. 4.2). It is still par-
tially understood how a plant senses osmotic stress. However, during salt shock, the
first line of defense is offered by the cell wall integrity pathway, which is further
ensured by the cell via cell membrane including ion channels. Other signal sensors
connected to cell walls are receptor-like kinases and histidine kinases, which are
represented by the inner layer (Fig. 4.3) (Haswell and Verslues 2015). The A. thali-
ana genome encodes for more than 610 receptor-like kinases (RLKs), and in rice,
nearly 1100 RLKSs are known, which can sense hypersaline and water deficit states
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Fig. 4.3 (a) Potential osmosensing mechanisms in plant cells. Histidine kinases could be activated
by osmotic imbalance across the plasma membrane initiating a signal transduction pathway similar
to the high osmolarity glycerol response 1 pathway in S. cerevisiae (b). The cell wall is presented
as a purple box. The plasma membrane is represented as a bilayer of blue lipid molecules

(Marshall et al. 2012). Other receptor like kinases includes lectin-like architecture
of THESEUS and FERONIA, which monitors a cell wall (Cheung and Wu 2011).
Besides lectins, there are few cell wall-associated kinases involved in maintaining
the turgor of the cell wall by having a direct interaction with the pectin molecule in
the cell wall (Kohorn and Kohorn 2012). Plants also have MAPKSs to be linked with
arange of abiotic stress and ROS generation (Morris 2001; Romeis 2001; Tena et al.
2001; Zhang and Klessig 2001; Moon et al. 2003; Nakagami et al. 2005; Mishra
et al. 2000). In A. thaliana genome, 20 MAPKSs are known to regulate osmotic
homeostasis (Nakagami et al. 2005; Hamel et al. 2006). Out of these MAPKSs, Shol,
a plasma membrane sensor MAPK (Serrano and Rodriguez-Navarro 2001), along
with various ion transporters and SOS2 (salt overly sensitive protein kinase) com-
prises signal transduction pathway that becomes active upon toxic Na* concentra-
tions inside and extracellular milieu and guards the plant cell (Zhu 2003).
Interestingly, yeast MAPK osmosensor SLN1 (synthetic lethal of N-end rule 1) has
HOGT1 (High Osmolarity Glycerol) pathway downstream as a response conductor to
function similarly in plant system (Saito and Posas 2012; Tran et al. 2007; Wohlbach
et al. 2008). However, silencing these genes in plants does not affect the phenotypes
such as the accumulation of osmoregulatory solutes and abscisic acid (ABA)
(Kumar et al. 2013). Recently, the hyperosmolarity-induced increase in [Ca®'],
sensed by sensor OSCAlp (hyperosmolality-induced [Ca?'] increase 1 protein),
was proposed (Hou et al. 2014; Yuan et al. 2014). This sensor acts as a critical player
in osmosensing pathways, but the mechanism by which this sensor is regulated is
not yet fully understood. However, the null mutation of this sensor leads to reduced
intracellular Ca* spike in the plant cell (Yuan et al. 2014).

Salt stress also enhances the biosynthesis of abscisic acid, a plant stress hormone
(Koornneef et al. 1998; Taylor et al. 2000). Higher accumulation of ABA is accom-
panied by an improved K*/Na* ratio (Maathuis and Amtamann 1999) and enhanced
K* transport in roots (Roberts and Snowman 2000). It also attenuates some down-
stream pathways or upregulates osmotic stress tolerance in plants (McCourt 1999;
Rock 2000; Zhu 2002). Other sensors such as the mechanosensitive channels are
cell membrane proteins present on the plasma membrane which operates in response
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to mechanical stress (Monshausen and Haswell 2013). These are complementary to
yeast homologs of MID1-CCHI1 channels named as mid1-complementing activity 1
(MCALI) proteins in plants, which upregulate the Ca?* influx in response to hypo-
osmotic shock or mechanical stimulus (Kurusu et al. 2013). Mechanosensitive
Other members of the MS channel list include plastids related MscS-like (MSL) and
two-pore K* (TPK) channels from vacuole (Wilson et al. 2014; Maathuis 2011).
Null mutation of MSLs from plastids mimics the water deficit condition for plants,
which leads to higher proline and abscisic acid production inside the cell. Amino
acid proline and plant hormone abscisic acid are the key molecules to identify cells
under stress yet by an unknown mechanism (Wilson et al. 2014; Yoshida et al. 2014).

4.2.4 Role of PP2A Holoenzymes in Plants During Salt Stress

Various genetic rearrangements inside the cell gain molecular plasticity to com-
bat salinity stress, which causes ionic and osmotic imbalance inside the cellular
compartments and to cope against this, yet gradually in a plant system (Zhu
2001). Salinity stress causes an osmotic shock to a plant cell by extracting water
from the cellular milieu and vacuolar pools, further transporting it out of the cell,
which is detrimental to the cell. The biggest threat to the cell is posed by high
intracellular concentrations of Na* and Cl~ ions, and to combat this, plant Ser/
Thr phosphatase PP2A enzymes act against elevated ionic stress by deactivating
the osmotic sensor kinase substrates. It is worth noting that Ser/Thr PP2A
enzyme activation does not require divalent cations (either Ca®* or Mg?*) (Luan
2003). Structurally, PP2A enzyme class is composed of three subunits: catalytic
“C,” scaffolding “A,” and regulatory “R.” The A. thaliana genome encodes three
As, five Cs, and 17 Bs subunits. These subunits with other various regulatory
combinations could make 255 different PP2A holoenzymes (Kerk et al. 2002).
Most of the physiological functions related to PP2A from plants were mostly
studied by knocking out the gene in various model plant species. Protein TON2p
encodes a PP2A regulatory subunit in A. thaliana, and loss of TON2p leads to
many morphological abnormalities related to the cortical cytoskeleton in plant
cells (Camilleri et al. 2002). In O. sativa, in response to high salinity, all five
PP2A catalytic subunits, OsPP2A-1 to OsPP2A-5, get upregulated in leaves (Xu
et al. 2007; Yu et al. 2003). In wheat (Triticum aestivum), during water deficit
conditions, PP2A transcripts such as TaPP2Ac-1 catalytic subunit get accumu-
lated in seedlings, whereas in transgenic tobacco plants, overexpression of
TaPP2Ac-1 exhibits enhanced tolerance toward drought and salt stress (Xu et al.
2007). Similarly, during salt stress, potato-related PP2As such as StPP2Acl,
StPP2Ac2a, StPP2Ac2b, and StPP2Ac3 are highly transcribed in the leaves of
this plant (Pais et al. 2009). Interestingly, mevalonate pathway biosynthetic
enzyme 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), which catalyzes a
key regulatory step of the mevalonate pathway for isoprenoid biosynthesis, was
initially identified to interact with two B”PP2A subunits in A. thaliana, and it
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resulted in an elevated HMGR activity. This pathway represents a multilevel con-
trol of HMGR by PP2As, where B” subunit of PP2A enzyme mediates posttran-
scriptional repression of HMGR during normal growth conditions. During
posttranscriptional repression, B”a modulates HMGR activity by enhancing pro-
tein levels and transcript levels in response to salt challenge (Leivar and Quail
2011). In A. thaliana, phosphotyrosyl phosphatase activator protein (AtPTPA) is
required for salinity tolerance-related functions of PP2A (Chen et al. 2014).
Therefore, a compromised expression of AtPTPAp leads to altered PP2A enzyme
assembly, which further hampers the responses to NaCl resulting in decreased
PP2A activity eventually. The PP2A enzymes in A. thaliana are known to be
negatively regulated by RCNI1p (roots curl in naphthylphthalamic acid). The
RCNI1p represented “A” subunit of PP2A, having an important role in auxin
transport, and was also sensitive to okadaic acid and cantharidin (Garbers et al.
1996). The holoenzyme PP2A-CS5 and vacuolar membrane chloride channel pro-
teins (CLCs) interact positively with each other to maintain vacuole ion homeo-
stasis. This genetic interaction mediates salt tolerance in plants by upregulating
the activities of CLCs to sequester C1~ and NO® ~ into vacuole under hypersaline
conditions (Hu et al. 2017). However, this process is independent of salt overly
sensitive (SOS) signaling pathway in A. thaliana (Zhu 2002, 2003) because dou-
ble deletion of pp2a-c5-1 and salt overly sensitive (SOS) mutants such as sos/-1,
sos2-2, and sos3-1 showed added sensitivity toward NaCl. The vacuolar CLCs in
A. thaliana such as AtCLCa, AtCLCb, AtCLCc, and AtCLCg physically interact
with PP2A-C5. Therefore, it was further questioned and later discovered that
overexpressing PP2A-C5 along with A. thaliana vacuolar H*-pyrophosphatase 1
(AVPI1) cumulatively improved the salt and drought tolerance as compared to
individual mother derivatives (Sun et al. 2018). Functionally, AVP1 is partly
responsible for establishing a proton gradient across the tonoplast membrane in
plants. However, AVP1 and PP2A-C5 co-overexpression in A. thaliana accumu-
lates more K*, Na*, and CI~ in cells under salt stress conditions. Therefore, dur-
ing AVP1 and PP2A-CS5 co-overexpression, a Na* channel, AtNHX1 in A. thaliana
increases Na* sequestration into vacuoles, and its overexpression seems to pre-
vent Cl~ accumulation in mutant plant cell where PP2A-C5 further promotes this
process. Mutant plants co-overexpressing AVP1 and PP2A-C5 accumulate higher
CI~ than wild type but less than PP2A-C5 overexpressing plants. Similarly, dur-
ing salt stress, PP2A overexpressing plants retained higher K* (Sun et al. 2018).
This investigation also proved that higher K* retention leads to salt tolerance in
A. thaliana ecotypes (Sun et al. 2018). These studies indicated that AVP1 and
PP2A-CS5 proteins act opposite to each other but at the same time implied that
introducing multiple genes responsible for a peculiar phenotype can create trans-
genic plants with enhanced tolerance to multiple stresses.

The role of phytohormone, particularly abscisic acid, was identified to induce the
expression of MsPP2A Bf holoenzyme under drought conditions in alfalfa (Medicago
sativa) (Toth et al. 2000). Interestingly, catalytic PP2A-C2 subunit acts as a negative
regulator of abscisic acid signaling (Pernas et al. 2007). The study showed that a
mutant having inactive PP2A-C2 enzyme is hypersensitive to ABA. However,
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transgenic plants overexpressing PP2A-C2 were less sensitive to ABA than
wild-type plants. Therefore, PP2As are the critical players of ABA signaling.
Therefore, positive regulation of PP2A is dependent upon its tissue-specific localiza-
tion such as in seeds or guard cells, whereas it acts as a negative regulator in roots
during ABA responses (Waadt et al. 2015). Another set of regulatory PP2A subunits,
Tap46p and TIP41p (TAP42-interacting protein of 41 kDa), is well known to play
very crucial roles in yeast and mammals and now plants through the target of rapamy-
cin (TOR) signaling pathway (Diivel and Broach 2004; Jacinto et al. 2001; Yan et al.
2006; Kong et al. 2004; Ahn et al. 2011, 2014; Punzo et al. 2018). It was shown that
expression of Tap46p in A. thaliana improved growth and nitrogen-assimilating
activities. Higher Tap46p expression further increased the phosphorylation of its sub-
strate S6 kinase (S6K) involved in TOR kinase pathway signaling. After rapamycin
treatment, which inhibits TOR, decreased Tap46 protein levels and higher PP2A
catalytic activity confirmed that TOR and PP2A act in contrasting fashion. Therefore,
association of PP2A/Tap46p is directly regulated by TOR protein kinases, and it is
believed that Tap46p acts as an inhibitor of PP2A activity in plants. But the detailed
mechanism needs further investigation. In another study, deletion of regulatory pro-
tein tip41 A was found to be hypersensitive to ABA, whereas overexpressing TIP41
plants showed higher tolerance to salt, polyethylene glycol, and ABA (Punzo et al.
2018). A protein called MFP1 associated factor 1 (MAF1) is a small, soluble, serine/
threonine-rich protein that is ubiquitously expressed. This protein is located at the
nuclear periphery forming a component of the nuclear matrix acting as a negative
regulator of the RNA Pol III (Boguta et al. 1997; Upadhya et al. 2002; Desai et al.
2005; Rollins et al. 2007; Vannini and Cramer 2012). In A. thaliana, AtMaflp is
phosphorylated by TOR kinases and dephosphorylated by PP2A phosphatases.
Strikingly, deletion of Maf1p renders the plant hypersensitive toward various stresses
such as oxidative stress, DNA damaging stress, and replication stress and also toward
TOR inhibitors (Ahn et al. 2019). Overall, these observations strongly suggest
crucial roles displayed by PP2A class of enzymes and their related regulatory
associations in modulating plant growth and ABA responses.

Brassinosteroids (BRs), a class of steroidal hormones, play a significant role in
salinity stress in plants (Saini et al. 2015; Sharma et al. 2017). BRs bound by
receptor BRI (Brassinosteroid Insensitive 1) family of leucine-rich repeat recep-
tor-like kinases (LRR-RLK) and PP2A enzymes dephosphorylate this kinase
receptor. Brassinosteroid signaling kinase 5 (BSKS) is upregulated by BR and
ABA. The abiotic stresses including salinity and drought also enhance BSKS5
expression to varying extents. The BSKS kinases are essential for salt stress and
ABA-mediated drought stress tolerance. The appearance of BSKS upregulates
salt stress responses and negatively regulates salinity-induced ABA biosynthesis.
Therefore, this kinase governs the process of ABA-dependent stomatal closure
under salt stress (Sah et al. 2016). The PP2A class phosphatase positively regu-
lates BRs by dephosphorylating transcriptional repressor BZR1p and negatively
regulates them by dephosphorylation of the BRI1p receptor. These evidences sug-
gest that PP2A enzymes are critical for plant survival under many abiotic stress
conditions (Rahikainen et al. 2016; Hu 2016).
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4.3 Concluding Remarks

The versatility of PP2As has benefited the conventional, yet essential, biochemical,
molecular, and genetic methods in plant biotechnology by the integration of omics
approach. However, the networking of PP2A with other phosphatases and signaling
components need much exploration and validation to fully understand their func-
tional prospects. Currently, the production of salt-tolerant varieties of plants by
employing novel strategies is the top global list. In this context, understanding
molecular mechanisms for the regulation of serine/threonine phosphatases, espe-
cially the PP2A class of enzymes, can play a critical role. This group of proteins like
in other eukaryotic systems is involved in several complexes and crosstalk and inter-
linked with different pathways. Therefore, various combinatorial approaches are
required to understand the interactome of plant PP2A class of holoenzymes.
Phosphoproteomic approach will certainly provide more insights both quantita-
tively and qualitatively in physiological context of plant PP2As. Besides this, iden-
tifying more interacting partners such as target kinases and positive and negative
regulators of PP2As would help us in understanding the adaption processes during
or under stress for an individual pathway in which PP2As are involved. Similarly,
the generation of efficient gene-editing tools such as CRISPR/Cas9 would also
facilitate in overcoming many hurdles such as gene redundancy problems, which
otherwise hamper the identification of stress sensors.
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Type 2C Protein Phosphatases in Plant
Signaling Pathways under Abiotic Stress
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5.1 Introduction

Protein phosphatases (PPs) form a superfamily of highly conserved enzymes from
simple prokaryotes to advanced eukaryotes. These PPs are counterparts of protein
kinases (PKs), and together with signal receptors, they form delicate systems for a
wide range of environmental signal perception and transduction, thus playing a cru-
cial role to the survival and development of embryophytes or land plants. Type 2C
protein phosphatases (PP2Cs) are representatives of a unique class of enzymes,
namely, the phosphoprotein metallophosphatase, classified by the Mg**-/Mn?*-
dependent characteristics (Fuchs et al. 2013). In higher plants (e.g., Arabidopsis and
rice), PP2C family consists of more than 80 members, which can be divided into ten
or more subgroups (A-K) with diverse functions (Singh et al. 2010; Xue et al.
2008). In this chapter, updated reviews of clades A and B PP2Cs, which have impor-
tant functions under unfavorable abiotic stress conditions, particularly involved in
abscisic acid (ABA)-dependent signaling pathway and mitogen-activated protein
kinase (MAPK) cascade, will be our attention. Biological roles and molecular func-
tions of PP2Cs in the signaling pathways under abiotic stresses, as well as
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PP2C-based genetic engineering approaches for crop improvement, are the major
key points to be summarized below.

5.2 Regulatory Targets of PP2Cs in Plant Stress Signaling
Pathways

5.2.1 Core ABA Signaling Module

The phytohormone ABA has always been recognized as the key factor in regulating
plant response to disadvantageous environmental conditions. PP2Cs are known as
important regulators of ABA signaling. However, it was not until the breakthrough
discovery of novel ABA receptors (ABARSs) in Arabidopsis genome that the crucial
roles of these proteins in ABA signaling pathway were revealed (Fujii et al. 2009;
Ma et al. 2009; Park et al. 2009). Since then, PP2Cs have been given more and more
attention from plant scientists all over the world. Fuchs et al. (2013) categorized this
plant protein family in Arabidopsis into 12 clades, in which 9 PP2Cs involved in
ABA signaling module belong to clade A. These PP2Cs include ABA-insensitive
(ABI) 1, ABI2 (Kuhn et al. 2006; Merlot et al. 2001; Saez et al. 2006), ABA-
hypersensitive germination (AHG) 1 (Nishimura et al. 2007), AHG3/PP2CA (Kuhn
et al. 2006; Yoshida et al. 2006), hypersensitive/homology to ABA (HAB) 1, HAB2
(Kuhn et al. 2006; Robert et al. 2006; Saez et al. 2004, 2006), highly ABA-induced
(HAI) 1, Arabidopsis K* transporter 1 (AKT1)-interacting PP2C 1 (AIP1)/HAI2,
and HAI3 (Fujita et al. 2009).

In majority of higher plants including Arabidopsis, there are three core protein
classes that participate in the ABA signaling module in response to abiotic stress
conditions, which are (1) the novel ABARs, pyrabactin resistance (PYR)/pyrabactin-
like (PYL)/regulatory components of the ABA receptor (RCAR); (2) the negative
regulators, clade A PP2Cs; and (3) the positive regulators, sucrose non-fermenting
(SNF) I-related protein kinases type 2 (SnRK2s) (de Zelicourt et al. 2016). Under
normal condition, in the absence of ABA, PP2Cs continuously inactivate SnRK2s
including SnRK2.2, SnRK?2.3, and SnRK?2.6 (or Open Stomata 1, OST1) by dephos-
phorylating their activation loop and hence preventing the kinases to phosphorylate
their downstream targets (Soon et al. 2012). When plants face with environmental
negative factors such as drought, salt, and cold, ABA level increases in the cytosol
to initiate adaptation responses of plants (Tuteja and Sopory 2008). ABA now enters
the open ligand-binding pocket of ABARs, induces the gate and latch loops to close
due to the conformational change of highly conserved p-loops, and thus provides a
binding surface for PP2Cs (Melcher et al. 2009). The ABA-ABAR complex inter-
acts with the tryptophan (Trp) residue inside the PP2Cs, which leads to the inhibi-
tion of PP2C active site (Park et al. 2009). At this stage, SnRK2s are liberated from
the dephosphorylation activity of PP2Cs and become activated through autophos-
phorylation and can then regulate a wide range of Arabidopsis downstream effectors
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through phosphorylation, which includes transcription factors (TFs) such as the
ABA-responsive element (ABRE)-binding proteins (AREBs)/ABRE-binding fac-
tors (ABFs), ABI3 and ABIS (Fujii and Zhu 2009; Furihata et al. 2006; Sirichandra
et al. 2010), as well as plasma membrane proteins that function in controlling sto-
matal aperture such as slow anion channel-associated 1 (SLACI) (Brandt et al.
2012; Geiger et al. 2009; Lee et al. 2009), quick anion channel 1/aluminum-activated
malate transporter 12 (QUACI/ALMT12) (Imes et al. 2013), the potassium channel
KAT]1 (Sato et al. 2009), NADPH oxidase respiratory burst oxidase homolog F, and
the anion/proton exchanger CLCa (Sirichandra et al. 2009; Wege et al. 2014).

5.2.2 Chromatin Remodeling Complex

The complexities of plant response to adversities have been illustrated by various
tiers of regulation. Localization analysis demonstrated the presence of Arabidopsis
HABI in both nucleus and cytosol (Saez et al. 2008), suggesting the capacity of
PP2C to interact with various ABA-signaling partners in different steps. Amino acid
sequence analysis of several Arabidopsis PP2Cs revealed that at least ABI1, ABI2,
HABI, and PP2CA contain short nuclear localization signal at the end of the
C-terminals (Himmelbach et al. 2002; Moes et al. 2008). Further experiments in
Arabidopsis have found the nuclear-localized interaction between PP2Cs and
SWI3B, which is a core subunit of the SWItch (SWI)/SNF chromatin remodeling
complexes (Saez et al. 2008).

In eukaryotes in general and plants in particular, adaptation to environmental
stresses requires delicate alteration in gene expression. The process of expressing a
gene involves series of steps, in which the utmost requirement is the accessibility of
the regulatory proteins to the gene, which requires extensive chromatin modifica-
tion involving two major mechanisms—either posttranslational modification of his-
tones or ATP-dependent reorganization of histone-DNA interactions (Han et al.
2015). Chromatin remodeling complexes are often called SWI/SNF-related ATP-
dependent chromatin remodeling complexes. Their major roles in chromatin remod-
eling relate to the utilization of energy derived from hydrolysis of adenosine
triphosphate (ATP) molecules for alteration of nucleosome occupancy or position
(Archacki et al. 2016). Based on the conserved domains, chromatin remodeling
ATPases have been categorized into four major subfamilies (i.e., inositol-requiring
80 (INO8O0)/sick with RSC/Ratl (SWRI1), chromodomain-helicase-DNA (CHD),
imitation switch (ISWI), and SWI/SNF) (Han et al. 2015). Each family has a spe-
cific domain, such as chromo- or bromo-domain, or plant homeo-domain (PHD),
allowing them to act in various circumstances. Among those, the yeast SWI/SNF
complex was the first to be described. The complex is composed of the ATPase
Swi2/Snf2 as the major catalytic subunit, and the central core consists of three addi-
tional polypeptides, Swi3, Snf5, and Swp73, which are essential for assembling and
functionality of the complex (Saez et al. 2008). The ATPases of the SWI/SNF com-
plexes were further divided into three types, which are encoded by all land plants
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and share significant similarities with the metazoan counterparts: BRAHMA
(BRM), SPLAYED (SYD), and MINUSCULE (MINU) (Han et al. 2015).

HABI1-SWIIB is the first PP2C interaction with the SWI/SNF chromatin remod-
eling complex to be discovered in Arabidopsis, emphasizing the consistent role of
PP2C as a negative regulator of ABA signaling under various tiers of gene express-
ing regulation (Saez et al. 2008). Strong interaction between HAB1 catalytic domain
and SWI3B was revealed by a yeast two-hybrid assay (Saez et al. 2008). Swi3p,
Rsc8p, Moira (also known as SWIRM), and ZZ zinc finger domains of SWI3B
protein were required for the interaction as deletion of either of them results in abo-
lition of HAB1-SWI3B interaction (Saez et al. 2008). Moreover, nuclear localiza-
tion signals are present at the C-terminal of the HAB 1, ABI2, and PP2CA, illustrating
the capacity of nuclear protein interactions of PP2C and SWI3. Meanwhile, the
swi3b mutants displayed reduced ABA sensitivity and ABA-dependent gene expres-
sion, as well as the HAB1-SWI3B interaction (Saez et al. 2008). These findings
strongly implied the role of SWI3B as a positive regulator of ABA signaling and the
ability of PP2Cs, HAB1 in particular, to regulate the putative SWI/SNF complex to
repress activities of some ABA-dependent promoters.

Nevertheless, a recent study on ATPase BRM in Arabidopsis has revealed a direct
linkage of the chromatin remodeling to ABA signaling pathway (Peirats-Llobet
et al. 2016). Bimolecular fluorescence complementation (BiFC) assay images con-
firmed positive BRM physical interactions with either OST1/SnRK2.2/2.3/2.6 or
HAB1/PP2CA clade A PP2Cs in nucleus at both N- and C-terminals (Peirats-Llobet
et al. 2016). Further mass spectrometry experiments demonstrated the capacity of
phosphorylation/dephosphorylation of the C-terminal region of BRM by OST1/
PP2CA in vitro. The major phosphorylation sites were identified to be around the
AT hook and bromo-domain of BRM (Peirats-Llobet et al. 2016). Such regions have
been reported to play crucial roles in BRM functionality, enabling interactions with
linker and nucleosomal DNA as well as the histone octamer (Farrona et al. 2007).
However, no phosphorylation sites have been detected in other regions of BRM
required for ATPase activities, including the active site of ATP hydrolysis and the
Snf2-ATP coupling (SnAC) domain, both of which utilize energy from ATP hydro-
lysis into nucleosome rearrangement. Hence, such “hotspots” of phosphorylation in
the C-terminal, starting from the AT-hook domain and the bromo-domain, are con-
sidered as the core regulatory sites via phosphorylation/dephosphorylation activi-
ties. The Arabidopsis brm loss-of-function mutants exhibited ABA-hypersensitive
phenotypes, further indicating that SnRK?2 phosphorylation releases the repression
of BRM in ABA signaling. In contrast, consistent role of PP2C phosphatases as
negative regulators of ABA responses, such as PP2CA and HAB1, is emphasized as
the dephosphorylation of BRM returning its activities in the absence of ABA and
enabling plant growth in normal condition (Peirats-Llobet et al. 2016).

It was shown that A. thaliana brm knock-out mutant shared the same ABA-
hypersensitive germination phenotype as the swi3c mutant, one of the plant’s four
SWI3 homologues, suggesting the notion that both BRM and SWI3C belong to the
same complex (Sarnowska et al. 2016). While both BRM and SWI3B exhibit direct
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interactions to at least one PP2C in Arabidopsis (i.e., HAB1), the swi3b defective
mutant was found to have opposite phenotype to brm mutant, whereby the former
displayed lower ABA sensitivity during germination and reduced expression of the
ABA-responsive genes, such as responsive to ABA 18 (RABI1S8) and response to
desiccation 29B (RD29B) (Saez et al. 2008). In other words, BRM and SWI3B are
negative and positive regulators of the ABA signaling pathway, respectively. In the
Asensi-Fabado et al. 2017 review, Asensi-Fabado suggested two possibilities, which
are either SWI3B competing with BRM for HAB1 binding thereby dephosphorylat-
ing BRM or SWI3B being associated with a different complex with distinct func-
tion to the BRM/SWI3C complex (Sarnowski et al. 2005; Sarnowska et al. 2016).
The exact mode by which either BRM or SWI3B regulates the target loci remains to
be elucidated, but nucleosome repositioning involvement might be the best
explanation.

5.2.3 MAPK Cascades

MAPK signaling pathway is one of the most well-studied signaling mechanisms
that is evolutionary conserved throughout eukaryotic organisms such as plants,
insects, yeast, and mammals (Hamel et al. 2012). In plant kingdom, MAPK cas-
cades consist of proteins from a large family with the ability to sense and transduce
stress signals for appropriate responses during plant adaptation (Danquah et al.
2014). A MAPK cascade comprises at least three protein kinases at three levels,
which are MAPK kinase kinases (MAPKKK/MKKK/MEKK, MAP3K), MAPK
kinases (MAPKK/MKK/MEK, MAP2K), and MAPK (MPK). These proteins stim-
ulate each other in a sequential manner through phosphorylation (Colcombet and
Hirt 2008). The large number of MAPK pathway components in plants allows them
to form thousands of different MAPK cascades. During the first step, activated
MAPKKK phosphorylates two threonine (Thr/T)/or serine (Ser/S) residues located
within the activation loop of MAPKK. MAPK is then activated in the next step via
dual phosphorylation along T-X-Tyrosine (Tyr/Y) motif by the activated MAPKK
(Hamel et al. 2012). This consecutive activation results in the phosphorylation of
specific targets and the regulation of TF activities as well as the expression of differ-
ent sets of genes that function in response to various environmental stresses (Popescu
et al. 2009; Taj et al. 2010). In 2008, Colcombet and Hirt suggest that there may be
a fourth level of kinases, MAP4Ks (MAP3K kinases), as mediators to link upstream
signaling steps to core MAPK modules. Data from different studies have shown the
involvement of MAPKSs in signal transduction of plant adaptions to divergent stim-
uli, both biotic and abiotic (de Zelicourt et al. 2016).

Clade B PP2Cs have been categorized as regulators of MAPK activities and
consist of six genes in Arabidopsis, namely, phosphatases type 2C (AP2Cs) which
are orthologous to Medicago sativa protein phosphatases 2C (MP2Cs) (Fuchs et al.
2013). Although most of research focuses on the role of clade B PP2Cs in biotic
stress responses, this group of proteins also displays potential association with
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abiotic stress. Four members of this cluster (AP2C1-4) have been identified to con-
tain the MAPK interaction motif known as kinase interaction motif (KIM), which
regulates interaction activities of MAPKs with MAPK phosphatases (MKPs, phos-
phatase enzymes responsible for downregulation of MAPK signaling), MAP2K, or
TFs in animals and plants (Fuchs et al. 2013). All MAPKs, except for the most
distant group D, carry and are activated through a T-glutamic acid (Glu/E)-Y phos-
phorylation motif (Ichimura et al. 2002). AP2C/MP2C deactivates MAPK activities
through the dephosphorylation of the pT (phosphorylated threonine residue) in the
pTEpY activation loop of MAPK (Schweighofer et al. 2007; Umbrasaite et al.
2010). All four AP2Cs contain KIM domain and interact with Arabidopsis MPK3,
MPK4, and MPKG6, the three MAPKs which are involved in various stress signaling
pathways (Moustafa et al. 2008; Hoang et al. 2012), suggesting a potential role of
clade B PP2Cs in plant adaptation.

In addition to clade B PP2Cs, members of clade A are also believed to be involved
in the regulation of MAPK cascades in plants due to close relation between MAPKs
and ABA. Recently, Mitula et al. (2015) have successfully identified a member of
Arabidopsis MAPK cascade, MKKK18, which is regulated by ABI1, a clade A
PP2C. MKKK18 functions in an MAPK module comprised of MKKK18-MKK3-
MPK1/2/7/14 (Danquah et al. 2015) and acts as a positive regulator of stomata den-
sity and ABA-induced stomatal closure (Mitula et al. 2015). In Arabidopsis, ABI1
was also found to interact with MAPK6 (Leung et al. 2006), suggesting that this
clade A PP2C, and possibly some other members in the cluster, might also be
involved in different tiers to regulate MAPK cascades in plant stress adaptation
(Fig. 5.1).

5.2.4 Other Targets

Aside from their inhibition with the calcium-independent kinase SnRK2 family,
PP2Cs are also found to interact with other kinase families such as calcium-
dependent protein kinases (CDPKs/CPKs) or SnRK3s/calcineurin B-like protein
(CBL)-interacting protein kinases (CIPKs). However, the effects of these interac-
tions are quite different. Zhao et al. (2011) have reported the phosphorylation activ-
ity of Arabidopsis CPK12 with ABI2, a clade A PP2C, which results in stimulating
catalytic activity of this phosphatase, suggesting that CPK12 could be negatively
involve in ABA signaling pathways. Interestingly, two clade A PP2Cs, ABI1 and
ABI2, have been reported to inhibit Arabidopsis CIPK26 in a similar manner in
which they inactivate SnRK2s (Lyzenga et al. 2013, 2017). These findings may
indicate an antagonistic correlation between these two kinase families, yet more
studies should be conducted to clarify this assumption.

In Arabidopsis, ABI1, along with PP2CA, was also found to interact with and
dephosphorylate SnRK1.1, a member of the subgroup 1 of SnRK-type protein
kinases that is involved in sugar responses under stress controlled through ABA
signaling (Rodrigues et al. 2013). In addition to this finding, Chen et al. (2016) also
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Fig. 5.1 Suggested model of regulatory functions of type 2C protein phosphatases (PP2Cs) in
different pathways relating to abscisic acid (ABA)- and brassinosteroid (BR) signaling pathways
and mitogen-activated protein kinase (MAPK) cascade in plant response to abiotic stress condi-
tions such as drought, salinity, and cold. Under normal condition, PP2Cs regulate components of
different signaling pathways through dephosphorylation. Upon exposing to stress, plants receive
and transmit signal and initiate ABA-ABA receptor (ABAR) binding which will inhibit the active
site of PP2Cs and in turn alter activities of downstream components including various kinase
enzymes, resulting in appropriate responses (Ojolo et al. 2018; Opdenakker et al. 2012; Planas-
Riverola et al. 2019; Singh et al. 2016)

reported the direct interaction between Arabidopsis ABI2 and the receptor-like
kinase FERONIA (FER), suggesting the coordinated function of ABA in different
pathways during plant stress responses.

Interestingly, Wang et al. (2018) reported the regulatory activities of Arabidopsis
ABII and ABI2 in brassinosteroid (BR) signaling pathway through the BR-negative
regulator brassinosteroid insensitive 2 (BIN2) kinase, which can serve as a bridge
for constructing the crosstalk between two phytohormones, ABA and BR, under
abiotic stress. Moreover, Arabidopsis PP2Cs, including ABI1 and ABI2, also inter-
act with salicylic acid (SA) in an antagonistic manner with respect to ABA (Manohar
et al. 2017). These findings indicate the cooperative correlation between/among
phytohormones in balancing plant growth and development during stress conditions.

In general, PP2Cs have appeared as essential factors of ABA signaling pathway
in regulating plant reactions to abiotic stresses. Through interaction and modulation
of different target proteins, this protein family has provided significant roles in
adaptive response of several plant species. Latest findings have further revealed
some novel and unique functions of PP2Cs in ABA signaling pathway and uncov-
ered a whole new area for future research.
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5.3 Current Studies on PP2Cs in Plant under Abiotic Stress

5.3.1 CladeA

Due to the important role of PP2Cs in ABA signaling pathway, several investiga-
tions under different abiotic stress conditions have been reported to aid further
understanding of their molecular function. A common characteristic that is shared
between different clade A PP2Cs is that their expression levels are induced by ABA
and stressful conditions (Fujita et al. 2009, 2011). Expression analyses in different
plant species, such as Arabidopsis (Xue et al. 2008), rice (Singh et al. 2010), tomato
(Sun et al. 2011), maize (Wei and Pan 2014), Chinese cabbage (Kong et al. 2018),
and banana (Hu et al. 2017), have consolidated this fact. Many studies also discov-
ered the fact that PP2C genes from different species have been found to exhibit
overlapping expression profile under various abiotic stress treatments, including
drought, salt, cold, and heat stresses (Cao et al. 2016; Li et al. 2018; Singh et al.
2010; Xue et al. 2008; Yang et al. 2018). These findings may indicate that plants
respond to different abiotic stresses through a resembling molecular mechanism, in
which PP2Cs can be important cross-talking factors between/among different sig-
naling pathways.

Among the nine clade A PP2C members that involve in ABA signaling pathway
identified in Arabidopsis, ABI1 and ABI2 are two best-studied proteins, which con-
trol the full range of ABA responses under abiotic stresses and during development
(Fuchs et al. 2013; Singh and Pandey 2012). These two PP2Cs were found to physi-
cally interact with various cytosolic and nuclear-localized proteins. Such interac-
tions are commonly seen in various PP2Cs such as interaction with homeodomain
TF (e.g., HB6, CIPK24) or the more selective, specific interaction with preprotein
of fibrillin and CIPKS8 (Fuchs et al. 2013). In addition to being the regulators of
activities of SnRK2s, ABI1 and its homolog, ABI2, have been identified to be asso-
ciated with other regulatory activities in plant response to environmental changes,
such as the CBL1/CBL9-CIPK23 pathway in stomata aperture regulation (Mao
et al. 2016) and nitrate sensing (Léran et al. 2015), and the proteasome degradation
through the ubiquitin/26 s proteasome system (UPS) (Ludwikéw 2015).

Besides ABI1 and ABI2, the three “HAI” PP2Cs, HAIl, AKTI-interacting
PP2C1/HAI2, and HAI3, also show interesting behaviors under abiotic stress condi-
tions. Under polyethylene glycol (PEG) treatment condition, HAI PP2C mutants
showed enhancing proline and osmoregulatory solute accumulation, whereas these
features were not apparently seen in Arabidopsis carrying mutation in other clade A
PP2Cs (Bhaskara et al. 2012). While Arabidopsis PP2C HAI single mutants did not
produce ABA-responsive phenotype (Yoshida et al. 2006), double and triple
mutation in genes encoding HAI PP2C showed different ABA sensitivity levels at
different stages of plant development. During germination stage, Arabidopsis HAI
double and triple mutants were found to be ABA insensitive, which is in contrast
with the hypersensitive phenotypes of other clade A PP2C mutants (Yoshida et al.
2006). However, when entering post-germination stage, mutants of various HAI
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genes in this cluster showed similar hypersensitivity characteristics to ABA
(Bhaskara et al. 2012). Furthermore, the pp2ca-1hail-1 (or ahg3-1hail-1) double
mutant plants displayed enhanced ABA-mediated growth inhibition, increased
ABA-responsive gene induction, and diminished water loss compared with the
pp2ca-1 single mutants (Antoni et al. 2012), suggesting that hail/-I mutation
enhanced the ABA sensitivity of pp2ca-1/ahg3-1 mutant. These results indicate that
HAI PP2Cs may have a greater role in ABA-independent pathway rather than in
ABA-dependent pathway in response to drought stress.

Several in planta studies have been conducted to further understand the func-
tional roles of PP2Cs under abiotic stresses. This protein family has shown to pos-
sess potential candidates for producing abiotic stress-tolerant transgenic plants.
Singh et al. (2015) reported that transgenic Arabidopsis overexpressing rice clade A
PP2C OsPP108 confers high tolerance under salt, mannitol, and drought stresses.
Similarly, transgenic Arabidopsis ectopically expressing Brachypodium distachyon
BdPP2CA6 displayed enhanced stomatal closure and salinity tolerance (Zhang
et al. 2017a). Singh et al. (2016) also summarized studies of other PP2Cs on their
expression level and in planta functional roles in response to stress conditions
(Table 5.1).

5.3.2 Clade B

Among clade B PP2Cs, AP2C1 and AP2C3 are the two best-characterized members
and were found to regulate stomatal developmental pathway in Arabidopsis
(Schweighofer et al. 2007; Umbrasaite et al. 2010). In the absence of AP2C1 and
AP2C3, stomatal closure was impaired, indicating the involvement of these two
proteins in regulating water loss rate of plants, especially under adverse conditions.
In 2007, Schweighofer et al. discovered that AP2C1 controlled wound-induced
MAPK activities and stress-induced ethylene responses. The early expression of
AP2CI at the site of wounding indicates its involvement in order to antagonize
effect of the aforementioned stress conditions. Moreover, AP2C1 also negatively
controls production of jasmonate, a phytohormone that is believed to play a role in
plant responses to abiotic stresses such as drought, salt, and heat. Results from
investigation revealed that ap2cl knock-out plants showed enhanced jasmonate
production upon wounding and better tolerance to herbivory effects (Schweighofer
et al. 2007). On the other hand, AP2C3, which is closely related to AP2C1, shows
unique expression that differs from those of other members of the family. Distinct
expression pattern in stomata and stomatal lineage cells along with the ability to
interact with/downregulate signaling activity of MAPKSs consolidates the
participation of AP2C3 in regulating MPK3 and MPK6 during stomatal develop-
ment (Umbrasaite et al. 2010). Recently, AP2C1 was also found to negatively regu-
late CIPK9 under K* deficiency condition, which is also a kind of abiotic stress
experienced by the plants (Singh et al. 2018).
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Table 5.1 Summary of recent studies on identification of PP2Cs that mediate plant response to
abiotic stress conditions

Plant species

Gene

Type of study

Findings

References

Arabidopsis
thaliana

Clade
D—AtPP2Cs

RT-qPCR

Expression of AtPP2Cs was
significantly influenced by
alkali and salt stresses,
suggesting possible
involvement or direct
interaction

Soybean
(Glycine soja)

Clade
D—GsPP2Cs

RT-qPCR

Similar expression pattern in
clade D—PP2Cs of G. soja
and in clade D—PP2Cs of
A. thaliana, suggesting
conserved functions of clade
D—PP2Cs between plant
species

Chen et al.
(2018)

Rice (Oryza
sativa)

Clade
F—OsPPI18

Molecular,
genetic, and
physiological
analyses

Overall expression of
OsPP18 led to osmotic and
oxidative stress tolerance.
ospp18 mutants and
suppressed OsPP18-RNAi
exhibit drought-
hypersensitive phenotypes,
with lower reactive oxygen
species (ROS)-scavenging
gene expression, suggesting
potential role of OsPP18 in
drought tolerance mediation

You et al.
(2014)

Clade
A—OsPP108

Molecular and
genetic analyses
using
heterologous
system

Arabidopsis ectopically
expressing OsPP108 showed
enhanced abscisic acid
(ABA) insensitivity and high
tolerance to salt, mannitol,
and drought stresses at
various stages of
development

Singh et al.
(2015)

Brachypodium
distachyon

Various
clades—
BdPP2Cs

Transcriptome/
RT-gPCR

50-80% of BAPP2C genes
displayed upregulation in
response to abiotic stresses
(cold, heat, PEG and NaCl
treatments), suggesting
possible involvement of
BdPP2Cs in B. distachyon
resistance to abiotic stresses

Cao et al.
(2016)

(continued)
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Table 5.1 (continued)
Plant species | Gene Type of study Findings References
Barrel clover | Various Microarray/ Most of MtPP2C genes Yang et al.
(Medicago clades— RT-qPCR showed differential (2018)
truncatula) MtPP2Cs expression patterns in
response to abiotic stresses
(i.e., cold, drought, and ABA
stress), aiding the
identification of stress-
related MtPP2C genes
Wheat Clade Expression, Ectopic expression of Hu et al.
(Triticum F—TaPP2C1 | molecular, TaPP2CI in tobacco resulted | (2015)
aestivum) biochemical, and | in reduced ABA sensitivity
physiological and increased salt tolerance
analyses using of the transgenic seedlings
heterologous
system
Tomato Clade Expression, SIPP2C1-RNAi tomato Zhang
(Solanum A— SIPP2CI | molecular, and plants displayed et al.
lycopersicum) biochemical hypersensitivity to ABA and | (2017b)
analyses using increased drought stress
homologous tolerance
system

5.3.3 Other Clades

Apart from clades A and B, there is limited information about function of other
clades in plants under abiotic stress conditions. However, some lines of evidence
also indicate the involvement of these proteins in plant adaptation. For example,
Chen et al. (2018) found that expression level of members of clade D PP2Cs was
significantly altered upon alkali and salt stress treatments in soybean and Arabidopsis,
suggesting the direct or indirect association of this class of PP2Cs in stress signaling
pathways.

5.4 Conclusion

Plant genomes code for larger number of PP2Cs than other groups of organisms
including yeast, mouse, or human, which indicates the important role of this protein
family in various cellular processes in plants. Recent analyses of plant PP2Cs have
revealed the novel regulatory modes and functions of this class of protein phospha-
tases in different signaling pathways. Due to the large number of members in this
gene family, many functions and activities of PP2Cs in plants remain unknown.
However, results obtained from performed studies and analyses on PP2Cs have
proven them to be potential targets for further investigation to thoroughly under-
stand their role in mediating plant adaptation to environmental stimuli and serve as
base to develop appropriated methods for overcoming stress conditions.
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Chapter 6
Plant Protein Phosphatase 2C: Critical
Negative Regulator of ABA Signaling

Lokesh K. Saini, Nidhi Singh, and Girdhar K. Pandey

6.1 Introduction

Plants are commonly encountered with various environmental stresses in their life
span, and they thrive due to well-developed and efficient sensory system to the con-
stantly changing environment. Environmental stress includes both biotic such as
bacteria, fungi, viruses, and insects and abiotic stresses like cold salinity, and
drought. Abiotic stress is becoming a major worldwide threat to food security due
to climate change, which hampers the growth and development in plants as well as
in animals (Huang et al. 2013). Abiotic stress influences the crop productivity and
yield by affecting the plant health. Plants have developed complex signaling net-
work to sense environmental cues and respond by changing their physiological and
biochemical processes (Droillard et al. 2002; Franz et al. 2011).

Plants synthesize numerous diffusible hormonal signals like abscisic acid, brassi-
nosteroids, and methyl jasmonate which work together to maintain growth, devel-
opment, and cellular physiology and also to respond against environmental stresses
(Lumba et al. 2010). Abscisic acid (ABA) is the carotenoid derivative, which func-
tions as the key abiotic stress signal in plants. ABA is a ubiquitous phytohormone,
which regulates growth and development of plants such as maturation of embryo,
inhibition of seed germination via maintaining dormancy, and inhibition of post-
germination growth and transition from vegetative growth to reproductive growth of
plants (Cutler et al. 2010). ABA has a significant role to play in responding to envi-
ronmental stimuli and in triggering modifications in a number of plant physiological
and developmental processes like stomatal development and function, resulting in
adaptation to stress circumstances (Melotto et al. 2006). In response to environmen-
tal stimuli, ABA biosynthesis takes place in the cell which leads to the activation of
the signaling pathway. There are three major components of ABA signaling in
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plants: ABA receptors (PYR/PYL/RCAR), type 2C protein phosphatases (PP2Cs),
and SNF1-related protein kinases 2 (SnRK2s). These core components of ABA sig-
naling function in a double negative regulatory mechanism in which ABA receptors
inhibit protein phosphatase and protein phosphatases inhibit protein kinases
(Ikegami et al. 2009). Here, we will attempt to provide a basic understanding toward
the core ABA signaling, mainly focusing onto the role of protein phosphatases in
ABA signaling.

6.2 ABA Signaling: Major Stress Signaling Pathway
of Plants

Abscisic acid (ABA) is one of the most important plant hormones for the regulation
of various elements of plant life. ABA is a significant phytohormone that is essential
in plant reaction to abiotic stress variables like cold, drought, salinity, and heat.
Abscisic acid was identified to control the water status and acclimatization to a
variety of stresses in crop plants (Koornneef et al. 1984). In Arabidopsis, its core
signaling pathway is comprised of ABA receptor family, protein phosphatase 2Cs
(PP2Cs), and SnRK2 (SnRK2 family members are plant-specific serine/threonine
kinases) protein kinases (Fig. 6.1). In normal condition, the physiologically active
concentration is in sub-micromolar range, while its working concentration increases
to low micromolar range during stress (Ikegami et al. 2009). At the early stage of
ABA signaling, ABA is sensed by PYR/PYL/RCAR (Pyrabactin Resistance/
Pyrabactin Resistance Like/Regulatory Component of ABA Receptors) receptor
family which is comprised of 14 members in Arabidopsis (Table 6.1) (Park et al.
2009; Ma et al. 2009).

Protein phosphatase 2Cs (PP2Cs) are the upstream component of this pathway
which negatively regulates ABA signaling via dephosphorylating the downstream
component like SnRK2s that hence keep ABA-responsive genes and transcription
factors silent in the absence of ABA (Fig. 6.3). The interaction between ABA recep-
tors and PP2Cs contributes to negative feedback regulation of PP2Cs at the moment
of ABA perception. In the presence of sufficient concentration of ABA, SnRK2s act
as a critical positive regulator in the ABA signaling, generally activated by auto-
phosphorylation mechanism (Fujii and Zhu 2009; Fujita et al. 2009).

ABA signaling in plant cell leads to change in the gene expression of approxi-
mately 5-10% genes of genome mainly involved in stress tolerance (Nakashima
etal. 2009b). Promoters of these genes possess many cis-regulatory elements named
as ABA-responsive elements (ABREs). ABRE-binding protein (AREB), also known
as ABRE-binding factor (ABF), was identified by using yeast 1-hybrid (Y1H)
screening (Uno et al. 2000; Choi et al. 2000). The ABFs belong to group A subfam-
ily of basic leucine zipper (bZIP) domain transcription factors. This family is com-
prised of nine homologues in Arabidopsis that share conserved C-terminal bZIP
domain and N-terminal regions (Jakoby et al. 2002). Several reports suggest that
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Fig. 6.1 Core component of ABA signaling pathway in plants. In the absence of ABA, PP2Cs
prevent the accumulation of active SnRK2s by dephosphorylating them, but in the presence of
ABA, receptor-mediated inhibition of PP2Cs results in the activation or accumulation of SnRK2s
and ultimately leads to ABA responses

ABFs require ABA-dependent phosphorylation at the conserved domain for their
full activation (Furihata et al. 2006; Fujii et al. 2007). So, phosphorylation and acti-
vation of ABFs by SnRK2s are essential for the ABA-induced gene expression.

6.2.1 ABA Receptors: Site for ABA Perception

In 1990s, studies on implication of ABA analogs have suggested that ABA-binding
proteins are generally present either on plasma membrane or inside the cell (Allan
et al. 1994; Schwartz et al. 1994). Isolation of ABA-binding protein in plants was
considered to build a key step toward the identification of ABA receptors. The pro-
tein having ability to bind with ABA was identified from broad bean (Vicia faba)
epidermal protein extracts via affinity chromatography (Zhang et al. 2002). In
Arabidopsis, it was named as ABAR (ABA receptor) having ABA binding ability.
Protein sequence studies revealed that ABAR was a component of Mg-chelatase,
which is a multi-subunit complex present on plastid. T-DNA insertion mutants of
ABAR were responsive to ABA (Shen et al. 2000).
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Table 6.1 Identified interaction between ABA receptors and PP2Cs

ABA receptors | Interactive PP2Cs References

PYL1/RCARI12 | ABII and 2, HABI and 2, Fujii et al. (2009), Park et al. (2009), Ma et al.
PP2CA (2009), Hao et al. (2011)

PYL2/RCAR14 | ABI1, HABI and 2, PP2CA | Fujii et al. (2009), Park et al. (2009), Hao et al.

(2011)

PYL3/RCARI3

ABII, HABI and 2, PP2CA

Fujii et al. (2009), Park et al. (2009), Hao et al.
(2011)

PYL4/RCAR10

ABII, HABI and 2, PP2CA

Fujii et al. (2009), Park et al. (2009), Hao et al.
(2011), Pizzio et al. (2013)

PYL5/RCAR8 | ABII and 2, HABI and 2, Fujii et al. (2009), Ma et al. (2009), Hao et al.
PP2CA (2011), Santiago et al. (2009)

PYL6/RCARY | ABI1, HABI and 2, PP2CA | Fujii et al. (2009), Hao et al. (2011), Santiago

et al. (2009)

PYL7/RCAR2 | ABI1 Fujii et al. (2009)

PYL8/RCAR3 | ABII and 2, HABI and 2, Fujii et al. (2009), Ma et al. (2009), Hao et al.
PP2CA (2011), Santiago et al. (2009)

PYLY9/RCARI ABII and 2, HABI and 2, Fujii et al. (2009), Park et al. (2009), Ma et al.
PP2CA (2009), Hao et al. (2011)

PYL10/RCAR4 | ABI1, HABI1 and 2, PP2CA | Fujii et al. (2009), Hao et al. (2011)

PYLI11/RCARS | ABI1 Fujii et al. (2009), Hao et al. (2011)

PYLI12/RCAR6 | PP2CA/AHG3 Fujii et al. (2009), Park et al. (2009)

PYLI13/RCAR7 | ABII and 2, PP2CA/AHG3 | Zhao et al. (2013), Fuchs et al. (2014)

PYRI/RCARI11 | ABII and 2, HABI and 2, Fujii et al. (2009), Park et al. (2009), Hao et al.

PP2CA/AHG3

(2011)

Many groups have worked to isolate and identify the PYR/PYL/RCAR proteins

via different approaches (Ma et al. 2009; Park et al. 2009; Santiago et al. 2009;
Nishimura et al. 2010). The characterization of a synthetic ABA agonist named
Pyrabactin has made the connection between PYR1 and ABA signaling. In vitro
studies revealed that both Pyrabactin and ABA help PYRI to interact and inhibit the
clade A protein phosphatase 2C (PP2C) such as ABA Insensitive 1 (ABII), ABI2,
and Hypersensitive to ABA 1 (HABI) (Park et al. 2009). Regulatory component of
ABA response 1 (RCARI), identical to PYL9, was discovered by using Y2H
method. This investigation was leading to the identification of remaining 13 mem-
bers of ABA receptor family (Ma et al. 2009). By using HAB1 as bait in Y2H
screening, Rodriguez group identified PYLS, PYL6, and PYL8 (Santiago et al.
2009). In another in planta study, nine PYR/PYL/RACR proteins were identified as
interactor proteins of ABII by using affinity chromatography followed by mass
spectrometry (Nishimura et al. 2010).

PYR/PYL/RCAR proteins are total 14 in number which are the members of sol-
uble ligand binding superfamily named as START (steroidogenic acute regulatory
protein (StAR)-related lipid transfer)-domain superfamily (Iyer et al. 2001). The
crystal structure of PYR/PYL/RCAR ABA receptors has revealed that all PYLs
share similar helix grip structure which is composed of a seven-stranded p-sheet
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flanked by two a-helices. The characterization of START-domain proteins is based
on the presence of “helix grip” which is required for the formation of central hydro-
phobic ligand-binding pocket (Iyer et al. 2001). Crystal structures of ternary com-
plexes have revealed that six members of the PYR/PYL/RCAR family of proteins
(PYRI/RCARI11, PYLI/RCARI12, PYL2/RCAR14, PYL3/RCAR13, PYLS/
RCAR3, PYL9/RCARI1) have been shown to bind to protein phosphatase 2C in the
presence of ABA (Ma et al. 2009; Melcher et al. 2009; Park et al. 2009; Zhang et al.
2012b; Antoni et al. 2013).

Genetic evidences have confirmed the ABA receptors as a central regulator of
ABA signaling. Since pyr/ mutant did not show sensitivity to ABA, maybe because
of functional redundancy of other family members of ABA receptor family.
However, the reduced ABA sensitivity was observed in the triple and quadruple
mutant of pyripyllpyl4 and pyripyllpyl2pyl4, respectively (Park et al. 2009).
Overexpression lines of RCAR1, PYLS5, and PYL8 showed enhanced ABA sensitiv-
ity and stress tolerance to drought (Ma et al. 2009; Santiago et al. 2009). Thus, ABA
receptors can be targeted for the better tolerance for abiotic stresses such as drought
in crop plants.

6.2.2 Protein Kinases: Positive Regulator of ABA Signaling

Protein phosphorylation is the major event in almost all signal transduction path-
ways. Many protein kinases have been isolated and characterized as an important
component of ABA signaling pathway (Hirayama and Shinozaki 2007, 2010).
Major protein kinases involved in ABA signaling belong to SNF1-related kinase 2
(SnRK2) kinase family. Some other kinase families like SNF1-related kinase 3
(SnRK3; CBL-interacting protein kinases (CIPKs)), calcium-dependent protein
kinase (CDPK), and mitogen-activated protein kinase (MAPK) family were also
found to be involved in ABA signaling (Colcombet and Hirt 2008; Jammes et al.
2009; Cutler et al. 2010; Kudla et al. 2010). In Arabidopsis thaliana, there are ten
members in SnRK2 family which are characterized into three subclasses (I, II, and
IIT). SnRK?2 family is conserved in all land plants, and their involvement has been
shown in ABA signaling in barley, maize, pea, and rice (Li et al. 2000; Shen et al.
2001; Kobayashi et al. 2004; Huai et al. 2008). SnRK?2.2/3/6/7/8 were found to be
activated by ABA. Interestingly, members of subclass III of SnRK2 family,
SnRK?2.2/3/6, have been exhibiting strongest activation by ABA. These groups of
kinases are activated within 30 mins of ABA treatment which suggests their involve-
ment in early signal transduction for initiation of ABA signaling (Mustilli et al.
2002; Yoshida et al. 2002, 2006a; Boudsocq et al. 2004). Phenotypic analysis of
mutants and interaction capability of CIPKs including CIPK1/3/8/14/15/20/23/24
with PP2Cs revealed their involvement in ABA signaling (Ohta et al. 2003; Kudla
et al. 2010). Calcium-dependent protein kinases (CDPKs) such as CPK3/4/6/11/32
were also found to be involved in ABA signaling. CPK4 and CPK11 have sequence
similarity, and both phosphorylate ABF1 and ABF4, which are known as
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ABA-responsive transcription factors (Choi et al. 2005; Mori et al. 2006; Zhu
et al. 2007).

Several Ca’*-independent (SnRK2s) and Ca*-dependent kinases (SnRK3s/
CIPKs and CDPKs/CPKs) have been characterized and known to regulate ABA
signaling. The first identified kinase was an SnRK2 named PKABA1 (Wheat
Abscisic Acid-Responsive Protein Kinase), which was originally isolated from
wheat and was highly upregulated by ABA (Gomez-Cadenas et al. 1999). PKABAI
phosphorylates TaABF1 (a transcription factor of AREB family which binds on
ABRE sequence) and mediates ABA suppression in the gibberellic acid-induced
gene expression (Gomez-Cadenas et al. 1999). SnRK2.6/Open Stomata 1 (OST1)
was the first functionally characterized kinase in guard cells, which led to closing of
stomata in response to ABA (Mustilli et al. 2002).

Accumulation of ABA in plant cells leads to the activation of protein kinases,
which regulate the phosphorylation status of downstream component of the ABA
signaling. Although the molecular mechanism underlying autoactivation of SnRK2s
is not very well known, a very recent report suggests that SnRK?2 is phosphorylated
at a specific OST1 site by MAPKK kinase (M3Ks) for ABA-induced activation
(Takahashi et al. 2020).

Some reports using genetic approach have deciphered the importance of subclass
IIT SnRKSs in ABA signaling in Arabidopsis. The triple mutant of SnRK2.2/2.3/2.6
has shown the ABA-insensitive phenotype on higher concentration of ABA in the
context of seed germination, seed dormancy, post-germination growth, and stomatal
movement. These triple mutants did not show any significant expression of ABA-
responsive genes (Fujii and Zhu 2009; Fujita et al. 2009; Nakashima et al. 2009a;
Umezawa et al. 2009). Based on above studies, it can be concluded that subclass 111
of SnRK2 kinases functions as a central hub in ABA signaling.

6.2.3 Protein Phosphatase 2C: Negative Regulator
of ABA Signaling

Reversible phosphorylation process is a well-understood event which is comprised
of protein phosphorylation and dephosphorylation catalyzed by the protein kinases
and protein phosphatases, respectively. Previous research was more focused on pro-
tein kinases, but nowadays, extensive research is ongoing on protein phosphatases to
decipher the mechanism of reversible phosphorylation. Reversible phosphorylation
regulates many biological processes in eukaryotes by modulating stability, activity,
conformation, and localization of the target substrate in growth, development, and
signal transduction pathways (Hunter 1995). Protein kinases and phosphatases are
the key players of cellular phosphorylation processes in almost all the organisms
under normal and stressed conditions. Protein kinases have been thoroughly studied
for their structure and evolution in many organisms (Manning et al. 2002; Kerk
et al. 2008).
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6.2.4 Classification and Evolution of Protein Phosphatases
in Plants

Protein phosphatases are evolutionary conserved from bacteria to complex organism.
They have been classified into different subclasses on the basis of structural similar-
ity (Cohen 1989). In higher plants like Arabidopsis and rice, there are 76 and 90
members of protein phosphatases 2C, respectively, which are further subdivided into
ten or more subgroups (Xue et al. 2008; Singh et al. 2010). Protein phosphatases are
basically divided into two major categories on the basis of their substrate specificity:
serine/threonine (Ser/Thr) phosphatases and tyrosine (Tyr)-specific phosphatases.
Ser/Thr phosphatases dephosphorylate the phosphoserine/phosphothreonine residue,
whereas Tyr-specific phosphatases dephosphorylate the phosphotyrosine residue of
substrate protein. Ser/Thr phosphatases are further classified into two families on the
basis of molecular, biochemical and genomic analysis: (1) phosphoprotein phospha-
tases (PPs) consisting of PP1, PP2A, PP2B, and other distantly related phosphatases
like PP4, PPS, PP6, and PP7 and (2) metallo-dependent phosphatase (PPM) family.
PPM family requires metal ion for their activation or catalysis process, comprising
PP2C and other Mg?*-dependent phosphatases (Singh et al. 2010). However, a Ca**-
dependent phosphatase, PP2B, is found in animals and also known as calcineurin A
(CNA) but could not be found in plants so far (Uhrig et al. 2013). On the other hand,
plant protein Tyr phosphatases (PTPs) are also classified into Tyr-specific phospha-
tases (PTPs) and dual-specificity phosphatases (DSPs). DSPs have ability to dephos-
phorylate both phosphotyrosine and phosphoserine/phosphothreonine (de la Fuente
van Bentem and Hirt 2009; Shankar et al. 2015) (Fig. 6.2).

Protein Phosphatase

I
| ]

Serine/Threonine Tyrosine
Phosphatase Phosphatase

Phosphoprotein Metallo-dependent Phospho-Tyrosine Dual Specific
Phosphatase (PPP) Phosphatase (PPM) Phosphatase (PTFP) Phosphatase (DSP)

Other Distantly Low Molecular
related Phosphatase Weight PTPs

Fig. 6.2 Classification of plant protein phosphatase based on its substrate specificity. Protein
phosphatases are categorized into Ser/Thr and Tyr phosphatase. Ser/Thr phosphatases are further
subcategorized into three families: PPP, PPM, and other distantly related phosphatases. PPM fam-
ily is also referred to as PP2Cs. Tyr-specific phosphatases are also subcategorized into PTP, DSP,
and LMWPs
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Plant genomes have a large number of protein phosphatase-encoding genes.
Arabidopsis genome encodes 126 protein phosphatases (Kerk et al. 2008), while
other plant species like rice (Oryza sativa), tomato (Solanum lycopersicum), and hot
pepper (Capsicum annuum) have 132, 113, and 102 protein phosphatases, respec-
tively (Singh et al. 2010; Kim et al. 2014). The major group of protein phosphatase
is PP2Cs having 80, 88, 90, and 91 genes in the Arabidopsis, hot pepper, rice, and
tomato genome, respectively (Kim et al. 2014; Singh et al. 2010). In Arabidopsis,
PP2Cs are further subdivided into 11 sub-clades, clade A to clade K (Singh et al.
2016). The presence of clade A PP2Cs in unicellular algae (e.g., Chlamydomonas
reinhardtii) and clade B PP2Cs in Selaginella moellendorffii suggests that these
PP2Cs are conserved throughout the plant kingdom (Fuchs et al. 2013). Interestingly,
six out of nine clade A PP2Cs have been found to be involved in ABA signaling and
have been characterized as negative regulators of ABA signaling.

6.2.5 PP2Cs as a Fine Modulator of ABA Signaling

Protein phosphatases are the largest efficient group of proteins in all eukaryotes
suggesting their involvement in almost all of the signaling processes in eukaryotic
organism. Through genetic studies, several Arabidopsis mutants have been identi-
fied which showed insensitivity to ABA. These ABA-insensitive (abi) mutants have
mutations in numerous genes, which are essential for ABA signaling. Interestingly,
instead of kinases, two protein phosphatases were also found to be a critical compo-
nent in transmission of ABA signal. These findings illustrated a paradigm that pro-
tein phosphatase also plays an important role in regulation of protein kinases by
dephosphorylating them or their substrate (Luan 1998). Clade A PP2Cs have been
very well documented in ABA signaling. Apart from these PP2Cs, a dual-specificity
protein phosphatase (DSP), Propyzamide Hypersensitive 1 (PHS1), has been identi-
fied and characterized as a critical regulator of ABA signaling, since the mutation in
PHST1 gene resulted in ABA hypersensitivity during seed germination and reduction
in stomatal aperture (Quettier et al. 2006).

Earlier, we have discussed that there is receptor-mediated inhibition of PP2Cs
that takes place in ABA signaling in the presence of ABA. Now, most of the ABA
receptors have shown to interact with PP2Cs. ABA receptors interact and inhibit the
phosphatase activity of almost all the PP2Cs. Table 6.1 shows the interactions of
ABA receptors with PP2Cs. Some interactions have been well characterized in the
context of activity inhibition, whereas others still need detail investigation.

6.2.6 Clade A PP2Cs and ABA Signaling

There are nine PP2C members in clade A; most of them have been characterized as
modulators of ABA signaling. The first identified ABA-responsive PP2C was ABA
Insensitive 1 (ABIl). In Arabidopsis, ABIl and its homologue regulate
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ABA-dependent responses like transpiration, growth, and seed germination (Leung
et al. 1994, 1997; Meyer et al. 1994). ABI1 and ABI2 play an important role during
early events in ABA signaling (Koornneef et al. 1984). Consequently, six out of nine
members of clade A PP2Cs have been emerged as negative regulators of ABA sig-
naling and regulate physiological responses such as germination, stomatal conduc-
tance, and root growth (Merlot et al. 2001; Saez et al. 2004; Umezawa et al. 2009).
In addition to ABI1 and ABI2, clade A consists of PP2CA/AHG3 (ABA hypersensi-
tive germination 3) (Yoshida et al. 2006b), HAB 1 (Homology to ABI1 1) (Rodriguez
et al. 1998b), HAB2 (Homology to ABI1 2) (Umezawa et al. 2009), HAI1 (Highly
ABA-induced PP2C 1), HAI2 (Highly ABA-induced PP2C 2), HAI3 (Highly ABA-
induced PP2C 3), and AHG1 (ABA hypersensitive germination 1) phosphatases
(Nishimura et al. 2007).

Under stressed condition or in response to high ABA, PP2Cs stimulate the ABA
biosynthesis in the plant cell (Saez et al. 2006; Rubio et al. 2009). It has been pos-
tulated that this upregulation of PP2Cs desensitizes the plant to high level of ABA
in a negative feedback loop (Szostkiewicz et al. 2010).

The various PP2C members physically interact with cytosolic or nuclear local-
ized proteins suggesting their multiple role and multiple targets in ABA response
(Chérel et al. 2002; Saez et al. 2008; Brandt et al. 2012). Among the interactors of
clade A PP2Cs, a group of proteins, which is structurally related to pollen allergen
Bet V 1, was identified as soluble ABA-binding proteins and named as ABA co-
receptors regulatory component of ABA receptors (RCAR) and ABA receptor pro-
teins named Pyrabactin resistance 1 (PYRI1/PYRI-like). RCARs/PYRI1-like
proteins inhibit the function of protein phosphatase activity in the presence of ABA
(Ma et al. 2009; Nishimura et al. 2010). ABA receptors require co-receptors ABI1
or other clade A PP2Cs to sense the sub-micromolar concentration. This trimeric
complex formation between ABA ligand and holoenzyme leads to inhibition of
PP2C activity in ABA signaling. SnRK2 family (subfamily 2 of SNFI-related
kinases) member OST1 (Open Stomata 1) functions as a positive regulator down-
stream to PP2Cs in ABA signaling (Mustilli et al. 2002; Rubio et al. 2009; Kulik
et al. 2011). ABII and HAB1 dephosphorylate pSer176 of OST1, which is present
in activation loop and necessary for autoactivation of this kinase (Ng et al. 2011;
Yunta et al. 2011). Some studies also show that RCARSs serve as pseudo-substrate
for PP2Cs, which can be locked in the presence of ABA (Klingler et al. 2010). It has
been already shown by biochemical and protein interaction analysis that RCAR
proteins interact with eight clade A PP2Cs to inhibit the activity of PP2Cs (Nishimura
et al. 2010; Antoni et al. 2012; Zhang et al. 2012a).

6.2.7 ABA Insensitive 1 and 2 (ABII and ABI2)

The abil-1 and abi2-1 mutants have been isolated from ethyl methane sulfonate-
mutagenized Arabidopsis seeds through a genetic screening (Koornneef et al. 1984).
These mutations lead to phenotypic alterations such as ABA-tolerant seed germina-
tion and seedling growth, abnormality in stomatal regulation, and altered drought
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stress responses (Koornneef et al. 1984; Finkelstein and Somerville 1990). Both of
these loci encode homologous proteins and are transcriptionally induced by
ABA. Substitution from Gly to Asp in the catalytic domain of ABI1 and ABI2
results in significant reduction in phosphatase activity and Mg?* binding affinity in
both. Due to this missense mutation, Gly is changed to Asp in both abil-1 (G180D)
and abi2-1 (G168D), which leads to a dominant insensitive phenotype (Leube et al.
1998; Rodriguez et al. 1998a). Further studies have revealed that this mutated pro-
tein ABI1-1 is unable to bind with ABA receptors (PYL) in the presence of ABA
(Ma et al. 2009; Park et al. 2009) but can still bind to SnRK2s (Umezawa et al.
2009; Vlad et al. 2009). Crystal structure of ternary complex (PYLs-ABA-PP2Cs)
also showed that the conserved Gly in active site and conserved Ser in the “gate”
loop of PP2Cs form a hydrogen bond, but in mutated protein ABII-1, hydrogen
bond is disrupted due to G to D substitution (Yin et al. 2009). So, it can be con-
cluded that receptor-mediated inhibition of PP2Cs is not happening in the abil-1
and abi2-1 mutants; hence, these mutants show ABA insensitivity.

ABI1-1 was found to inhibit ABA signal transduction in isolated protoplasts
using ABA-responsive promoters HAV1-GUS and RBCS-GUS (Sheen 1998). The
similar type mutation in the alfalfa MP2C results in diminished phosphatase activity
of recombinant protein in vitro but could not affect its dephosphorylation activity
for MAPK substrate in vivo (Meskiene et al. 2003). Isolation and analysis of mutants
of abil-1 and abi2-1 provided evidence that these both PP2Cs negatively regulate
the ABA signaling in plants. Mutations in the catalytic domain of the ABI1 or ABI2
cause loss of function with very low phosphatase activity and also make plants
supersensitive to ABA. Near 50% of the ABA-induced PP2C activity is contributed
by ABII and ABI2 that indicates that other PP2Cs may also involve in ABA signal-
ing (Merlot et al. 2001). Overexpression and microinjection approach has shown
that mutant protein abil-1 but not wild type ABII can block ABA, cyclic ADP-
ribose, and Ca’-induced activation of promoters KIN2-GUS and RD29A-GUS
(Wu et al. 2003). As per the model suggested by authors, both PP2Cs are function-
ing at different levels; abil-1 acts upstream, whereas abi2-1 acts downstream of
ROS production induced by ABA in guard cells (Murata et al. 2001). Interaction of
ABIl with ABA-inducible transcription factor ATHB6 and promoter reporter
expression of ATHB6 was inhibited in abil-/ mutant plants, suggesting that ABI1
acts upstream of ATHB6 (Himmelbach et al. 2002).

6.2.8 ABA Hypersensitive Germination 3 (AHG3/AtPP2CA)

Another clade A type PP2C named PP2CA/AHG3 was found to block ABA signal-
ing when it is expressed transiently in protoplasts (Sheen 1998). Transcriptional
upregulation of PP2CA 1is induced in cold, drought, salt, and ABA. Reduction in
mRNA level of PP2CA in cold and drought in the abal-1 mutant suggested that
expression of PP2CA is ABA dependent. Using antisense approach, downregulation
of AtPP2CA resulted in better plant development and led to freezing tolerance,
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suggesting its negative role in ABA responses during cold (Téhtiharju and Palva
2001). Interestingly, interaction between AtPP2C5 and AKT2/AKT3 in yeast was
specific for catalytic domain of phosphatase compared with other potassium (K*)
shaker channels. This interaction enables AtPP2C5 to regulate inward rectifying K*
channel AKT2 in Xenopus oocytes. The AtPP2CA and AKT?2 genes are regulated by
ABA and show similar tissue-specific expression with highest expression level in
phloem vasculature. This study suggests the regulation of AKT2 channel by
AtPP2CA enables K* uptake and also maintains membrane potential during stress
condition (Vranova et al. 2001; Chérel et al. 2002).

6.2.9 Hpypersensitive to ABA (HABI)

One of the very close relatives of ABII and ABI2 is HABI (previously known as
AtPP2CA), upregulated by ABA and expressed in almost all part of Arabidopsis
plant including root, stem, leaf, flower, and silique (Rodriguez 1998; Rodriguez
etal. 1998b). ABA insensitivity in seeds and vegetative tissues was seen in constitu-
tive overexpression lines of this gene, which suggests that HAB]I is also a negative
regulator of ABA signaling. Overexpression of HAB/ results in impaired stomatal
activity, ABA insensitive root growth, and reduced ABA-inducible gene expression
(Saez et al. 2004).

Previous data suggests that clade A PP2Cs function as co-receptors of ABA, and
functional analysis of other PP2Cs revealed their involvement in ABA-dependent
stress responses (Jia et al. 2009). Moreover, clade A protein phosphatase (PP2C) is
the negative regulator of ABA signaling, but a few reports also suggest that some
PP2Cs can also regulate positively to ABA signaling. Splice variant HAB1.2 posi-
tively regulates ABA signaling by interacting with OST1 but not inhibiting the
kinase activity (Wang et al. 2015). In another study, overexpression of beech (Fagus
sylvatica) PP2C 2 (FsPP2C2) in Arabidopsis showed the enhanced expression of
ABA-responsive genes, suggesting its role as a positive regulator of ABA signaling
(Reyes et al. 2006).

6.3 Role of PP2Cs in Various Signaling Pathways in Plants

6.3.1 PP2Cs in Developmental Signaling

Integration of different signaling pathway is required for proper growth and devel-
opment of plants. Now, it has been established that protein kinases and protein
phosphatases play a vital role in plant developmental pathways. MAPK (mitogen-
activated protein kinase) signaling pathway is a major developmental pathway,
which is also activated in biotic and abiotic stress condition. Clade B protein phos-
phatase 2C, named AP2C3/PP2CS5, interacts with MPK3, MPK4, and MPK6 and
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dephosphorylates MPK6. These data suggest that AP2C3 inhibits the MAPK
signaling pathway to maintain the balance between stomatal differentiation and
pavement cell differentiation (Umbrasaite et al. 2010).

Protein phosphatases are found to play an important role in developmental sig-
naling during different stages of plant development (Singh and Pandey 2012). Most
significant PP2Cs include KAPP (kinase-associated protein phosphatase) and POL
(POLTERGEIST); both of these are involved in CLAVATA 1 (CLV 1, a receptor-like
kinase) signaling, regulating the Arabidopsis flower development (Luan 2003).
KAPP interacts and dephosphorylates the CLV1 in vitro, and POL modulates the
activity of a transcription factor WUSCHEL (WUS) (Yu et al. 2003). However,
genetic analysis of double mutant of clv/wus and triple mutant of pol/clv/wus
showed that POL functions in WUS-dependent and independent pathway (Yu et al.
2003). Besides, double mutant of POL and POL-Like (PLL) has shown seedling
lethality suggesting their implication in shoot and root meristem as well as embryo
development (Song and Clark 2005; Wang et al. 2007). Later on, it was also found
that POL and PLL1 regulate the stem cell fate by affecting the WUS expression
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Fig. 6.3 Model of the core ABA signaling pathway in plants. Under normal conditions, PP2Cs
remain bound to SnRK2s and inhibit their kinase activity and hence negatively regulate ABA-
mediated responses. When ABA is perceived by PYR/PYL/RCAR ABA receptor family, these
receptors bind with PP2Cs and block the phosphatase activity. This receptor-mediated inhibition
of PP2Cs leads to activation of SnRK2s. These SnRK2s further phosphorylate the downstream
components of the signaling pathway to activate or deactivate them like KAT1 and SLACI for
stomatal regulation
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downstream to CLV1. POL and PLL1 modulate the development of early embryo
and root meristem by mediating the CLE40 (CLV-related 40)/WOX5 (WUSCHEL-
related homeobox-5) pathway (Gagne and Clark 2010; Song et al. 2008). Therefore,
POL and PLL1 involved in asymmetric stem cell division and in maintenance of
stem cell polarity by controlling the early embryo and root meristem development
(Fuchs et al. 2013). Moreover, genetic analysis of PLL4 and PLL5 has suggested
their role in leaf development (Song and Clark 2005). On the basis of above data, it
can be concluded that PP2Cs regulate the plant growth and development via mediat-
ing the receptor kinase signaling pathway.

6.3.2 PP2Cs in Abiotic Stress Signaling

Activation of Ca?* signaling network, which basically consists of calcineurin B-like
proteins (CBLs) and CBL-interacting protein kinases (CIPKs), leads to triggering
an adaptive mechanism to maintain K* homeostasis during K* deficiency. Clade A
PP2C AIP1 (AKTl-interacting PP2C 1)/HAI2 was found to interact with CIPK23
and also AKT1 (Arabidopsis K* transporter 1). CIPK23 promotes the activity of
AKT1, and AIP1 downregulates the activity of AKT1, suggesting that AIP/ is a
negative regulator of this pathway and negatively regulating the K* uptake during
K* deficiency condition (Lee et al. 2007). Another clade B PP2C named AP2C1 was
also found to interact and dephosphorylate the CIPK9 under K* deficiency. CIPK9
positively regulates whereas AP2C1 negatively regulates Arabidopsis root growth
and seedling development under K* deficiency and hence acts as phosphorylation-
dephosphorylation-based switch under low K* condition (Singh et al. 2018).

6.3.3 PP2Cs in Biotic Stress Signaling

AP2C1, clade B PP2C, is also known to regulate wound and biotic stress response
by dephosphorylating/inactivating MAPK4 and MAPK®6, which are known as posi-
tive regulators of wound and pathogen-triggered signaling (Schweighofer et al.
2007). AP2C1 expression is upregulated in response to tissue injury and fungal
pathogen Botrytis cinerea. Overexpression of AP2C1 phosphatase has been shown
to reduce the kinase activity of MAPK in response to wounding. Overexpression
lines of AP2C1 have shown low level of ethylene and hampered innate immunity
against B. cinerea. Moreover, ap2cl mutants exhibited higher accumulation of jas-
monic acid induced by wounding and also resistance to phytophagous herbivore
(Tetranychus urticae) (Galletti et al. 2011; Fuchs et al. 2013). These findings sug-
gest that AP2CI negatively regulates MAPK signaling. Thus, AP2C1 regulates
plants innate immunity during pathogen attack via controlling the defense hormone
level (Schweighofer et al. 2007; Galletti et al. 2011; Fuchs et al. 2013).
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6.4 Conclusions and Future Perspectives

Plants encode a larger number of PP2Cs than yeast, mouse, and human, suggesting
PP2Cs as a major group of protein phosphatase, regulating diverse physiological
processes in plants. The phytohormone ABA activates a complex signaling that
regulates numerous cellular and physiological processes in plants. Recent in-depth
studies on ABA receptor uncovered the novel functions of PP2Cs as hormone co-
receptors in plants. Now, it has been understood that PP2Cs negatively regulate the
kinase function in most of the signaling pathways. But some reports also suggest
that PP2Cs can regulate positively to ABA signaling for better adaptive responses
against stresses. According to latest paradigm, ABA receptor, PP2Cs, and SnRK2s
come together in different combination and interact via specific domain. This coor-
dination regulates the ABA signaling in response to stress and developmental stim-
uli and enables plants to acclimatize in stress conditions.

Based on functional genomic approaches, novel uncharacterized PP2C candi-
dates can be identified followed by their characterization by various genetic, cellu-
lar, and molecular approaches. As PP2Cs are involved in many signal transduction
pathways, they can serve as connecting link between different pathways. Also, these
can be targeted as potential candidate to decipher the crosstalk between different
stress and hormone signaling pathways. Another important aspect for plant biolo-
gist is to decipher the role of PP2Cs in regulation of downstream targets of ABA
signaling as well as in stress and developmental signaling pathways. Information
collected from model plants like Arabidopsis could also be used for generating tools
to improve the crop productivity under stress conditions. Functional characteriza-
tion of PP2Cs should also be explored in other crop plants such as cereal and non-
cereal crops to overcome the worldwide food security for constantly growing
population.
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7.1 Introduction

Plants are often exposed to fluctuating environmental conditions, and being sessile,
they require intricate mechanisms for their survival. Plants rely on various stress
sensing and signaling networks to respond to abiotic and biotic stresses.
Posttranslational modifications through phosphorylation of proteins to regulate cel-
lular functions are a phenomenon which is ubiquitous to all the organisms (Smith
and Walker 1996). Protein kinases and phosphatases catalyze phosphorylation and
dephosphorylation of cellular proteins, respectively (Smith and Walker 1996).
Phosphorylation leads to conformational changes in proteins, thereby regulating
their activity and interaction with other proteins to form a complex (Pawson 1995;
Luan 2003). Intracellular signaling in response to external stimulus involves phos-
phorylation of many proteins in order to migrate to the destination site in the cell
and regulate the target proteins. Reversible phosphorylation of cellular proteins
controls a spectrum of biological functions like growth and development processes,
metabolism, cell cycle control, and stress responses (Luan 2003). Protein phospha-
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tases target hydroxyl group of specific amino acid residues, majorly of serine and
threonine and seldom of tyrosine (Shenolikar 1994; Smith and Walker 1996).
Several studies also report the evidence of phosphohistidine phosphorylation in
eukaryotic organisms (Ota and Varshavsky 1993; Huber et al. 1994; Crovello et al.
1995; Smith and Walker 1996). Localization of protein phosphatase occurs majorly
in subcellular organelles including nuclei, chloroplast, mitochondria, cytosol, and
some membrane fractions (MacKintosh et al. 1991; Huber et al. 1994; Smith and
Walker 1996). Protein phosphatases have been classified into type I (PP1) and type
II (PP2) in mammals and plants on the basis of their specificity to certain substrates
and sensitivity to the inhibitors, inhibitor-1 (I-1) and inhibitor-2 (I-2) (Ingebritsen
and Cohen 1983; Cohen 1989; Smith and Walker 1996). PP1 targets the -subunit
of mammalian phosphorylase kinase as it is a substrate for dephosphorylation and
is sensitive to inhibitor-1 (I-1) and inhibitor-2 (I-2). In contrast, PP2 dephosphory-
lates o subunit of phosphorylase kinase, and its activity is not inhibited by inhibitor-
1 (I-1) and inhibitor-2 (I-2) (Cohen 1989; Smith and Walker 1996). On the basis of
structure, substrate specificity, and requirement of divalent cation as a cofactor, PP2
type phosphatases have been further divided into three subgroups: protein phospha-
tase 2A (PP2A), protein phosphatase 2B (PP2B), and protein phosphatase 2C
(PP2C). PP2A is heterotrimeric consisting of a catalytic C-subunit and two distinct
regulatory A- and B-subunits and does not require any cofactor for its activity. In
contrast, PP2B (also known as calcineurin) functions as a heterodimer comprising a
catalytic A-subunit and a regulatory B-subunit and requires Ca?* for its activity. A
third subclass consists of PP2C, which exists as a monomer and requires Mg** for
its activity (Shenolikar and Nairn 1991; Smith and Walker 1996). Sugars are not
only a source of energy but also act as signaling molecules. Photosynthesis in plants
generates sucrose, which further splits into fructose and glucose. Glucose, a mono-
saccharide sugar, has been reported to function as a signaling molecule through
various pathways including hexokinase 1 (HXK1)-dependent pathway, regulator of
G-protein signaling 1 (RGS1)-dependent pathway, and target of rapamycin (TOR)-
sucrose non-fermenting 1 (SNF)-related kinase 1 (SnRK1) pathway (Li and Sheen
2016). Phosphorylation and dephosphorylation of these glucose sensors are an
essential way to regulate their activity. A recent report on yeast HXK2 by Barbosa
et al. (2016) revealed that it is dephosphorylated by PP2A-like phosphatase to mod-
ulate certain growth-related aspects such as cell cycle regulation and life span.
Similarly in yeast, PP2C has also been reported to regulate TOR signaling (Gonzalez
et al. 2009). PP2C also represses SnRK1-mediated energy starvation and stress
responses through regulating SnRK1 activity (Rodrigues et al. 2013). PP2A class of
phosphatases is known to repress ABA responses in plants via negatively regulating
SnRK2 (Waadt et al. 2015). Several reports in mammals, yeast, and plants have
discovered the role of TOR in phosphorylating type 2A-phosphatase-associated
protein 42 kDa (TAP42), which is a regulatory-associated protein of PP2A (Murata
et al. 1997; Jacinto et al. 2001; Di Como and Jiang 2006; Prickett and Brautigan
2006; Ahn et al. 2011, 2015). PP2A and PP2C have been reported to function in
stress responses by regulating ABA signaling. Pernas et al. (2007) studied a mutant
of a catalytic subunit of PP2A known as PP2AC-2 and identified distinct drought
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and salt stress responses suggesting a crosstalk of ABA signaling and PP2C. Further,
two members of PP2C family including PP2CA and ABIl are known to
dephosphorylate SnRK1 to negatively regulate its activity; ABA promotes SnRK1
signaling by suppressing PP2Cs, thereby collectively suggesting an interconnection
between PP2 type phosphatases, ABA signaling, and stress responses (Rodrigues
et al. 2013). It is noteworthy that although the function of individual sugar sensing
pathways is explored in great detail, how these pathways interact at the molecular
level with protein phosphatases to optimize growth needs further investigation.

7.2 Structure, Subunit Composition, and General Functions
of Protein Phosphatases

7.2.1 PP2A

Protein phosphatase 2A are ubiquitous serine/threonine phosphatases and are highly
conserved among eukaryotes. These phosphatases regulate a plethora of cellular
processes including cell cycle, gene regulation, and translation by dephosphoryla-
tion of many kinases and other cellular molecules (Wlodarchak and Xing 2016).
Protein phosphatases 2A are predominant among members in plant protein phos-
phatases. The primary structure of plant protein phosphatases is composed of het-
erotrimeric complexes comprising a catalytic C subunit, structural A subunit
consisting of 15 HEAT repeats that acts as scaffold, and regulatory B-type subunits.
The B-type subunits are required for targeting and substrate specificity, and there-
fore, appropriate B-type subunit is crucial in maintaining holoenzyme assembly for
PP2A target specificity and their regulation. The C-subunit exhibits high sequence
and structural similarity to the catalytic subunits of other related phosphatases such
as PP4, PP6, and PP1 (Moorhead et al. 2008). The A-subunit possesses a series of
conserved alpha helical repeats and serves as protein scaffold for B- and C-subunits
to form the holoenzyme (Mumby 2007). Phylogenetic analysis among the members
of PPP family shows that PP2A, PP4, and PP6 form a separate cluster suggesting a
common ancestral relationship (Moorhead et al. 2008). There are five genes which
encode for C-subunit in rice, tomato, and Arabidopsis thaliana. However, one to
several genes encode for A-subunit in plants (Delong 2006). Unlike A and C,
B-subunit is encoded by phylogenetically and structurally unrelated gene families.
High conservation of B-subunit gene families exists in plants and animals. These
are B55 gene family that encodes for beta-propeller proteins, the B56 that encodes
for Huntingtin, EF3, A subunit of PP2A, TOR (HEAT) repeat proteins, and the B72
that encodes EF-hand-containing proteins (Farkas et al. 2007). There are two genes
encoding B55, nine encoding B56, and six encoding B72 family. Moreover, eukary-
otic catalytic subunit of PP2A, PP4, and PP6 contains C-terminal YFL motif for
potential leucine methylation. In Arabidopsis, PP2A binds the target of rapamycin
substrate TAP46 and through RNA-induced gene silencing regulates cell growth
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and survival, autophagy, and translation (Ahn et al. 2011). Recent reports showed
that PP2A associated with histone deacetylase HDA14, which was shown to be
involved in deacetylation of alpha-tubulin in regulating microtubule function (Tran
et al. 2012). Yeast two-hybrid and in vitro pull down assays identified the direct
physical interaction of Arabidopsis PP2A-Al subunit [ROOTS CURL IN
NAPHTHYLPHTHALAMIC ACID 1 (RCN1)] with phototropin2 (PHOT?2). The
binding of PP2A-A1 and PHOT2 downregulates phototropism and stomatal open-
ing through direct dephosphorylation of PHOT?2 in response to blue light signaling
(Tseng and Briggs 2010). PP2A-C together with protein kinase PINOID regulates
the phosphorylation state of auxin efflux PIN proteins in fine-tuning auxin transport
in roots (Ballesteros et al. 2013). In the past few years, several groups have identi-
fied the significant role of PP2A in modulating brassinosteroid (BR) signaling.
PP2A regulates the dephosphorylation and protein turnover of BR receptor BRI
(Wu et al. 2011). Besides, PP2A also dephosphorylates the BR signaling transcrip-
tion factors BZR1 and BES1 (BZR2) in regulating BR signaling cascade (Tang
et al. 2011). For a detailed review on the roles of PP2A phosphatases, see Bheri and
Pandey (2019).

7.2.2 PP2C

PP2C (protein phosphatase 2C) is a Ser/Thr phosphatase, which belongs to the
Mn?*/Mg>*-dependent PPM (metal-dependent protein phosphatase) family
(Schweighofer and Meskiene 2008). In contrast to the PPP (phosphoprotein phos-
phatase) family phosphatase, PP2C is insensitive to inhibition by known phospha-
tase inhibitors such as okadaic acid and microcystin (Rogers et al. 2006). PP2C
represents a large family of highly conserved protein phosphatases, with 16 definite
PP2C genes in the human genome that are known to form 22 different isoforms
(Lammers and Lavi 2007). Arabidopsis and rice possess 80 and 78 PP2C genes,
respectively (Xue et al. 2008; Singh et al. 2010, 2015). This remarkable expansion
of PP2C in plants indicates the possibility of neo-functionalization and functional
specialization. A prominent function of plant PP2Cs is the modulation of ABA-
mediated stress signaling (Rodriguez 1998; Schweighofer et al. 2004; Moorhead
et al. 2007; Singh et al. 2010, 2015). PP2Cs work as monomers. The conserved
catalytic core domain of human PP2C carries a central § sandwich, and each 3 sheet
is flanked by a pair of « helices. This arrangement forms a cleft between two 8
sheets, in which two metal ions are located at the base of the cleft. Three additional
o helices, unique to PP2C, connect with the core domain on one side and contribute
to substrate specificity or regulation (Das et al. 1996). No regulatory subunit is
known for PP2C enzymes. Compared to human PP2Cs, the plant PP2Cs display a
characteristic structural pattern. They consist of a basic PP2C core with N terminal
domains of variable length (Meskiene et al. 1998). Variations in N terminal exten-
sions specify the function of PP2Cs (Fuchs et al. 2013; Stone et al. 1994). For exam-
ple, distinct N terminals are present in ABI1 and ABI2 PP2Cs, which are involved
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in ABA signaling (Leung et al. 1994, 1997; Meyer et al. 1994). KAPP (kinase-
associated protein phosphatase) is another type of PP2C, which regulates RLK
(receptor-like kinase) signaling pathway in plants (Braun et al. 1997; Wang et al.
2007). MP2C (Medicago PP2C) and its other orthologues are known to be involved
in MAPK (mitogen-activated protein kinase) signaling pathway. MP2C was identi-
fied through genetic screening in yeast. MP2C acts as a negative regulator of the
stress-activated MAPK (SMAPK) pathway, which is transiently activated in
response to cold, drought, touch, and wounding in plants (Jonak et al. 1996; Bogre
et al. 1997; Meskiene et al. 1998; Schweighofer et al. 2007; Brock et al. 2010;
Umbrasaite et al. 2010). Taken together, these results suggest that specific members
of the PP2C family are specialized to act on specific kinases.

7.3 Sugar as a Signaling Molecule

Plants being autotrophs synthesize sugars, which act as structural, energy, and sig-
naling molecule to sustain life on earth. Sugar status in plant acts as an internal cue
to regulate developmental transition, nutrient homeostasis, and stress responses. In
plants, sucrose, the byproduct of photosynthesis, is further split into hexoses (glu-
cose and fructose). Glucose receptors and signaling pathways are well characterized
in the plant (Urano et al. 2012; Sheen 2014). Studies have shown plant-specific
extracellular (RGS1) and intracellular (HXK1) receptors for glucose. A highly con-
served energy sensing module includes two serine/threonine kinases, SnRK and
TOR, to regulate growth accordingly. RGS1 is a plasma membrane-bound hybrid
receptor protein having G protein-coupled receptor (GPCR) and C-terminal RGS
box (Sakr et al. 2018). Glucose mediates the phosphorylation of RGS1 by With No
lysine Kinases (WNKs). WNKS8-dependent phosphorylation promotes endocytosis
of RGS1, thus activating G protein o subunit 1 (GPA) (Urano et al. 2012). GPA1
regulates different aspects of plant development such as cell division and elonga-
tion, organ development, and hormonal responses (Urano et al. 2013). Hexokinase
(HXXKT1) catalyzes phosphorylation of glucose into glucose-6-phosphate in glycoly-
sis. Glucose sensor activity of HXK1 was found to be independent of its catalytic
activity (Moore et al. 2003). HXK1 interacts with the 19S regulatory particle of
proteasome subunit (RPT5B) and vacuolar H*-ATPase B1 (VHA-B1) in nucleus.
This multimeric complex directly binds with promoters of glucose-inducible genes
to regulate their transcriptional activity (Cho et al. 2006). In eukaryotes, cellular
respiration, which depends on sugar availability, produces energy in the form of
ATP. TOR is a conserved pathway of energy, which acts as an integrator of exoge-
nous (environmental) and endogenous (nutrient and sugar availability) signals to
regulate growth (Sakr et al. 2018). In plants, target of rapamycin (TOR) complex is
composed of three subunits, TOR, RAPTOR, and LSTS, which positively govern
energy-dependent promotion of metabolism, cell growth, and protein synthesis
(Xiong and Sheen 2015). Experimental evidence has supported the upregulation of
TORCI activity in the presence of nutrients and growth factors, while inactivation



108 H. B. Saksena et al.

of TORCI was found in energy deprivation, stress, and starvation in both animals
and plants (Saxton and Sabatini 2017; Shi et al. 2018). In plants, glucose as photo-
synthesis product drives TOR signaling via glycolysis and controls root meristem
activity, growth hormone signaling, and stem cell maintenance (Xiong et al. 2013).
Glucose-TOR signaling also dictates transcription regulation of genes involved in
primary and secondary metabolism, cell cycle, transcription, signaling, and protein
folding (Xiong et al. 2013). Glucose modulates TOR activity, but the underlying
mechanism of TOR upregulation is still not well known; on the other hand, the
activity of SnRK1 gets inhibited in the presence of glucose (Baena-Gonzilez et al.
2007). SnRK1al is a serine/threonine kinase that belongs to CDPK-SnRK super-
family (Hrabak et al. 2003). In Arabidopsis, SnRK1 is composed of a heterotrimeric
complex with one catalytic a-subunit (kinase) and regulatory § and PBy-subunit
(Broeckx et al. 2016). The activity of SnRK1 was found to be lowered in the pres-
ence of glucose; similarly, a negative correlation was found between the expression
profile of genes upregulated by SnRK1 and the genes upregulated by glucose
(Baena-Gonzilez et al. 2007). SnRK1al interacts and phosphorylates RAPTOR1b,
which is a regulatory subunit of TOR kinase (Nukarinen et al. 2016). This suggests
that SnRK1 and TOR both antagonistically regulate nutrient and energy availability
to control metabolism, transcriptome, cell growth, and development; however, fur-
ther studies are required for better assessment of this yin-yang module in the plant
(Fig. 7.1).

The following section focuses on how the various sugar signaling pathways
described in detail above are linked to the two protein phosphatase subgroups, PP2A
and PP2C. Few reports suggest a possible connection of hexokinase-dependent
pathway with protein phosphatases. However, a considerable amount of studies
report a crosstalk between protein phosphatases and components of energy signal-
ing including TOR and SnRK1 in mediating a trade-off between stress and growth.

7.4 Crosstalk Between Protein Phosphatases and Sugar
Signaling

The glucose sensor RGS1 and energy sensors TOR and SnRK1 are regulated by
specific phosphorylation events in plants (Urano et al. 2012; Jamsheer et al. 2019).
Thus, dephosphorylation mediated by protein phosphatases would be an important
regulatory mechanism for modulating the functions of these proteins. It is yet to be
seen whether glucose sensor HXK1 in plants is also regulated by phosphorylation-
dephosphorylation-dependent mechanisms. In yeast, HXK2 is dephosphorylated by
PP2A-like phosphatase to regulate cell cycle progression, mitochondrial function,
and life span (Barbosa et al. 2016). In response to glucose, RGS1 is phosphorylated
at the C-terminal by WITH NO LYSINE KINASEs (WNKs), which leads to endo-
cytosis of RGS1 and thus activation of G-protein-mediated glucose signaling (Urano
et al. 2012; Fu et al. 2014). Similarly, pathogen attack triggers RGS1 phosphoryla-
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Fig.7.1 Protein phosphatases and sugar signaling interaction. Under favorable growth conditions,
activated TOR phosphorylates TAP46 and activates it which in turn promotes TOR signaling.
TAP46 can regulate PP2A in both positive and negative manner. TOR might be utilizing this mod-
ule to suppress SnRK1. Similarly, under nutrient-rich condition, PP2C suppresses SnRK1 activity
and thereby stress-responsive changes in plants and promotes growth and development. TOR
might also be involved in promoting PP2C to promote growth, whereas under stress conditions,
TOR activates TAP46, which in turn negatively regulates PP2A. In the absence of activated TAP46,
PP2A negatively regulates ABIS and expression of its downstream target genes, which carry out
stress responses. Exogenous ABA also upregulates TAP46. PP2C is a major negative regulator of
ABA signaling. PP2C also negatively regulates SnRK1, thus playing a key role in cross talk of
ABA signaling and energy status

tion by immune receptors which leads to its dissociation from GPA1 resulting in the
activation of G-protein-mediated immune signaling (Liang et al. 2018). Taken
together, these results suggest that phosphorylation status is a crucial regulator of
RGS1 activity. However, phosphatases acting on RGS1 to regulate sugar signaling
are yet to be identified (Fig. 7.2).

The TOR and SnRK1 are conserved serine-threonine kinases whose activity is
regulated by phosphorylation at specific residues (Jamsheer et al. 2019). Intriguingly,
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Fig. 7.2 Schematic representation of the crosstalk among the components of TOR, SnRKs, and
ABA signaling pathways in Arabidopsis. TOR downregulates ABA receptor PYLs under normal
conditions. However, SnRK?2 inactivates TOR as soon as the plant perceives abiotic stress condi-
tions, leading to activation of ABA signal transduction. TOR also regulates the expression of
TAP46 by phosphorylation which interacts with the ABA signal component ABI5

the T-loop phosphorylation of SnRK1al (the kinase subunit of SnRK1) was found
to be insensitive to the phosphatases of its mammalian homologue (Emanuelle et al.
2015). This could be due to the structural changes that occurred in plant lineage
(Broeckx et al. 2016; Emanuelle et al. 2016). SnRK1 is negatively regulated by
PP2C class of phosphatases to suppress energy starvation and abiotic stress-
responsive transcriptome changes during favorable growth conditions (Rodrigues
et al. 2013). Intriguingly, SnRK2 and SnRK3 kinases in plants, which are closely
related to SnRK1, are also negatively regulated by PP2C class of phosphatases indi-
cating that PP2C module works as a common negative regulator of SnRKs in favor-
able growth conditions (Jamsheer et al. 2019). Thus, it is possible that PP2C is also
linked with TOR in promoting growth under favorable conditions. In line with this
hypothesis, PP2C signaling was found to be required for TOR function in yeast
indicating the communication between these pathways (Gonzdlez et al. 2009).
However, direct communication between TOR and PP2C signaling is yet to be iden-
tified in plants.
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PP2A class of phosphatases negatively regulates the activity of mammalian
homologue of SnRK1 through dephosphorylation (Pernas et al. 2007; Joseph et al.
2015). PP2A negatively regulates SnRK2 family member to suppress ABA
responses in plants (Waadt et al. 2015); however, it is still unknown whether PP2A
similarly regulates SnRK 1. TOR phosphorylates the type 2A phosphatase-associated
protein 42 kDa (TAP42), a regulatory-associated protein of PP2A, to modulate the
activity of PP2A in mammals, yeast, and plants (Murata et al. 1997; Jacinto et al.
2001; Di Como and Jiang 2006; Prickett and Brautigan 2006; Ahn et al. 2011,
2015). The plant homologue of Tap42/a4 known as Tap46 was found to be a posi-
tive regulator of TOR functions (Ahn et al. 2011, 2015). Thus, in favorable growth
conditions, active TOR might utilize the PP2A module to suppress SnRK1 func-
tions in plants. Studies in this direction will reveal more intricacies on growth con-
trol in response to environmental fluctuations.

Studies so far identified that PP2A and PP2C class of protein phosphatases is
intimately connected to energy sensors to fine-tune nutrient-dependent growth con-
trol in plants. SnRK family kinases are dephosphorylated by these phosphatases in
normal growth conditions to suppress stress signaling and promote growth. A mem-
ber of myotubularin phosphatidylinositol (PI) 3-phosphatase suppresses TOR func-
tion in mammals (Hao et al. 2016). Similarly, plants may have specific phosphatases
to suppress TOR function in specific conditions. Taken together, studies so far iden-
tified many interesting molecular leads between the components of sugar signaling
and protein phosphatases. More studies are needed to establish many of these
connections.

7.5 Evolutionary Dynamics of Nutrient and Energy Sensing
Among Eukaryotes

The TOR-AMPK module is a well-conserved fundamental signaling pathway that
is implicated in regulating growth according to the nutrient status of the organism
and the changes in its internal and external environmental milieu. TOR, which
belongs to the PIKK family (phosphatidylinositol kinase-related kinase) of serine/
threonine kinases, was first identified in budding yeast (Heitman et al. 1991) and is
found to be present in vast majority of organisms including invertebrates (Soulard
et al. 2009), plants (Crespo et al. 2005; Deprost et al. 2007), and animals (Hall
2008) except for some intracellular parasites (Serfontein et al. 2010). Similarly,
AMPK kinases and their orthologues in other eukaryotes are highly conserved ser-
ine/threonine kinases and regulate several aspects of metabolism in response to
energy deprivation (Crozet et al. 2014). Through a mutualistic antagonism with the
starvation-induced AMPK pathway, TOR orchestrates a myriad of cell and tissue
developmental programs in response to amino acids, hormones, carbon, nitrogen,
light regimes, and other nutrient-derived signals for efficient growth, metabolism,
and survival of the organism (Dobrenel et al. 2016; Li and Sheen 2016).
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TOR kinases are high molecular weight complexes (~250 kDa) which are
involved in varied cellular and developmental processes including cell division,
translation, embryogenesis, autophagy, ribosome biogenesis, senescence, etc.,
among several others. Recent phylogenetic profiling provides novel insights into the
complex evolution of energy sensing, homeostasis, and maintenance by TOR and
AMPK signaling (Van Dam et al. 2011; Roustan et al. 2016). Except yeast and cer-
tain other fungi which contain two TOR genes, almost all other eukaryotes possess
single TOR gene (Crespo et al. 2005; Lee et al. 2005). TOR kinases in the plant
lineage, except that of green alga Chlamydomonas reinhardtii and Zea mays (Crespo
et al. 2005; Sotelo et al. 2010), are insensitive toward rapamycin treatment at lower
physiological conditions (Xiong and Sheen 2012), while mammalian and yeast
TOR are rapamycin sensitive even at low concentrations (nanomolar) (Heitman
et al. 1991). However, in plants, the susceptibility toward rapamycin was restored
following heterologous expression of the FKBPI2 protein in Arabidopsis (Sormani
et al. 2007) and is enhanced following FKBP12 overexpression (Xiong and Sheen
2012). Yeast and mammals contain two TOR multiprotein subunits, TORCI and
TORC2, which are involved in diverse yet distinct developmental regimes and have
different subunit compositions, in contrast to just one TORCI in plants (Tatebe and
Shiozaki 2017). TORCI in mammals comprises TOR, RAPTOR, and LST8, and
TORC?2 is composed of TOR, LST8, and RICTOR (Hara et al. 2002; Kim et al.
2003). The presence of TORC?2 in plants is rather questionable as no plant RICTOR
orthologue has been found till date (Tatebe and Shiozaki 2017). Among plants, TOR
has also been shown to have conserved functions and overall domain structure (John
et al. 2011). The plant kinase domain has around 75% similarity to the kinase
domain present in animals, implying that TOR is functionally conserved among
eukaryotes (Xiong and Sheen 2015). In fact, certain modules of the TOR pathway
such as LST8 (lethal with SEC13 protein 8) and TOR which form the core are con-
served throughout evolution and were most likely present in the last eukaryotic
common ancestor (LECA). Additional inputs/segments were probably lost and/or
accommodated around this highly complex pathway during both plant and animal
evolution, indicating that the energy sensing transduction pathway is both highly
conserved yet amenable to incorporate changes across phylogenetic groups which
might cater to the specific needs of the organism (Van Dam et al. 2011).

Several TOR substrates, including the ribosomal protein S6K and the PP2A
phosphatase-associated protein TAP46, are also conserved in plants (Dobrenel et al.
2016). TOR activates the downstream effector SOK by phosphorylation to regulate
translation and protein synthesis (Xiong et al. 2013). TOR has also been implicated
in regulating physiological outcomes in times of stress. Under unstressed condi-
tions, TOR phosphorylates ABA receptor PYLs (PYR1/PYL/RCAR family of pro-
teins) and inactivates SnRK2, thus leading to negative regulation of stress-induced
ABA signaling (Wang et al. 2018). However, during the onset of unfavorable condi-
tions, SNRK2 inactivates TOR via phosphorylation of RAPTOR (Wang et al. 2018).
Apart from its function in regulating PP2C’s activity through ABA stress signaling
pathway, TOR has also been shown to directly phosphorylate the downstream pro-
tein effector TAP46 in plants, a conserved regulatory subunit of protein phosphatase
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2A (PP2A) that controls plant growth and development including seed germination
and maturation via regulating several stress-related genes (Ahn et al. 2011, 2015).
As discussed above, TAP46 interacts with the transcription factor ABIS (ABA-
Insensitive 5) in vivo and stabilizes it, thereby positively regulating core ABA
signaling (Hu et al. 2014). Another PP2A protein interactor TIP41 (TAP42-
interacting protein of 41 kDa) has been implicated in the modulation of ABA-
mediated responses (Punzo et al. 2018). Thus, a reciprocal interaction of key
components of TOR-ABA pathway results in equilibrium between induction of
stress responses and plant growth.

Starvation-induced AMP-activated kinase (AMPK) equivalents have also been
thoroughly characterized in yeast (SNF1, sucrose non-fermenting 1) and plants
(SnRKs, SNF1-related kinase) (Broeckx et al. 2016; Hardie 2018) which inhibit
several anabolic pathways while promoting induction of several catabolic processes
and are known to regulate a common set of regulatory proteins during stressful
conditions (Baena-Gonzalez et al. 2007; Roustan et al. 2016). In all organisms eval-
uated, the AMPK module is rather conserved and comprises a heterotrimeric protein
complex composed of one catalytic subunit, o, and two regulatory subunits,
(plants possess atypical By and p subunits) and vy, and is encoded by multiple genes
(Polge and Thomas 2007; Ramon et al. 2008; Emanuelle et al. 2015; Hardie 2018)
and is regulated via multiple posttranslational modifications and upstream kinases
including PP2As and PP2Cs (Crozet et al. 2014). Across all eukaryotes, the SNF1/
AMPKo/SnRK 1o members require phosphorylation at a conserved residue involv-
ing threonine for their activation (Polge and Thomas 2007; Hardie 2018). SNF1/
AMPK modules have been shown to regulate several aspects of cell cycle progres-
sion and division (Carling et al. 2012) and are specifically regulated by AMP/ADP,
while SnRK1 is insensitive toward this regulatory mechanism (Emanuelle et al.
2015). Similarly, SnRKs are also critical for fine-tuning growth and physiological
responses in times of unfavorable conditions. SnRKs have been implicated in the
adjustment of plant responses to several biotic and abiotic environmental stimuli
including nutrient limitation, starvation, dehydration, cold, salt, and osmotic stresses
(Coello et al. 2011; Wurzinger et al. 2018). SnRK1 regulates several aspects of cell
metabolism and is probably involved in cell cycle progression (Guérinier et al.
2013; Crozet et al. 2014). SnRK1 in plants is repressed by sugars such as glucose-6-
phosphate (G6P) and sucrose and indirectly by trehalose-6-phosphate (T6P) and
high energy status (Zhang et al. 2009; Rodrigues et al. 2013). The SnRK1 subfamily
comprises three catalytic subfamilies, AKIN10/AKIN11/AKIN12 (Baena-Gonzélez
et al. 2007). Genome duplication and neo-functionalization in plants have led to an
increase in the number of SnRK domains and their highly complex structures
(Emanuelle et al. 2015). Plants possess two additional homologues, namely, SnRK2
and SnRK3/CIPK, both of which have additional subclasses, signaling intermedi-
ates, and key components that might be the result of gene duplication events to
fulfill broader spectrum of functions in plants (Broeck et al. 2016). SnRK2, as dis-
cussed above, are activated under stress conditions and are categorized into three
subcategories depending upon their affinity toward ABA and regulation via clade A
PP2Cs (Kulik et al. 2011). Emerging roles of SnRK3 family of kinases in plant
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adaptation to stress have revealed that these calcineurin B-like (CBL) calcium-
binding proteins mediate responses to drought, cold, ABA, sugar, salinity, and pH
changes (Coello et al. 2011; Kulik et al. 2011). Not only do the SNFI/AMPK/
SnRK1 modules share significant homology in terms of structure and functions, but
their upstream activating kinases also exhibit sequence similarity to one another
indicating the conservation of activation mechanisms in the eukaryotic lineage
(Glab et al. 2017). In fact, certain kinases and phosphatases including PP2As regu-
lating AMPK activity have also been traced back to majority of eukaryotic species
(Roustan et al. 2016). An exhaustive phylogenetic analysis (Roustan et al. 2016) on
the evolutionary aspects of energy sensing network has revealed that the AMPK/
TOR pathway-related kinases were already functional in the prokaryotic lineage. A
link between mTOR pathway and retrograde signaling involving mitochondria has
also been speculated (Komeili et al. 2000; Morita et al. 2015). For a detailed over-
view on evolutionary kinetics of SnRK and TOR pathway, see Roustan et al. (2016)
and Jamsheer et al. (2019).

Thus, TOR/AMPK module works at the interface of major plant physiological
responses which are governed by several developmental and environmental inputs
and are prevalent in all photosynthetic eukaryotes. Although elucidation of TOR/
AMP kinases as the central integrators of diverse metabolic pathways has just begun
in plants, several areas concerned with translational and metabolic reprogramming
via related kinases need to be explored. A complete and rigorous overview would
require high-end tools like phospho-proteomics, plant TOR chemical inhibitors, and
experimental designs to unravel yet newer components and effectors of this ancient
central signal transduction hub.

7.6 Protein Phosphatases and Interaction with Sugar
and ABA in Managing Stress

Plants activate signal transduction pathways under stress conditions. These path-
ways begin with signal perception leading to activation of different protein kinases
and phosphatases that finally change the activity of target proteins or transcription
factors. Thus, protein phosphatases act as a regulatory hub for different stress
responses. On the other hand, sugar signaling integrates various internal and exter-
nal cues so it plays a vital role in modulating various stress responses. There are
different studies suggesting the crosstalk between sugar signaling and protein phos-
phatases in regulation of stress responses.

In Arabidopsis, the bifunctional Lys-ketoglutarate reductase (LKR)/saccharopine
dehydrogenase (SDH) is an important enzyme is lysine catabolism. The expression
of this gene is altered during various biotic and abiotic stresses in different plants,
suggesting its involvement in stress-related metabolism. LDR/SDH protein expres-
sion was upregulated by ABA signaling in which two homologous PP2Cs, ABI1
and ABI2, play a vital role. In addition to this, sugar starvation also stimulated the
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expression of LDR/SDH protein via HXK-dependent pathway (Stepansky and
Galili 2003).

In an attempt to understand the function of PP2A catalytic subunits (PP2A-C), a
large number of T-DNA mutant lines were generated and screened. A specific
catalytic subunit of PP2A (PP2A-C2) was identified as a negative regulator of ABA
signaling. Loss-of-function pp2ac-2 showed hypersensitive response to inhibition
of primary and lateral roots as well as inhibition of seed germination in the presence
of ABA, whereas plants overexpressing PP2A-C were less sensitive to ABA-
mediated inhibition of these responses. In addition to this, PP2A-C mutant plants
showed altered salt and drought stress response. PP2A-C mutants were hypersensi-
tive to glucose-mediated inhibition of cotyledon greening and leaf development.
And, in this case, PP2A-C overexpression plants showed response similar to wild
type. All these results collectively suggested that this specific catalytic subunit of
PP2A (PP2A-C2) is involved in ABA, stress, and glucose signaling (Pernas
et al. 2007).

Rice MAPK kinase kinase gene (ENHANCED DISEASE RESISTANCE 1)
OsERD] expression was significantly upregulated by sugar and protein phosphatase
inhibitors, CANTHARIDIN (CN), and okadaic acid (Kim et al. 2003), thus suggest-
ing that it might be antagonistically regulated by sugar and protein phosphatases.
The transcript level of OsERDI was upregulated by drought, high salt, and heavy
metal as well as by different hormones, ABA, SA, JA, and ethylene, suggesting its
involvement in stress signaling pathways and development (Kim et al. 2003).

Arabidopsis UDP-glucose pyrophosphorylase encoding gene UGP is an impor-
tant enzyme of sucrose synthesis which produces UDP-glucose. UGP expression
was found to be upregulated in the presence of sucrose and light and inhibited in the
presence of okadaic acid. The transcript levels of UGP were significantly increased
in response to cold stress via ABA-independent pathway. All these observations
suggested that UGP is a sugar-responsive and okadaic acid-sensitive enzyme
involved in plant responses to environmental signals.

A study conducted in developing pea embryos where ABA levels were down-
regulated by immunomodulation showed a decreased hexose sugar levels as well as
expression of PP2A was decreased. ABA deficiency also caused downregulation of
many stress-related genes. This study indicated a connection between sugar, PP2A,
stress signaling, and ABA (Radchuk et al. 2010).

As discussed earlier, TAP46 is a positive regulator of TOR signaling. TAP46 is
also involved in ABA signaling. In Arabidopsis, TAP46 overexpressing transgenic
plants showed hypersensitivity to ABA responses, whereas the mutant tap46 lines
showed hyposensitive response, thus suggesting that it is a positive regulator of
ABA signaling. Conversely, these transgenic line studies showed that TAP46 is a
negative regulator of PP2A. Furthermore, TAP46 has been shown to interact with
ABA Insensitive 5 (ABIS5) and stabilize it. This binding may interfere with PP2A
activity on ABIS, thereby maintaining ABIS in its active form. TAP46 also modu-
lated some of stress-related gene expression (Hu et al. 2014). In addition to TAP46,
TIP41 (TAP42-interacting protein of 41 kDa) is also involved in ABA, TOR, and
stress pathways. ABA and stress perturbed expression of TIP41. TIP41 seems to
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negatively regulate ABA signaling, while it is positively regulated by TOR signaling
(Punzo et al. 2018).

ABII1 and PP2CA have been shown to facilitate coordinated action of ABA sig-
naling, energy signaling, and stress responses. In a study, it was found that these two
PP2Cs, ABI1 and PP2CA, interact with the catalytic subunit of SnRK1 and dephos-
phorylate and inactivate it (Rodrigues et al. 2013). In double and quadruple knock-
out mutants of pp2c¢, SnRK1 inactivation was blocked. In addition to this, these
knockout mutants showed sugar hypersensitivity similar to the phenotype of SnRK1
overexpression (Rodrigues et al. 2013). ABA could promote SnRK1 signaling by
repressing PP2Cs as suggested by reporter gene assays. This was further confirmed
by SnRK] target gene expression in the presence of ABA. When transcriptional
profiles associated with SnRK/.I activation were compared to the transcriptional
profile of ABA treated seedlings, which were already available in literature, there
was a large overlap between these two profiles despite the tissue difference. All
these results implied that PP2Cs play a vital role in crosstalk between ABA signal-
ing and sugar/energy signaling strengthening the stress response (Rodrigues et al.
2013; Pizzio et al. 2013). On the other hand, ABA signaling and TOR signaling
antagonistically regulate each other depending upon the condition (Wang et al. 2018).

7.7 Conclusions and Future Perspective

Reversible protein phosphorylation is recognized as the major switch in regulation
of various cellular and developmental processes in eukaryotes. There has been a
remarkable progress in understanding the functions of protein phosphatases in
recent years. Reversible phosphorylation-dephosphorylation mechanisms have
been shown to regulate sugar signaling events at multiple levels (Urano et al. 2012;
Barbosa et al. 2016; Jamsheer et al. 2019). Although a large number of PKs are
known to phosphorylate energy sensors like SnRK1 and RGS|1, their partner protein
phosphatases are scarcely studied (Urano et al. 2012; Emanuelle et al. 2015; Barbosa
et al. 2016; Jamsheer et al. 2019). Thus, due to lack in knowledge of the phospha-
tases involved in sugar signaling hub, the clear picture on the regulation of sugar
signaling cascade and how it influences plant’s response toward stress is missing
and therefore needs further exploration. Moreover, it is yet to be studied whether
HXK(1 is regulated by the reversible phosphorylation-dephosphorylation events.

Emerging evidence has suggested a connection between protein phosphatases
and sugar signaling and their role in managing stress responses. However, most of
the links between the signaling pathways are poorly understood. Since protein phos-
phatases, mainly PP2A and PP2C, mediate both sugar signaling and ABA signaling
in stress responses and developmental signaling, they might also act as a nodal point
of connection between sugar and ABA signaling cascades and their role in mitigat-
ing stress responses. Also, extensive research is necessary in understanding how
these proteins interact with hormones and sugars in combating biotic stress
responses.
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It is just the beginning to elucidate the complex networks involving protein phos-
phatases, sugars, and hormones in cellular functions. The cornerstone of under-
standing the functions of protein phosphatases will be identifying the protein
kinases that protein phosphatases counteract. Research in this direction in the future
will be required to understand how these protein phosphatases are integrated into
regulatory networks and how the dynamics of these networks balance growth and
stress responses and their eventual utilization for stress management in crop plants.
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Protein Phosphatases in Guard Cells: Key
Role in Stomatal Closure and Opening
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and Agepati S. Raghavendra

8.1 Introduction

8.1.1 Importance of Stomata

Plants are sessile organisms and cannot move away from the harsh environments.
Abiotic stresses that are encountered by plants are changes in temperature (high or
low), drought (water deficit), waterlogging, salinity, and metal toxicity, while biotic
stresses are due to pathogens and herbivores. Plants strive to adapt to different stress
conditions by employing diverse mechanisms from morphological to molecular lev-
els. Among these adaptations against stress conditions, the stomata, minute pores
present on the epidermis of leaves, are crucial. Being the exit and entry points for
water and carbon dioxide (CO,), respectively, stomata not only play an important
role in the regulation of photosynthesis and transpiration but also restrict the patho-
gen entry by closing themselves. The role of stomata during stress adaptations has
been reviewed extensively (Murata et al. 2015; Agurla and Raghavendra 2016;
Melotto et al. 2017; Agurla et al. 2018a; Zoulias et al. 2018; Buckley 2019).

Stomatal pores are formed by a pair of specialized guard cells. Closing and open-
ing of stomata are determined by flaccidity and turgidity of guard cells. These events
are triggered by abiotic/biotic stress signals, and guard cells have intricate signal
transduction network and metabolisms to regulate stomatal movements (Medeiros
et al. 2019). Under stress conditions, abscisic acid (ABA), a stress hormone pro-
duced in plants, is a key player that regulates stomatal function and modulates gene
expression (Nakashima and Yamaguchi-Shinozaki 2013).
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8.1.2 Signals That Induce Closure/Opening

Among abiotic factors, elevated CO, levels, darkness, moisture deficit, and high
ABA or ethylene concentration promote closing of stomata. In contrast high light,
low CO,, waterlogging conditions, and cytokinin promote opening (Araujo et al.
2011). Similarly, during pathogen attack (biotic stress), stomata sense the microbe-
associated molecular patterns (MAMPs) or elicitors and try to close themselves
(Melotto et al. 2017). Even polyamines can induce stomatal closure (Agurla et al.
2018b). These abiotic and biotic stress conditions provoke various alterations in the
signaling components, i.e., nitric oxide (NO), ROS, pH, and calcium (Ca*"), which
lead to ion efflux, turgor loss, and finally stomatal closure (Raghavendra and Murata
2017). Hence, these abiotic and biotic stress factors contribute to advancement of
stomata and signaling complex of guard cells.

8.1.3 Events During Stomatal Closure by ABA

Stomatal closure is a complex process comprising of multiple steps involving vari-
ous signaling components. When guard cells take up ions, their turgor increases
making stomata open. In contrast, ion efflux decreases the guard cell turgor making
stomata close. The rise in pH of guard cell is an early event and is followed by an
increase in ROS, NO, and cytosolic Ca*". Both ROS and NO increase cytosolic Ca**,
which stimulates calcium-dependent protein kinases (CDPKs) (Brandt et al. 2015).
The active CDPKs facilitate ion efflux through guard cell-associated slow anion
channels (SLAC) as well as outward K* ion channels (GORK). During the stomatal
closure, the signaling events converge at ROS, NO, and cytosolic Ca**, which later
diverge their actions (Agurla and Raghavendra 2016; Agurla et al. 2018a). All the
events ultimately modulate the ion levels in guard cells. The signaling components
involved during stomatal closure by ABA have been described in detail (Lee and
Luan 2012; Gayatri et al. 2013; Kollist et al. 2014; Murata et al. 2015; Agurla and
Raghavendra 2016; Singh et al. 2017; Agurla et al. 2018a).

Upon microbial pathogen challenge also the stomata close. The signals under
such microbial attack are pathogen-associated molecular patterns (PAMPs) or
MAMPs that are recognized by PRRs (pattern recognition receptors). These PAMPs
or MAMPs stimulate mitogen-activated protein kinase (MAPK) activity and upreg-
ulate SLAC (Rasmussen et al. 2012). Upon perception of PAMP, ROS is produced
by NADPH oxidase in guard cells followed by other components such as NO, Ca**,
K*, and anion channels in that order (Arnaud and Hwang 2015). Salicylic acid (SA)
signaling pathway involving non-expresser of pathogenesis related 1 (NPR1),
receptor of SA, can lead to stomatal closure, as defense against pathogen (Seyfferth
and Tsuda 2014; Manohar et al. 2017). These events of stomatal closure are further
explained below.
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8.2 Signal Transduction in Guard Cells

8.2.1 Signal Perception and Transmission

Changes in the stomatal aperture are initiated by different abiotic or biotic stress
signals. For example, ABA or methyl jasmonate (MJ) can act as abiotic stress sig-
nals, while microbial elicitors and SA are biotic stress signals. The presence of ABA
is sensed by ABA receptors (also called as PYR/PYL/RCAR family proteins), type
2C protein phosphatases (PP2Cs), and SnRK2-type protein kinases (Raghavendra
et al. 2010; Lim et al. 2015). These events are further explained in Sect. 8.3.2.

The PYR/PYL/RCAR family is often perceived as PYLs. Apart from ABA, there
are several compounds that can cause stomatal closure such as MJ, SA, chitosan,
cryptogein, and flagellin22 (fig22). However, it is not clear how these microbial
elicitors of cryptogein, MJ, or chitosan are perceived (Agurla and Raghavendra
2016). There are suggestions that the receptor for flg22 is flagellin-sensitive 2
(FLS2) (Chinchilla et al. 2006) and SA is perceived by NPR1 in the guard cell (Wu
et al. 2012).

8.2.2 ABA-Receptor-PP2C Complex Formation

In default conditions, the active PP2C downregulates SnRK2s by dephosphoryla-
tion and thus arrests the ABA response. When present, ABA combines to PYL/
PYR/RCAR receptor and then to PP2C, making PP2C ineffective. The inhibition of
PP2C results in phosphorylated SnRK2s, which in turn modulate further down-
stream signaling in guard cells (Zhang et al. 2015). The complex of PYL-ABA-
PP2C is stabilized by the binding of ABA to PYR and then with protein phosphatase
2C (PP2C) making PP2C ineffective and nonoperational (Gonzalez-Guzman et al.
2012). As aresult of blocking PP2C action, the SnRK2 remains phosphorylated and
active (Kline et al. 2010; Fujii and Zhu 2009). Thus, PYR/PYL/RCAR protein fam-
ily and SnRKs are involved in positive regulation of ABA signaling, whereas PP2C
acts as a negative regulator of ABA.

An example of SnRK2s is OST1 kinase, a serine/threonine protein kinase (Zhang
et al. 2014; Ye and Murata 2016). The phosphorylated SnRK2 or OST1 phosphory-
lates and activates NADPH oxidases (respiratory burst oxidase homologs RBOH
D/F) to generate reactive oxygen species (ROS), an important second messenger
involved in the stomatal closure (Munemasa et al. 2015). The rise in ROS is associ-
ated with the rise in cytoplasmic pH, NO, and Ca** (Gonugunta et al. 2008; Agurla
and Raghavendra 2016). ABA-induced cascade of signaling components finally tar-
gets ion channels at the plasma membrane and tonoplast. The presence of ABA
activates K* outward channel while inhibiting inward K* channels and S-type anion
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Fig. 8.1 Schematic illustration of signal transduction during stomatal closure under biotic and
abiotic stress conditions. Abiotic stress, e.g., drought, leads to the rise in levels of ABA and
MlJ. Then PYL receptors sense the ABA and bind to PP2C making PP2C nonfunctional and unable
to exert its phosphatase activity. As a result, SnRK2s (e.g., OST-1) become active, phosphorylate,
and stimulate SLACI releasing the anions from guard cells, leading to stomatal closure. The acti-
vated SnRK2s can also upregulate NADPH oxidase and increase ROS production. Other signaling
components, such as ROS, NO, and Ca** in stomatal guard cells, all lead to loss of K* anions from
guard cells causing turgor loss and stomatal closure. Under biotic stress (e.g., microbial pathogens)
conditions, PRRs recognize PAMPs released by pathogens and stimulate MAPKs. The activated
MAPKSs facilitate ROS production by NADPH oxidase. The hypothetical steps are indicated by
broken arrows. The solid lines represent actions that are supported by experimental evidences.
(Adapted from Agurla and Raghavendra (2016) and Agurla et al. (2018a))

channels, leading to ion efflux, loss of turgor in guard cells, and stomatal closure
(Lee and Luan 2012; Edel and Kudla 2016). Figure 8.1 represents graphically the
spectrum of events that occur during stomatal closure by abiotic or biotic stress fac-
tors. PP2C is a key component in these signal transduction systems.
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8.2.3 ABA Analogues Used as Interacting Partners
of PP2C/ ABI1

Efforts are always on to identify ABA analogues, in view of their potential use to
conserve water loss and improve drought tolerance of crops. Many ABA analogues
have been tested for their interactions with PYL receptors. Pyrabactin is an ana-
logue of ABA and can induce stomatal closure by interacting with ABA-insensitive
1 (ABII) (Puli and Raghavendra 2012). Three compounds, xanthoxin (ABA precur-
sor) and two of its catabolites (ABA alcohol and ABA aldehyde), were found to
mediate the reduction in stomatal aperture which were also interacted with ABI1
(Kepka et al. 2011).

Many other analogues of ABA have been found to cause closure of the stomatal
guard cells, but their role and interactions with PP2Cs are not completely studied.
Examples are biotinylated ABA and RCA-7a (Yamazaki et al. 2003), 8" acetylene
ABA methyl-ester (Weaver and lersel 2014), 2’,3’-dihydro-ABA (Yamamoto and
Oritani 1995), and compounds 14 described by Orton and Mansfield (1974). There
is an evidence of interaction of PP2C with the ABA analogue 3’-hexylsulfanyl-
ABA, which specifically inhibits PYL-PP2C interaction by steric hindrance
(Takeuchi et al. 2014). During chemical screening studies, two compounds SCL1
and SCL2 were found to cause stomatal closure. These two compounds suppressed
stomatal opening by blue light due to complete suppression of phosphorylation of
H*ATPases by SCL1 and 50% reduction in phosphorylation status by SCL2 (Toh
et al. 2018).

8.3 Protein Phosphatases (PPs)

8.3.1 Different Forms of PPs

Protein phosphatases are called as “housekeeping” enzymes as they perform central
functions by coordinating with protein kinases in plant signaling pathways during
abiotic and biotic stress conditions (Schweighofer and Meskiene 2015). Based on
primary sequence, specificity to substrates, and catalytic reaction mechanisms, pro-
tein phosphatases are classified into four groups. These are phosphoprotein phos-
phatase (PPP), metal ion-dependent (Mg* or Mn?*) protein phosphatase
(PPM)/protein phosphatase 2C (PP2C), phosphotyrosine phosphatase (PTP), and
dual specificity phosphatase (Ser/Thr and Tyr-specific)/aspartate (Asp)-dependent
(Uhrig et al. 2013; Farkas et al. 2007).

The major plant protein phosphatases belong to the PPP family, and they play a
central role in cellular signaling (Uhrig et al. 2013). The PPPs include Ser/Thr pro-
tein phosphatase types: PP1, PP2A, and PP2B (Shi 2009). PP1 plays an important
role in cell cycle regulation, embryo development, cell differentiation, and salt tol-
erance (Farkas et al. 2007). Only PP2As are reported in plants. These PP2As
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participate in various stress cellular signaling and metabolisms and provide toler-
ance to plants during biotic and abiotic stress conditions. The role of PP2A in vari-
ous abiotic and biotic stresses has been reviewed (Pais et al. 2009; Durian et al.
2016; Sun et al. 2018). Among other PPs, the role of protein phosphatase 4 (PP4) is
not clear. However, protein phosphatase 5 (PP5) is important for disease resistance
and thermotolerance, while protein phosphatase 6 (PP6) plays a role in auxin efflux
and phosphorylation of pin-formed (PIN) proteins. The literature on PPs other than
PP2C and PP2A is quite limited. Readers interested in diversity of PPs in plants
may consult recent reviews (Rodriguez 1998; Luan 2003; Fuchs et al. 2013; Uhrig
et al. 2013; Farkas et al. 2007; Singh et al. 2016; Bheri and Pandey 2019).

The protein phosphatases 2C, which are present in Arabidopsis, are ABI1, ABA-
insensitive 2 (ABI2), AtP2C-HA, AtPP2CA/AtPP2C5/AP2C3, KAPP proteins, and
alfalfa MP2C protein. ABI1 and ABI2 display a similar architecture; i.e., C-terminal
domain is 86% identical and contains the PP2C core (Wu et al. 2003). They play a
key role in ABA signal transduction and control transpiration, vegetative growth,
seed germination, stomatal closure, and gene expressions (Meyer et al. 1994; Allen
etal. 1999). They are expressed in different parts of plants including stomatal guard
cells and function as negative regulators of ABA signaling (Saez et al. 2004). A
summary of different forms of PPs and their involvement in stomatal opening/clo-
sure is given in Table 8.1.

8.3.2 PP2C: Essential for Stomatal Closure

A second major group of PPs are protein serine/threonine phosphatases called PP2C
enzymes (Singh et al. 2016). They are Mg**- or Mn?**-dependent protein phospha-
tase (PPM) and insensitive to okadaic acid. A major function of PP2C is promotion
of stomatal opening. In default condition, when plants are not exposed to any stress,
PP2C is active and keeps the downstream targets, e.g., SnRK2 in dephosphorylated
and inactive form. PP2Cs have multiple actions in the signaling pathway of ABA-
induced stomatal closure. Stomatal closure induced by ABA signaling is regulated
by interaction of a protein kinase SnRK2-type kinase and PP2C with ion channel
SLACI (Lee and Luan 2012). SnRK2.6 (OST1), a serine/threonine protein kinase,
is a key positive regulator of NADPH oxidases in guard cells of Arabidopsis and
modulates stomatal closure (Acharya et al. 2013). Although PP2C phosphatases and
SnRK2 protein kinases constitute the hub of ABA pathway, MAPKs also are
involved in ABA signaling (Lee et al. 2016). In brief, sensing of ABA signaling
steps is initiated by the binding of ABA and PYL receptors to PP2C, thus blocking
its phosphatase activity. As a result, the downstream components of SnRK2-type
kinases are activated and lead to a series of steps. These are all described further.
The PP2Cs that are involved in stomatal closure during ABA signaling are ABI1,
ABI2, AtP2C-HA, and homology to ABI1 (HABI1) in Arabidopsis, and they all
negatively regulate ABA signaling (Saez et al. 2006; Ma et al. 2009). The only
member of PP2C that acts as positive regulator of ABA is AKT1 interacting protein
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Table 8.1 The spectrum of protein phosphatases (PPs) reported in guard cells and their role in
stomatal movements

Role in stomatal function

‘ References

Phosphoprotein phosphatase (PPP)

PP1 Promotes stomatal opening by activating H*-ATPase in Takemiya et al.
response to blue light receptors, e.g., phototropin 1/2 (2006)
(Phot1/2)
A subunit of PP1, PRSL1 (PP1 regulatory subunit 2-like Takemiya et al.
proteinl), modulates blue light signaling in stomatal guard | (2012)
cells

PP2A Stomatal closure by activating slow anion channels and Kwak et al. (2002)
Ca’ increase
Closure by upregulation of ROS production Saito et al. (2008)
Stomatal closure by restricting the activity of Phot2 Tseng and Briggs

(2010)

Closure by interaction with SnRK2-type protein kinases Waadt et al. (2015)
Stomatal closure by ROS production and reduced Lijun et al. (2018)
polymerization of microtubules

PP4, PP5, and | No report on the role in stomatal movement

PP6

PP7 Promotes stomatal opening by interacting with HRB1 Sun et al. (2012)

(hypersensitive to red and blue 1)

Protein phosph

atase 2C (PP2C)/metal-ion dependent PP (PPM)

ABII

Promotes stomatal closure by activation of NADPH
oxidase and ROS production

Murata et al.
(2001)

Interacts with cGMP and modulates H,O,/no production
through Ca*

Dubovskaya et al.
(2011)

Stomatal closure by polymerization of actin filaments in
guard cell

Eun et al. (2001)

ABI2 Promotes stomatal closure mediated by ROS and Ca* Murata et al.
(2001)

AtP2C-HA Mutation leads to ABA-hypersensitive regulation of Leonhardt et al.
stomatal closing (2004)

AtPP2CA Promotes stomatal closure by activating MAPKs Brock et al. (2010)
Downregulates MAPKSs during stomatal guard cell Umbrasaite et al.
differentiation (2010)

KAPP Interacts with flagellin 22 and activates protein kinase Go6mez-Gomez

et al. (2001)

Phosphotyrosine phosphatase (PTP)

Mediates closure by H,0,

Shi et al. (2004)

Promotes closure by increasing intracellular Ca**

MacRobbie (2002)

Promotes stomatal closure by triggering K* efflux from
guard cells

Luan (2002)

Promotes closure by starch degradation

Qin et al. (2015)

Dual specificity phosphatase (DSP)

‘ No report on the role in stomatal movement
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phosphatase 1 (AZP]) (Lim et al. 2012). ABI1 and ABI2 are closely related protein
phosphatase 2C as they carry the same amino acid substitution on ABI1 and ABI2
PP2C domains (Leung et al. 1997). They are identified by mutations abi/-1 and
abi2-1 in Arabidopsis, and they contribute 50% of ABA-induced PP2C activity and
they have overlapping functions (Merlot et al. 2001). The abil and abi2 mutants
show reduced sensitivity of root growth to ABA and impaired regulation of the
ABA-dependent stomatal closure (Rodriguez 1998). Stomatal closure is induced in
abil-1 and abi2-1 mutants. In abil-1, ABA acts at upstream of ROS production
mediated by NAD(P)H oxidase, and in abi2-1, ABA acts downstream of ROS pro-
duction and mediates stomatal closure by activating Ca** channel (Murata et al.
2001). The abil-1 interacts with cADPR and cGMP (Wu et al. 2003) and promotes
release of Ca?* (Leckie et al. 1998; Dubovskaya et al. 2011).

8.3.3 PP2A: Key Component of Stomatal Closure

PP2A is involved in stomata movements in plants, particularly during stress condi-
tions. Kwak et al. (2002) reported that RCN1 (roots curl in naphthylphthalamic acid
1), a regulatory unit of PP2A, is expressed in guard cells and positively regulates
ABA signal transduction. The RCN1 functions upstream of Ca*" rise. The rcnl
mutant had reduced cytosolic Ca?*, inactivation of anion channels resulting in
reduced stomatal closure (Kwak et al. 2002). RCN1 may modulate ROS production,
an upstream event of ROS in guard cells (Saito et al. 2008). PP2A regulatory sub-
units interact with activated SnRK2type protein kinases and form complexes. The
pp2a double mutants had reduced stomatal closure due to lack of interaction with
SnRK2-type protein kinases (Waadt et al. 2015). When the PP2A activity is reduced,
the activity of Phot2 increases and leads to opening of stomata (Tseng and Briggs
2010). Similarly, when the PP2A activity is increased due to ALA (5-aminolevulinic
acid), ROS production reduces and polymerization of microtubules increases in
guard cells leading to stomatal closure (Lijun et al. 2018).

8.3.4 PPI: Promotes Stomatal Opening

Protein phosphatases are involved not only in promoting stomatal closure but also
stomatal opening (Table 8.1). The importance and essentiality of PP2C for ABA-
induced stomatal closure is well established. Similarly PP1, another phosphoprotein
phosphatase-type protein phosphatase, is essential for blue light-induced stomatal
opening (Kinoshita and Shimazaki 1997). Inhibitors of protein phosphatases, like
calyculin A and okadaic acid, restricted the blue light-induced opening, suggesting
that PP1 is essential for stomatal function. Phots and Crys, especially the former, are
considered as the major receptors of blue light. Activation of Phot, by a serine/
threonine kinase by autophosphorylation, is triggered by blue light. As a result,
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H*-ATPase is activated and membrane hyperpolarized to allow K* influx into guard
cells and stomatal opening (Zhang et al. 2014). Phot1 and Phot2 are the major pho-
totropins, involved in such blue light responses. After blue light perception, Photl
phosphorylates a guard cell-specific BLUe light Signaling 1 (BLUS1) kinase that
can activate H*-ATPase on the membrane. This phosphorylated H*-ATPase is stabi-
lized by the presence of 14-3-3 protein (Fig. 8.2). Phototropin-activated PP1 ensures
the downward regulation of PP and inactivation of H*-ATPase (Takemiya et al.
2015; Zhang et al. 2014).

The activation of Photl and Phot2 by blue light converges to PP1C, a serine/
threonine phosphatase (Takemiya et al. 2012). The promotion of stomatal opening

Red light Blue light

ABA Lowco,

Membrane
hyperpolarization

SLAC1 H*-ATPase HY, K* KAT1/2

STOMATAL OPENING

Fig. 8.2 Scheme of events during blue light promoted stomatal opening, emphasizing the role PP1
and PP7 in guard cells. Blue light is perceived by Phots or Crys, and autophosphorylation of Phot
activates PSRL1 through BLUSI kinase and then activates PP1. Phototropin can upregulate PP7,
which in turn dephosphorylates HRB1, and together can stimulate H*-ATPase activity. Crys also
acts as light receptors and modulates photoperiodic components to activate H*-ATPase. When
active H*-ATPase pumps protons out, the membrane hyperpolarization results in influx of K* ions
and stomatal opening. The events with obscure evidences are represented by broken arrows. Signal
transduction events during stomatal opening by blue light are represented in dark blue lines. Red
colored lines are symbolized to show restriction of opening, favoring closure. Further detailed
description of these events can be found in reviews of Shimazaki et al. (2007), Inoue et al. (2010),
and Inoue and Kinoshita (2017)
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by blue or red light can be inhibited by ABA in two ways (Takemiya and Shimazaki
2010). One of them is the ABA-induced production of phosphatidic acid (PA),
which can impair stomatal opening. The second possibility is the activation by ABA
of OST]1 kinase that activates SLAC and stimulates efflux of anions, thus promoting
stomatal closure. It has been found that the activation of H*-ATPase is ensured by
phosphorylated 14-3-3 proteins. After blue light perception, phototropins phosphor-
ylate BLUS1, which in turn stabilizes the binding of 14-3-3 to H*-ATPase and acti-
vates H* efflux, leading to membrane hyperpolarization, influx of K* via K* channel
of Arabidopsis thaliana 1/2 (KAT1/2), and thereby stomatal closure (Assmann and
Jegla 2016; Kang et al. 2018). In addition, two master regulators, hypersensitive to
red and blue light 1 (HRB1) and PP7, also mediate the blue light-dependent stoma-
tal opening. PP7 is an interacting partner of HRB1 during signaling, as PP7 dephos-
phorylates HRB1 and both promote stomatal opening (Sun et al. 2012). These
events are illustrated in Fig. 8.2.

Low CO, and red light along with blue light induce stomatal opening in plants
(Fig. 8.2). Phots sense the blue light, autophosphorylate itself, and mediate phos-
phorylation of BLUS1, which activates H*-ATPase and subsequently causes mem-
brane hyperpolarization leading to the opening of stomata. On the other hand low
CO, or low intracellular concentration of CO, under red light activates the HT
(High leaf Temperature 1) kinase and ensures stomatal opening (Hiyama et al.
2017). Further, HT1 inhibits OST1 kinase, which activates S-type anion channel in
guard cells, thus restricting closure. Cryptochromes facilitate blue light-induced
stomatal opening, with the help of photoperiodic components like Flowering Locus
T (FLT) and COnstans (CO) (Zhang et al. 2014).

8.4 Interacting Partners of PP2C

8.4.1 ABA Receptors: PYR/PYL/RCAR Proteins

In Arabidopsis, receptors for ABA are called PYR/PYL/RCAR (Raghavendra et al.
2010; Rodriguez et al. 2014). The PYR/PYL/RCAR family proteins are identified
as ABA-binding proteins located both in the cytosol and the nucleus. The PYR/PYL
family represents the initial step of ABA signaling pathway and perceives intracel-
lular ABA. These interactions are described earlier in Sect. 8.3.2.

The number of PYR/PYL genes is variable among the different species, e.g.,
14 in Arabidopsis, 11 in Zea mays, 12 in Oryza sativa, 14 in Hevea brasiliensis, and
46 in Brassica napus (Guo et al. 2017). The PYR/PYL family in Arabidopsis (14
genes) has nine PYR/PYL proteins reported as ABA-binding signal transduction
proteins. These nine are AtPYL1, 2, 3,4, 5, 6, 7, 8, and 9. Quadruple mutant plants
pyrl/pyll/pyl2/pyl4 exhibited a strong ABA-insensitive phenotype, suggesting that
PYR1/PYL1/PYL2/PYL4 function in ABA signal transduction pathway (Nishimura
et al. 2010). Such PYRI/PYL1/PYL2/PYL4 quadruple mutant-mediated ABA
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signaling is found not only in guard cells but also in seed germination and root
growth. In conclusion, ABA and PYR/PYL receptors are essential for sensing ABA
and subsequent regulation of stomatal aperture.

8.4.2 Protein Kinases Involved in ABA-Mediated Signaling
in Guard Cells

ABA induces stomatal closure in response to drought stress by regulating the ion
fluxes through Ca?*-dependent protein kinases. Transient phosphorylation and
dephosphorylation of key signaling components act as “on-and-off”” switches (Liang
et al. 2015), to regulate downstream targets involved in ABA-mediated stomatal
closure. During ABA signaling, four types of protein kinases operate. These are
SnRKs, MAPKs, CDPKs, and RLKs (receptor-like kinases). All the four kinases
phosphorylate the serine/threonine residues in the downstream components to regu-
late the ABA-mediated signaling.

The SnRKs (serine-threonine kinases) belong to the CDPK-SnRK superfamily,
containing 38 genes in Arabidopsis. Unlike the variability in PYR/PYL genes, the
number of SnRK proteins is similar in all the plant species, examined so far. These
SnRK protein kinases (plant-specific serine/threonine kinases) are divided into
three subfamilies: SnRK 1, SnRK2, and SnRK3 with 3, 10, and 25 members of pro-
teins, respectively (Hrabak et al. 2003). Only SnRK2 and SnRK3 subfamilies have
plant-specific kinase actions. The SnRK2 family consists of ten proteins: SnRK2.1
to SnRK2.10 in Arabidopsis. Among these SnRK2.2, SnRK2.3 and SnRK2.6 are
involved in ABA-mediated guard cell signaling. One of the SnRK2 types, SnRK2.6
mutant (Open STomata 1, ost/) is a classic example of impaired ABA-mediated
stomatal closure, confirming the role of SnRK 2.6/0st/ during ABA-mediated sto-
matal closure (Mustilli et al. 2002; Yoshida et al. 2006). Downstream targets of
SnRK2s play a major role during stomatal closure mediated by ABA.

CDPKs are the major members of CDPK-SnRK superfamily and CDPKs are
abbreviated with three letter word CPK (Hrabak et al. 2003). In Arabidopsis 34
genes are expected to code CDPKs (Li et al. 2008; Ma et al. 2013). Among these
AtCPK10, AtCPK4, and AtCPK11 members in Arabidopsis function are positive
regulators of ABA actions in an intracellular Ca*-dependent manner. Double
mutant of cpk4cpkll showed strong ABA-insensitive responses. ABA-responsive
transcription factors (ABFs) are the other downstream components of CDPKs in
Arabidopsis to mediate ABA signaling.

Guard cell Hydrogen peroxide-Resistant] (GHR1) is a kinase belonging to
leucine-rich repeat receptor-like kinases (LRR-RLK). GHR acts as a signaling com-
ponent involved in downstream regulation of stomatal closure in response to H,O,
and ABA. GHR acts downstream of ABI1 and ABI2 to phosphorylate and activate
the SLACI1 anion channel. In addition to GHR, another kinase, MPK3 (a MAP
Kinase), acts as downstream signaling component of ROS during ABA inhibition of
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stomatal opening (Gudesblat et al. 2007). Two MAP kinases, AtMPK9 and
AtMPK12, are highly expressed MAP kinases in guard cell and function down-
stream of ROS in response to ABA or elicitors. A detailed list of kinases reported in
guard cells and their possible function is presented in Table 8.2.

Table 8.2 Protein kinases in guard cells involved in signaling events leading to stomatal closure

or opening
Opening/
Abbreviation (name) closure Remarks References
OST1 (Open STomata 1) | Closure OST]1 upregulated as a consequence | Mustilli et al.

of PYL/ABA/PP2C interaction
leading to activation of NADPH
oxidase and production of ROS

(2002), Acharya
et al. (2013)

BAKI1 (Brassinosteroid- | Closure Forms complex with OST1 and Shang et al.
insensitive 1-Associated required also for OST1 expression (2016)
receptor Kinase 1)
BIK1 (Botrytis-Induced | Closure Phosphorylates NADPH oxidase Lietal. (2014)
Kinase 1) RbohD to generate H,O, in response
to flg22
MPK3/MPK6 (mitogen- | Closure Pathogen responsive; mediates Su et al. (2017)
activated protein kinase) ABA-independent stomatal closure
MAPK9/MAPK12 Closure | Acts downstream of ROS and Ca®* | Khokon et al.
(myosin-activated protein and upstream of S-type anion (2015), Jammes
kinase) channels et al. (2009)
AAPK (ABA-Activated Closure Guards cell-specific response Li et al. (2000)
Protein Kinase) regulator. Activates slow anion
channels (SLAC) in response to
ABA and implicated in stomatal
closure
GHRI1 (Guard cell Closure Activates SLAC1 Hua et al. (2012)
Hydrogen
peroxide-Resistant1)
CDPK6/CDPK3 Closure Activation of S-type anion channels | Mori et al.
(calcium-dependent by modulating cytosolic Ca* (2006)
protein kinase)
CBL1 and CBL9 Closing | Phosphorylates RBOHF and Drerup et al.
(Calcineurin B-Like enhances ROS production (2013)
proteins)
HT1 (High leaf Opening | Highly expressed in guard cells and | Hiyama et al.
Temperature kinasel) inhibits OST1 and S-type anion (2017),
channels Hashimoto et al.
(2006)
BLUSI1 (BLUe light Opening | Phosphorylated BLUS]1 activates Zhang et al.
Signalingl) H*-ATPase (2014)
CIPK23 (Calcineurin Opening | Complex of CIPK23 and CBL1/9 Nieves-Cordones

B-like (CBL)-Interacting
Protein Kinase 23)

activates K* uptake

etal. (2011)
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8.4.3 Molecular Interactions of PP2C with PYLs and Kinases

Whenever an abiotic stress or even biotic stress develops, levels of ABA increase
and modulate developmental and physiological processes like stomatal movement
and seed germination. The PP2Cs act as the central component in the ABA signal-
ing, during such stomatal closure. In the absence of stress signal, such as ABA, the
responsive genes are downregulated due to the inactive protein kinases (Yoon et al.
2018). Under stress, the elevated ABA binds to the PYLs and then PP2C. As a con-
sequence of nonavailability of PP2C, SnRK2s are allowed to be in phosphorylated
state and target ion channels, like of SLACI1 and K* channels. These kinases also
activate NADPH oxidases, which otherwise are dephosphorylated and inactive
(Zhang et al. 2015). The two crucial PP2Cs are encoded by ABA-insensitive 1 and
2 genes (Rodriguez et al. 1998), and the mutants abil-1 and abi2-1 show insensitiv-
ity to ABA during germination and guard cell function (Umezawa et al. 2010).
These interactions are represented graphically in Fig. 8.3.

The structure and molecular interactions of ABA receptors (PYL proteins) and
protein phosphatases (PP2C) have been studied, using the crystal structures
(Hubbard et al. 2010; Melcher et al. 2010b; Umezawa et al. 2010; Dupeux et al.
2011; Miyakawa and Tanokura 2011; Zhang et al. 2015). The 14 members in PYL
family, i.e., PYR1 and PYL1 to PYL13, are all from START/Bet v 1 large superfam-
ily. The PYLs are structurally similar in architecture of helix-grip structure, consist-
ing of seven antiparallel B-strands supported by two a-helices on either side. The
PYLI, PYL2, PYL3, PYLS, PYLY, PYL10, and PYL13 proteins have been crystal-
lized, and their structures showing bound ABA are documented (Melcher et al.
2010b; Zhang et al. 2015).

When ABA molecule binds to the apo-receptor PYLs, changes in the conforma-
tion occur in two highly conserved B-loops to make them act as gate and latch.
Subsequently the closure of gate induced by ABA creates a docking surface for
PP2C and turns the receptor into closed conformation. This process is termed gate-
latch-lock mechanism (Melcher et al. 2009, 2010b). PP2Cs along with PYLs and
ABA form the ternary complexes (Zhang et al. 2015). PP2C activity is inhibited by
blockage of substrate entrance to catalytic site due to presence of complex at bottom
of active site and the protruding domains (Miyazono et al. 2009). Replacement of
amino acid glycine with aspartate in PP2Cs’ active site impairs the interaction of
receptor and PP2Cs in ABA-insensitive plants (Sheen 1998). Pyrabactin, an ana-
logue of ABA (Puli and Raghavendra 2012), has been shown to bind PYR1 and
PYLI1 (which can inhibit PP2C) but failed to couple with PYL2 and PYL3 (Melcher
et al. 2010a).
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Fig. 8.3 Events during stomatal closure by ABA, emphasizing the role of ABA receptors and
PP2C. When present, ABA is sensed intracellularly by PYR/PYL/RCAR receptor and forms PYR/
ABA/PP2C ternary complex, which blocks the normal function of PP2C. As a result, PP2C cannot
dephosphorylate the kinases acting downstream. As a consequence, the phosphorylated forms of
kinases like CPK21, CPK23, and OST1 activate NADPH oxidase (RBOH) and lead to an increase
in ROS, NO, and cytosolic Ca*. These events promote ion efflux from guard cells through SLAC
and K!  channels. At the same time CPK21 ensures inactivation of K; channel, restricting K*
influx into guard cells. The ion efflux from guard cells results in stomatal closure. Further descrip-
tion can be found in the reviews of Kollist et al. (2014), Agurla and Raghavendra (2016), Agurla
et al. (2018a), and Buckley (2019)

8.4.4 Arabidopsis Mutants: Versatile Tools to Study the Role
of PP2C and PPI in Stomatal Function

Steady and stupendous progress in plant biology has been made possible with use
of mutants. Arabidopsis thaliana mutants have been excellent model systems and
versatile tools to study the structure and function of plant cells. Further, stomatal
guard cells are ideal to study the mechanism of signal transduction in plants.
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These investigations on stomatal function in Arabidopsis mutants got a boost
with the discovery and optimization of infrared thermal imaging for identifying
plants, with altered stomatal function (Merlot et al. 2002). Since then the search and
use of Arabidopsis mutants to study stomatal guard cells has intensified (Agurla
etal. 2017). A list of Arabidopsis mutants, which have been useful in validating the
role of PPs in stomatal functions, is given in Table 8.3.

Table 8.3 Arabidopsis mutants deficient in signaling components involved in stomatal closure,

particularly in relation to ABA perception and PP2C function

Mutant name (deficiency)

Effects/remarks

References

pyrl/pyll/pyl2/pyl4 quadruple
mutant (receptors of ABA)

Formation of the RCAR-ABA-PP2C complex
cannot take place in mutants. ABA-induced
closure is restricted

Nishimura
et al. (2010)

abil-2 and abi2-1 (ABA- ABI1 and ABI2 dephosphorylate and inactivate | Merlot et al.
insensitive 1 and 2 type 2C kinases involved in ABA signaling and stomatal | (2001)
protein phosphatases) closure
abil-2/abi2-2 double mutant | Showed enhanced ABA-induced stomatal Rubio et al.
closure and reduced water loss (2009)
habl-1 (hypersensitive to ABA | Mutants exhibit enhanced ABA-mediated Zhang et al.
1, a PP2C) stomatal closure (2013)
pp2ca-1 (protein phosphatase | Impaired the stomatal closure by ABA Lefoulon
type 2C-A) et al. (2016)
habl-1/pp2ca-1 and abil-2/ Enhanced stomatal closure by ABA Rubio et al.
pp2ca-1 double mutant (2009)
pp2ca-1/hail-1 double mutant | Extreme sensitivity to ABA Antoni et al.
(PP2CA/HAIL, highly (2012)

ABA-induced-1)

ost1-1/snrk2.6 (Open STomata

Impaired phosphorylation by SnRK?2 and

Mustilli et al.

1 kinases) disrupted ABA induction of stomatal closure as | (2002)

well as ABA inhibition of light-induced

stomatal opening
habl-1abil-2abi2-2 and Extreme response to exogenous ABA Rubio et al.
habl-1abil-2pp2ca-1 triple (2009)
mutant
srk2d/srk2e/srk2i (srk2d/e/i) Reduced tolerance of plants to drought stress Nakashima
triple mutant and highly enhanced insensitivity to ABA et al. (2009)
arebl/areb2/abf3 triple mutant | These elements are partially associated with Yoshida et al.
(ABA-responsive elements) stomatal closure (2010)
aitl/nrtl.2 (ABA-importing AIT1/NRT1.2 mediates ABA uptake into guard | Kanno et al.
transporter, AlIT/nitrate cells, necessary for stomatal closure. Mutants (2012)
transporter, NRT1.2) unable to take up ABA resulting in wider

stomatal aperture and excess water loss
hrbl and pp7 mutants Expressed in the guard cells and required for Sun et al.
(hypersensitive to red and blue | stomatal opening in response to a light-to-dark | (2012)

1 HRBI1 and protein
phosphatase 7, PP7)

or dark-to-light transition
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8.5 Concluding Remarks

The phenomenon of phosphorylation and dephosphorylation of proteins/enzymes is
an essential mode of modulating key steps in plant growth, development, and stress
adaptation. Plants employ a diverse spectrum of protein kinases and protein phos-
phatases. There is considerable diversity of protein kinases in plants and their distri-
bution. In contrast, the protein phosphatases are poorly understood. It is imperative
that detailed work on PPs is to be further intensified. The interest on PP2C got a
boost with the path-breaking discovery of ternary complex formation by PP2C,
PYL, and ABA and its function as an on-off switch of protein kinases. The down-
stream regulation of SnRK2s (like ABA-stimulated protein kinases) is studied at
multiple levels of organization (proteins, genes) and in different organs, starting
from leaf to intracellular and intra-organellar level. On the other hand, the available
information on the diversity and substrate specificity of PPs is scattered and
incomplete.

It is necessary to check if PPs other than PP2C act as receptors of other hormones
or microbial elicitors and MAMPs. There could be also other PPs, occurring specifi-
cally in guard cells. Mutants of Arabidopsis would be a suitable platform to assess
the specificity and roles of PPs in different plant organs, particularly stomatal guard
cells. A critical examination of homology of the protein phosphatases from different
taxons of plant kingdom may reveal clues about their evolution and function.
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Chapter 9

Deciphering the Roles of Protein
Phosphatases in the Regulation of Salt-
Induced Signaling Responses in Plants

Aditya Banerjee and Aryadeep Roychoudhury

9.1 Introduction

Salinity is one of the most prevalent kinds of abiotic stress which drastically deterio-
rates crop productivity and negatively affects the overall growth physiology. It has
been reported that salt stress reduces the mean yield of susceptible plant species by
about 50% (Wang et al. 2003; Banerjee and Roychoudhury 2018a, b). This is a seri-
ous problem because large stretches of land used for agricultural pursuits are largely
inflicted with high salt concentration. As a result, the conventional crop production
programs experience a tremendous pressure in order to satiate the hunger of the
ever-growing population (Banerjee et al. 2018, 2019). Transgenic approaches have
hence been undertaken on experimental basis to improve crop yield under subopti-
mal conditions including salt stress. In order to achieve significant success in this
field, proper understanding of the plant metabolome is extremely crucial. It is quite
well known that phosphorylation at Ser, Thr, or Tyr residues is largely responsible
for mediating a major part of the plant signalosome (Roychoudhury and Banerjee
2017). Such phosphorylations are catalyzed by specialized enzymes known as the
kinases. However, the removal of the phosphoryl group is also essential for termi-
nating the signaling pathway/cascade or even as a separate posttranslational modi-
fication (Schweighofer and Meskiene 2015). The reversal of protein phosphorylation
is mediated by a group of enzymes known as the phosphatases. These enzymes were
largely considered to be housekeeping enzymes; however, recently, their specific
and crucial roles have been undermined during important cellular and physiological
processes in plants (Schweighofer and Meskiene 2015). In this chapter, we have
briefly highlighted the general roles of plant phosphatases and their involvement in
salt-induced responses.
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9.2 Phosphatases: A Brief Outlook

Compared to the plant system, protein phosphatases have been better characterized
in animal models with respect to their structure and function. In plants, phospha-
tases cleaving the phosphoryl group at Ser and Thr residues have been broadly clas-
sified under two classes: type 1 (PP-1) and type 2 (PP-2A, 2B, and 2C) depending
on the specificity to substrates, inhibitors, and ionic requirements (Brautigan 2013).

9.2.1 PP-1

This group of phosphatase has been partially purified from Brassica napus, Triticum
aestivum, Zea mays, Arabidopsis thaliana, etc. (Sopory and Munshi 1998). A
35 kDa phosphatase isolated from wheat specifically acted upon phosphotyrosines
instead of phosphoserines or phosphothreonines (Li et al. 2007). It was also reported
that PP-1 from Pisum sativum was localized in the cytoplasm, whereas that in wheat
was associated with the microsomes (Gonzalez Besteiro and Ulm 2013). Another
phosphotyrosine-specific phosphatase was isolated from the nuclei of Pisum sati-
vum plants which exhibited its activity irrespective of Ca?*, Mg?*, or Mn?*". The
activity was in turn stimulated in the presence of divalent cation chelators like
EDTA and EGTA (Guo and Roux 1995). This clearly illustrated the presence of
phosphotyrosyl phosphatases (PTPases) in plant systems similar to the mammalian
systems.

9.2.2 PP-2

This class of enzymes is further subdivided into smaller groups based on the cat-
ionic requirement of the proteins for executing optimal enzymatic activity. PP-2A
does not require any cation for its functioning. However, Ca**/calmodulin and Mg>*
are necessary for PP-2B and 2C, respectively (Fuchs et al. 2013).

PP-2A has been reported to exist as a holoenzyme. The C-subunit (36 kDa) is the
catalytic structure complexed with the regulatory A-subunit (65 kDa). The specific
properties of the phosphatase are determined by the variable B-subunit with associ-
ates with the core dimer (Fuchs et al. 2013). PP-2A enzymes have been isolated
across several plant species from various subcellular fractions, nuclei, insoluble
fractions, and even plasma membranes (Uhrig et al. 2013). Experimental evidences
regarding the participation of PP-2A proteins in regulating the activity of other
enzymes like quinate dehydrogenase, sucrose-phosphate synthase, phosphoenol-
pyruvate carboxylase, and nitrate reductase have been established (Sopory and
Munshi 1998).
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The PP-2B class of phosphatases contain a 19 kDa subunit which exhibits strong
affinity for Ca*". Hence, the activity of these enzymes is stimulated in the presence
of Ca*/calmodulin (DeLong 2006). This class of phosphatases has very restricted
substrate specificity and is often themselves phosphorylated by cAMP-dependent
protein kinases (PKAs). The enzymes are involved in triggering Ca**-mediated sec-
ondary signaling. Allen and Sanders (1995) reported the roles of PP-2B protein,
calcineurin, in regulating the Ca**-permeable slow vacuolar ion channel in the sto-
matal guard cells of broad bean plants.

The PP-2C enzymes dephosphorylate at phosphoserine and phosphothreonine
residues. The protein also exhibits strong affinity toward phosphocasein. A PP-2C
enzyme isolated from Daucus carota was able to dephosphorylate the o-subunit
present in phosphorylase kinases (Sopory and Munshi 1998). Kinase-associated
protein phosphatase (KAPP) also belongs to the PP-2C subfamily and binds to the
phosphorylated receptor Ser-Thr kinase (RLKS5) (Park et al. 2012). Alongside a
typical PP-2C catalytic domain, this phosphatase contains a kinase interaction (KI)
domain and also an N-terminal signal anchor. A number of positively charged resi-
dues follow the N-terminal anchor. These residues act as a type I signal anchor in
KAPP (Manabe et al. 2008). PP-2Cs also fall under the PP-M subfamily of phos-
phatases. The PP-2C class of phosphatases is widely considered as the negative
regulator of abscisic acid (ABA, the major stress hormone) signaling pathway
(Merlot et al. 2001; Zhang et al. 2013). Singh et al. (2015) reported that overexpres-
sion of group A PP-2C, OsPP108, in rice resulted in enhanced salt tolerance pheno-
type in the transgenics. This was generally because the group A PP-2Cs usually
regulate the activity of SnRK2 group of kinases, viz., SnRK2.2, SnRK2.3, and
SnRK2.6, and positively regulate ABA-dependent signaling which essentially dic-
tates salt tolerance (Danquah et al. 2014).

9.2.3 PP-4to PP-7

Close structural and phylogenetic resemblance has been observed among PP-2A,
PP-4/PPX, and PP-6 (Uhrig et al. 2013). Cloning of PPX-/ and PPX-2 genes in
Arabidopsis revealed their differential expression in almost all organisms (Farkas
et al. 2007). Unlike in animals, PP-5 is less characterized in plants. The PP-5 gene
undergoes variable pre-mRNA splicing in tomato and Arabidopsis plants, thus indi-
cating at a genus-specific variation in the alternative splicing pattern (Van Bentem
et al. 2003). Park et al. (2011) reported heat susceptibility in pp-5 T-DNA insertion
mutants of Arabidopsis. Farkas et al. (2007) inferred the intricate interactions of
PP-6 with phytochrome complexes to regulate flowering. The PP-6 of pea seedlings
was observed to bind with phosphorylated phytochrome A (Phy A) and far red
derivatives of Phy A and Phy B (Farkas et al. 2007). The regulation of flowering was
mediated via the functional interactions between phytochrome kinase and phospha-
tase (Kim et al. 2002). The PP-7 subfamily is unique among the other subfamilies
in the sense that it lacks the EF-hand motifs (which binds to Ca*") and also the
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N- and C-terminal adjuncts (Uhrig et al. 2013). However, PP-7 activity is still regu-
lated in the presence of Ca®* since it binds to calmodulin moieties in a Ca*-
dependent fashion and also mediates flowering by regulating the functions of
phytochromes and cryptochromes (Uhrig et al. 2013).

9.2.4 Protein Tyrosine Phosphatases (PTPs)

The PTPs are specific group of proteins which dephosphorylate usually at the tyro-
sine residues. Among the PTPs, the tyrosine-specific PTPs specifically dephosphor-
ylate tyrosine residues, whereas the dual-specificity PTPs can act upon
phosphotyrosine, phosphoserine, and also phosphothreonine residues (Chae et al.
2009). These two groups of proteins have retained close similarity in their respec-
tive crystal structures. Based on localization of the proteins, the PTPs consist of two
groups, viz. (1) the receptor-like PTPs which are extracellular and contain a ligand-
binding domain and (2) the cytoplasmic PTPs (PTP1B) possessing a catalytic
domain and extensions at the 5" and 3’ termini (Chae et al. 2009). PTPs have been
widely known to regulate the elaborate signal transduction processes in protozoans,
animals and plants as well (Singh et al. 2010). PTPs have been identified in
Arabidopsis, Pinus, tomato, and rice plants (Shankar et al. 2015).

9.2.5 Phosphatases Which Regulate Inositol Signaling

Inositol phosphatases are an emerging group of enzymes which have been intri-
cately tagged with abiotic stress responses (Vollmer et al. 2011). Several phospha-
tases regulate the inositol phosphate (IP) and phosphoinositide (PI) pathways. The
polyphosphate-5-phosphatases (5PTases) consist of the largest family of inositol
phosphatases comprising of 15 members in Arabidopsis, 21 in rice, and 39 in soy-
bean (Zhang et al. 2019). Based on their substrate specificity, these have been sub-
divided into four groups which together are believed to terminate the inositol (1,4,5)
P; pathway and regulate ABA signaling and Ca®* release (Burnette 2003). The sup-
pressor of actin (SAC) phosphatases is polyphosphoinositide phosphatases contain-
ing the catalytic SAC domain with limited knowledge regarding their substrate
specificity. In Arabidopsis, almost all SACs are expressed ubiquitously except
SAC6 which is localized only in the floral parts (Jia et al. 2019). The SAL1 phos-
phatase/FIERY 1 (FRY 1) and its homologues, inositol monophosphatase (IMP), and
phosphatase and tensin homologue deleted on chromosome 10 (PTEN)-related
phosphatases also behave as bifunctional enzymes regulating the inositol-mediated
signaling (Jia et al. 2019). The general roles of the inositol pathway and the sub-
strate specificity of the phosphatases operative in this pathway have been high-
lighted in Fig. 9.1a, b (extracted from Jia et al. 2019).
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Fig. 9.1 The roles of inositol phosphatases during stress signaling in plants (a). ABA abscisic acid,
DGPP diacylglycerol pyrophosphate, Glc6P glucose-6-phosphate, /MP inositol monophospha-
tase, /PK inositol polyphosphate multi-kinase, MIPS myo-inositol-3-phosphate synthase, P phos-
phate, PIP5K PtIns4P 5-kinase, PI4K phosphatidylinositol 4-kinase, PIS phosphatidylinositol
synthase, PKC protein kinase C, PLC phospholipase C, PPx-InsPs pyrophosphates, PTEN phos-
phatase and tensin homologue deleted on chromosome 10, PtdIns phosphatidylinositol, ROS reac-
tive oxygen species, SAC suppressor of actin, 5PTases inositol polyphosphate 5-phosphatases; the
related substrates of the inositol phosphatases (b). (The figures have been extracted from Jia et al.
2019)
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The family of protein phosphatases in plants is variable in their structural
assembly and functional characteristics. This enables them to largely regulate mul-
tiple stress-responsive signaling pathways. Dephosphorylation at Ser, Thr, and Tyr
residues and interaction with receptor kinases mediate and/or terminate signaling
responses. These actions forwarded by the phosphatases ultimately signify the over-
all survival and health of the plants considering the physiological perspectives. The
roles of these crucial enzymes are less documented during salinity stress, and in the
next section, we shall focus on the recent and more significant roles of protein phos-
phatases in regulating signaling responses induced by high soil salinity.

9.3 The Roles of Phosphatases in Regulating Salt Stress
in Plants

The mitogen-activated protein kinase (MAPK) cascades importantly dictate several
signaling pathways in plants (Roychoudhury and Banerjee 2017). The mitogen-
activated protein kinase phosphatases (MKPs) negatively regulate such signaling
cascades, thus maintaining the cellular metabolite homeostasis. The effects of trans-
genic plants overexpressing or showing the modulation of various representative
phosphatase-encoding genes have been represented in Table 9.1. Zaidi et al. (2016)
identified MKP1 in durum wheat. Overexpression of the gene encoding this phos-
phatase resulted in improved salt tolerance phenotype in transformed yeast cells.
Arabidopsis seedlings overexpressing MKPI from durum wheat also exhibited
increased germination rate compared to the wild-type plants. The transgenics were
tolerant to salt stress due to increased activity of antioxidant enzymes like superox-
ide dismutase (SOD), catalase (CAT), and peroxidases (POX) (Zaidi et al. 2016).
Ghorbel et al. (2019) showed that MKP1 interacted with calmodulin, 14-3-3, and
MAPK3/6 proteins in durum wheat. It was observed that the differential association
of MKP1 with its substrates could be responsible for regulating the cellular
responses to multiple abiotic stresses (Ghorbel et al. 2019). Overexpression of
PP2A-C5 increased salt and drought tolerance in the transgenic Arabidopsis plants
by stimulating the overall salt-responsive pathways (Sun et al. 2018). Bradai et al.
(2018) reported induced expression of PPla in Triticum durum exposed to salt
stress. This suggests a potential role of this protein in regulating salt stress responses
in wheat. Loss of function of calcineurin B-like protein 10 (CBLI0) in Solanum
lycopersicum distorted the structure of the shoot apex and reproductive organs dur-
ing salt stress (Egea et al. 2018). It was found that CBL10 effectively maintained an
optimum and low Na*/Ca?* ratio in developing organs during salt stress. The tomato
mutants of ¢bl10 exhibited impaired Ca?* transport via abnormal expression of cat-
ion exchanger 1 and two-pore channel 1 (TPC1I). The tomato CBL10 was also found
to be a close homologue of the Arabidopsis CBL10. This protein effectively regu-
lated Na* and Ca?* fluxes within the vacuole via cooperation with vacuolar cation
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Table 9.1 List of genes encoding phosphatases which have been modulated to generate salt-
tolerant phenotype in plants

Phosphatase

gene Mechanism of salt tolerance Target organism | Reference

MKPI1 Overexpression of the gene enhanced | Arabidopsis Zaidi et al. (2016)
germination under stress

OsPP108 Overexpression of the gene led to ABA | Arabidopsis Singh et al.
insensitivity and enhanced tolerance (2015)
under salt, mannitol, and drought
stresses

PP2A-C5 Overexpression stimulated the overall | Arabidopsis Sun et al. (2018)
salt-responsive pathways

PPla The gene was induced in response to | Triticum durum | Bradai et al.
salt stress in the wild-type plants (2018)

CBLIO Mutation of the gene led to impaired | Solanum Egea et al. (2018)

shoot apex and reproductive
development due to impaired Na*/Ca*
ratio

lycopersicum

PP-2C and ABII | Negative interaction between PP-2C Arabidopsis Krzywinska et al.
and ABI1 regulated SnRK?2.4 function (2016)
in response to salinity

ABI2 Interacts with SOS?2 to activate the Arabidopsis Ohta et al. (2003)
SOS pathway

PP-2CI Overexpression induced salt tolerance | Nicotiana Hu et al. (2015)

tabacum
AtPP-2C group | Overexpression of the gene led to salt | Arabidopsis Liu et al. (2012)

1 (AtPP-2CGl)

tolerance by activating the ABA-
dependent signaling

ZmPP-2C Constitutive expression of the gene Arabidopsis Liu et al. (2009)
resulted in lowered salt tolerance since
the transgenics were hyposensitive to
ABA
At5PTase7 and | Overexpression promoted salt Arabidopsis Kaye et al.
At5PTase9 tolerance (2011); Golani
et al. (2013)
GmSALI Ectopic expression promoted salt Nicotiana Ku et al. (2013)
tolerance tabacum BY-2
cells

channel TPC1 and the vacuolar proton pumps, viz., high-affinity K* transporter 1;2
(AVP1) and V-ATPase (VHA-A1) in salt-stressed tomato plants (Egea et al. 2018).

Wu et al. (2017) performed de novo assembly and analysis of the Fagopyrum
tataricum transcriptome to identify phosphatases involved in salt adaptation. In
another study, Chen et al. (2018) analyzed the expression profile of PP2C clade D
proteins in wild soybean (Glycine soja) and Arabidopsis seedlings exposed to salt
and alkali stresses. Thirteen PP2C orthologs were detected in the wild soybean
genome, whereas several PP2C-encoding genes were found to be responsive to
salt stress in both the plant species. The research established a scaffold for future
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functional studies on the genes belonging to PP2C clade D (Chen et al. 2018). In a
recent report, a novel family of ABA-induced transcription repressors (AITRs)
involved in feedback response of ABA signaling was found to negatively regulate
the expression of selective PP2C genes. However, the aitr mutants of Arabidopsis
exhibited ABA hyposensitivity along with increased susceptibility to salt and
drought (Tian et al. 2017). Creighton et al. (2017) highlighted the importance of
posttranslational modification on PP2A proteins during salt stress. It was shown that
the enzymes LCMT1 and PMEI catalyze the methylation and demethylation of
PP2A catalytic subunit (PP2A-c), respectively. Interestingly salt stress was found to
induce the demethylation of PP2A-c. The physiological significance of such modi-
fications is still enigmatic (Creighton et al. 2017).

Han et al. (2017) suggested the involvement of ABCB transporters, PP-2A, and
auxin metabolism during halotropic growth in model plants. Overexpression of the
catalytic subunit 5 of PP-2A (PP2A-c5) improved salt tolerance in the transgenic
Arabidopsis plants (Hu et al. 2017). It was reported that the PP-2Ac5 did function
similar to the Salt Overly Sensitive (SOS) proteins. The association of PP-2Ac5
with multiple membrane-bound chloride channels was observed. It was inferred that
these membrane channels might act as substrates of PP-2Ac5. As a result, the
PP-2Ac5-overexpressing plants could increase the channelization of Na* and Cl~
ions to the vacuoles, thereby promoting salt tolerance (Hu et al. 2017). Salt stress-
induced methylation was detected in Ser/Thr protein phosphatase encoding genes in
foxtail millet via methylation-sensitive amplified polymorphism (MSAP) (Pandey
etal. 2017). This indicates at salinity-induced epigenetic alterations in phosphatase-
encoding genes. This phenomenon is less characterized.

The myristoylated Ca®*-binding protein, SOS3, acts as the cellular Ca** sensor
during salt stress and activates SOS2 which functions as a Ser/Thr protein kinase
(belonging to the SnRK3 family) (Hrabak et al. 2003). In Arabidopsis, the calcineu-
rin B-like 10 (CBL10) has been reported as another regulator of SOS2 in the shoot
tissues (Quan et al. 2007). Du et al. (2011) inferred that the CBL/SOS3-like calcium
binding protein (SCaBP)-CBL interacting protein kinase (CIPK) regulates the
phosphorylation of SOS3-like proteins. As a result, the downstream Na*/H* anti-
porter, namely, SOS1, is activated upon successful interactions between SOS3-
SOS2 and SCaBP8-SOS2, following which SOS2 is translocated to the cell
membrane to activate SOS1 (Quintero et al. 2011). Halophytes like Thellungiella
salsuginea also regulate Na* entry by maintaining high activity of SOS1. Knockdown
studies showed that 50% reduction in SOS1 activity led to loss of the halophytic
phenotype in the T. salsuginea plants due to excess Na* accumulation within the
tissues (Oh et al. 2009). An overview of the SOS pathway in plants has been repre-
sented in Fig. 9.2 (extracted from Gupta and Huang 2014).

The clade A PP-2Cs inhibit the action of SNFl-related protein kinases 2
(SnRK2s), which in turn are activated in presence of the universal stress phytohor-
mone, ABA. Krzywinska et al. (2016) reported that the PP-2C named ABA-
insensitive 1 (ABI1) negatively regulated the activity of SnRK2.4 during salt stress
response in Arabidopsis. The negative interaction of these proteins actually deter-
mined the fate of root development under saline conditions (Krzywinska et al.
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Fig. 9.2 An overview of the SOS pathway in plants in response to salt stress. (Extracted from
Gupta and Huang 2014)

2016). Rapid alkalinization factor (RALF) is a peptide signal which determines
some responses during abiotic stresses. The protein phosphatase, ABI2, negatively
regulated the receptor-like kinase, FERONIA (FER), by removing the phosphoryl
groups added in presence of ABA and RALF. Thus, ABI2 negatively regulates ABA
and RALF-induced signaling during abiotic stresses (Chen et al. 2016). Ohta et al.
(2003) reported the interaction between SOS2 and ABI2 proteins in Arabidopsis. A
37-amino-acid-long domain was identified via deletion analysis that was named as
the protein phosphatase interaction (PPI) motif essential for the SOS2-ABI2 inter-
action (Ohta et al. 2003). The PPI motif has been observed to be conserved in SOS2
family kinases, DNA repair kinases, and cell cycle checkpoint kinases across organ-
isms including humans. It was also observed that protein kinase S (PKS belonging
to the SOS2 family) strongly interacted with ABI2, whereas others associated with
ABII (Ohta et al. 2003).

Xu et al. (2016) performed a comparative expression analysis of calcineurin
B-like family gene CBLI0A between a salt-tolerant and a salt-sensitive cultivar of
Brassica oleracea. It was observed that the expression of this gene was significantly
higher in the tolerant cultivar compared to the susceptible variety. The gene also
exhibited longer period of induction and shorter time of response in the tolerant
cultivar. Such differences were attributed to substantial variation in the coding
region of the gene. The gene was found to be 741 bp in the sensitive cultivar and
829 bp in the tolerant B. oleracea variety (Xu et al. 2016). Dong et al. (2015)
reported that the overexpression of the CBL10 gene from Nicotiana sylvestris pro-
moted salt tolerance in transgenic Arabidopsis plants via efficient maintenance of
Na* homeostasis. In another study, it was found that overexpression of PP-2CI
from Triticum aestivum improved the salt-sensitive character in transgenic tobacco
plants (Hu et al. 2015). The transgenics exhibited ABA hyposensitivity, reduced
accumulation of reactive oxygen species (ROS), and activated antioxidant machin-
ery to ameliorate the salt-induced injuries (Hu et al. 2015).

The salt susceptibility of Arabidopsis was increased in the mutants of Az5PTase7
and Ar5PTase9, whereas the overexpression of the genes promoted tolerance, thus
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showing the positive regulatory action of these phosphatases during salinity (Kaye
et al. 2011; Golani et al. 2013). The expression of osmotic stress-responsive genes
like responsive to dehydration 29A (rd29A) and rd22 was not stimulated in the
mutants exposed to salt stress (Jia et al. 2019). Jia et al. (2019) also reviewed the
widely known roles of AtSALI during multiple abiotic stresses including salinity.
High salt stress was ameliorated in the tobacco BY-2 cells overexpressing the soy-
bean SAL1 (Ku et al. 2013). However, in case of Arabidopsis, the overexpression of
AtSALI could not increase salt tolerance, whereas the transgenic lines behaving as
loss-of-function mutants of AzrSALI showed enhanced tolerance to desiccation
stress, indicating that in Arabidopsis, SAL1 behaves as a negative regulator of abi-
otic stress (Ku et al. 2013). Incorporation of the META motif from the SAL1 homo-
logue (HAL2) in black yeast Aureobasidium pullulans increased salinity tolerance
in transgenic Arabidopsis plants (Gasparic et al. 2013).

9.4 Conclusion

Phosphatases are crucial molecular components in plant signaling pathway culmi-
nating multiple physiological responses. Some of these proteins especially those
involved in the ABA signaling pathway negatively regulate the cascade by deacti-
vating SnRKSs in absence of ABA. Such regulation in fact is necessary to properly
coordinate the switching on and switching off of the signaling processes.
Phosphatases thus dictate a major portion of global systemic responses. Salt stress
is one of the most prevalent forms of abiotic stress, responsible for large-scale crop
losses worldwide. It affects the plant by creating osmotic shocks and by triggering
uncontrolled production of ROS. ABA is largely related to abiotic stress tolerance
in multiple crop species. Hence, the involvement of protein phosphatases in salt
stress regulation is very evident. The chapter highlights the most recent reports on
the involvement of phosphatases and even Ca’*-responsive calcineurins in dictating
salt stress tolerance in crop species. Posttranslational alterations and even epigene-
tic modifications in phosphatases and encoding genes would indicate at newer
avenues of research which are still not well understood.

9.5 Future Perspectives

The research on the involvement of phosphatases in generating salt tolerance is
limiting in the current literature. Genome-wide studies based on next-generation
sequencing platforms can be designed to identify novel phosphatases operative
exclusively during salt stress. Cloning and overexpression of such genes might gen-
erate multiple stress-tolerant crops. Epigenomic studies and bisulfite sequencing
can be adopted to identify the global epigenetic modifications occurring in
phosphatase-encoding genes. Studies exclusively based on mass spectrometry can
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be performed to identify and report the posttranslational changes occurring in
phosphatases as a result of salt stress. Studying any change in activity due to such
modifications will also open newer avenues of research.
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Phosphatases: The Critical Regulator
of Abiotic Stress Tolerance in Plants
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10.1 Introduction

The major challenge for plant biologists in the twenty-first century is to sustain food
security for growing population under the changing climatic conditions and increas-
ing episodes of different abiotic stresses like salinity, drought, cold, submergence,
and heavy metal toxicity. These abiotic stresses decrease the fertile agricultural
yield and hence reduce crop productivity (Pandey et al. 2016; Zhu 2016). During the
course of evolution, plants have evolved mechanisms to adapt under stress condi-
tions. The perception of stress initiates a series of steps which leads to the expres-
sion of stress-responsive transcription factors and finally the downstream effector
genes. The process by which plant cells sense stress signals and transmit them to
activate adaptive responses is referred as “signal transduction” (Xiong and Zhu
2001). These signal transduction pathways are highly coordinated, and under stress
conditions, they activate multiple genes/proteins/metabolites, which together func-
tions to restore homeostasis at cellular [HSPs (heat shock proteins), LEA (late-
embryogenic abundant)], hormonal [ABA (abscisic acid), GA (gibberellic acid),
IAA (indoleacetic acid)], and redox [APX (ascorbate peroxidase), SOD (superoxide
dismutase), CAT (catalase)], osmotic (proline), and ionic (NHX and HKT) levels
(Fig. 10.1).
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Fig. 10.1 Schematic representation of the Mechanism of stress tolerance in plants. In plants,
stress is perceived through coordinated action of kinases and phosphatases. This in turn activates
transcription factors, which upregulate the expression of stress-responsive genes (SRGs). SRGs
function to restore the homeostasis at multiple levels including cellular, redox, hormones, ionic,
and osmotic. Abbreviations: AREB/ABF ABA-Responsive Element Binding factor/ABA response
element Binding Factor, NAC (NAM, ATAF1/2, CUC) [NAM No Apical Meristem, ATAF
Arabidopsis Transcription Activation Factor, CUC CUp shaped Cotyledon], CBF/DREB C-repeat-
Binding Factor/Dehydration Responsive Element-Binding factor, MYC/MYB Myelocytomatosis
oncogene/Myeloblastosis oncogene, SOS Salt Overly Sensitive, NHX Sodium Hydrogen
exchanger, HKT High-affinity K* Transporter, BADH Betaine-Aldehyde DeHydrogenase, TPP
Trehalose 6-Phosphate Phosphatase, TPS Trehalose-6-Phosphate Synthase, PDH Proline
DeHydrogenase, P5CS Pyrroline-5-Carboxylate Synthase, APX Ascorbate Peroxidase, CAT
Catalase, SOD Superoxide Dismutase, ABA Abscisic Acid, GA Gibberelic Acid, /AA IndoleAcetic
Acid, HSPs Heat Shock Proteins, LEA Late Embryogenesis Abundant protein
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A large number of proteins are involved in the perception and signal transduction
pathways (Pandey et al. 2016). Among these, kinases and phosphatases constitute
an important family, which regulate signal transduction through “reversible protein
phosphorylation and dephosphorylation.” During protein phosphorylation, a protein
kinase either activates or deactivates a substrate through the addition of a phosphate
group, thereby propagating or regulating a signal. Protein phosphatases reverse the
effect by removing the phosphate from the substrate (Chae et al. 2009). It can be
well understood as protein phosphatases are the agents of the “OFF” state and the
enzymes reverse the “ON” state encouraged by kinases, but several signaling sys-
tems feature phosphatases in positive dynamic and regulatory roles (DeLong 2006).
In plants, protein phosphatases play important role in tuning cellular responses to
physiological stimuli under varying developmental phases (Schweighofer and
Meskiene 2015). The present review focuses on the role of phosphatases and differ-
ent phosphatase gene families involved in stress signaling pathways. We discuss
in-depth about the functional relevance of major phosphatases under the stress con-
ditions and elaborate the integrated network in plants.

10.2 Major Protein Phosphatase Gene Families

Plant protein phosphatases are classified into three families based on the substrate
of phosphorylation. These include serine/threonine-specific protein phosphatase
(PPP), metal ion-dependent protein phosphatase (PPM), and protein tyrosine phos-
phatase (PTP). Advancements in molecular, biochemical, and genomics have
enabled further classification of (1) PPP into PP1, PP2A, PP2B, and other distantly
related phosphatases like PP4, PP5, PP6, and PP7 and (2) PPM for catalysis, includ-
ing PP2C and other Mg*—dependent phosphatases (Chae et al. 2009; Singh et al.
2010, 2016). The protein tyrosine phosphatase (PTP) family consists of both
tyrosine-specific phosphatases and dual-specificity phosphatases (dsPTPs) (Tonks
and Neel 1996; Denu et al. 1996; Farkas et al. 2007; Chae et al. 2009). The phos-
phatase gene families are quite complex as most of the genes encode multiple tran-
scripts with variable number of exon and introns. A comparable complexity is
observed in both model plant Arabidopsis as well as crops like rice and soybean
(Table 10.1). Although the occurrence of multiple genes in each subfamily of phos-
phatases makes genetic characterization difficult due to redundancy, however, by
combining forward genetic analysis and biochemistry, valuable information has
been generated on the biological functions of several members of plant phospha-
tases. Subsequently functional identification of phosphatase subunits and interact-
ing factors has also highlighted the central roles of plant PPPs in cellular signaling.
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Table 10.1 Gene model information of phosphatase gene families in plants

A. Arabidopsis

Protein tyrosine phosphatase (PTP) family (source: https://www.nsf.gov; https://www.

arabidopsis.org)

CDS No. of

Gene Locus ID | (bp) | Exons |Introns | transcripts | Protein function/description

AtPTP1 Atlg71860 1023 |27 24 3 Protein tyrosine phosphatase

AtDSP1 At3g23610 | 687 |18 15 3 Protein phosphatase dual-
specificity phosphatase—may
dephosphorylate MAPKs

AtDSP1-like | At5g23720 | 2790 | 32 29 3 Protein phosphatase dual-
specificity function

AtDSP2 At3g06110 | 504 |13 10 3 Protein phosphatase dual-
specificity function

AtDSP3, At2g04550 | 774 | 10 8 2 Mediating auxin response

IBRS

AtDSP4, At3g52180 | 1140 |25 23 2 Protein phosphatase function,

AtPTPKISI, dephosporylation of starch;

AtSEX4 involved in starch metabolism
regulation/kinase interaction
sequence protein (PTPKIST)

AtDSP5 At3g10940 | 849 |4 3 1 Protein phosphatase dual-
specificity function

AtDSP6 At3g01510 | 1776 | 10 9 1 Protein phosphatase dual-
specificity function—
putative/5’-AMP-activated
protein kinase beta-1
subunit-related

AtDSP7 At2¢32960 | 774 |6 5 1 Protein phosphatase dual-
specificity function

AtDSP8 At2¢35680 | 1014 | 6 5 1 Protein phosphatase dual-
specificity function

AtDSP9 Atlg05000 | 744 |11 9 2 Protein phosphatase dual-
specificity function

AtDSP10 At5g56610 | 687 |11 9 2 Protein phosphatase dual-
specificity function

AtDSP11 At4g03960 | 597 |5 4 1 Protein phosphatase dual-
specificity function

AtDSP12 At5g16480 | 615 |5 4 1 Protein phosphatase dual-
specificity function

AtDSP13 At3g02800 | 612 |5 4 1 Protein phosphatase dual-
specificity function

AtDSP14, At3g55270 | 2354 4 3 1 Protein phosphatase dual-

AtMKP1 specificity function—may
dephosphorylate MAPK

CDC25-like | At5g03455 441 |3 2 1 Rhodanese-like domain-
containing protein

(continued)
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Table 10.1 (continued)

A. Arabidopsis

Protein tyrosine phosphatase (PTP) family (source: https://www.nsf.gov; https://www.
arabidopsis.org)

CDS No. of

Gene LocusID | (bp) | Exons | Introns | transcripts | Protein function/description

AtPTEN1 At5g39400 | 1239 |8 7 1 Protein phosphatase dual-
specificity function, function
in pollen development/
phosphatase and tensin

AtPTEN2 At3g19420 | 1836 | 12 11 1 Protein phosphatase dual-
specificity function

AtPTEN3 At3g50110 1899 |13 12 1 Protein phosphatase dual-
specificity function

AtPTEN4 At5g58160 | 3975 | 15 14 1 Protein phosphatase dual-
specificity function—putative/
FH2-domain containing

AtMTM1 At3g10550 | 2523 | 19 18 1 Protein phosphatase dual-
specificity function

AtMTM2 At5g04540 | 2502 | 19 18 1 Protein phosphatase dual-
specificity function

AtLMW At3g44620 789 |9 7 2 Protein phosphatase dual-
specificity function—putative/
phosphotyrosine protein

Arabidopsis PP2A family genes (source: Durian et al. 2016; https://phytozome.jgi.doe.gov/pz/
portal.html; https://www.arabidopsis.org)

Gene

Locus ID

CDS
(bp)

Exons

Introns

No. of
transcripts

Protein function/description

B alpha (Bx)

AT1g51690

1812

45

42

3

55 kDa B regulatory subunit of
phosphatase 2A mRNA

B beta (Bf)

AT1g17720

1506

28

26

Type 2A protein serine/
threonine phosphatase 55 kDa
B

B’ alpha
(B')

AT5g03470

1488

Encodes B’ regulatory subunit
of PP2A (AtB’alpha), putative
size of 57 kDa. Functions
redundantly with the beta
subunit do maintain sister
chromatid cohesion during
meiosis

B’ beta (B'p)

AT3209880

1500

Encodes B’ regulatory subunit
of PP2A (AtB’beta). Functions
redundantly with the alpha
subunit do maintain sister
chromatid cohesion during
meiosis

B’ gamma
B")

AT4g15415

1569

B’ regulatory subunit of PP2A
(AtB’gamma)

(continued)
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Arabidopsis PP2A family genes (source: Durian et al. 2016; https://phytozome.jgi.doe.gov/pz/
portal.html; https://www.arabidopsis.org)

CDS No. of

Gene Locus ID | (bp) | Exons | Introns |transcripts | Protein function/description

B’ delta (B’8) | AT3g26030 | 1434 |2 1 1 Protein phosphatase 2A
regulatory subunit isoform B
delta. the mRNA is cell-to-cell
mobile

B’ epsilon AT3g54930 | 1494 | 3 2 1 Protein phosphatase 2A

(B’e) regulatory B subunit family
protein

B’ zeta (B'¢) | AT3g21650 | 1641 |3 2 1 Encodes protein phosphatase
2A (PP2A) B’zeta subunit;
targeted to mitochondria

B’eta (B'm) | AT3g26020 1590 |21 17 4 Encodes protein phosphatase
2A (PP2A) B’eta subunit;
targeted to nucleus and cytosol

B’ theta (B’0) | AT1g13460 | 1479 | 6 4 2 Encodes protein phosphatase
2A (PP2A) B’theta subunit;
targeted to peroxisomes

B’ kappa AT5g25510| 1503 | 3 2 1 Protein phosphatase 2A

(B"x)/B’ iota regulatory B subunit family

(B"1) in gene protein

bank

B” alpha AT5g44090 1617 | 13 12 1 Calcium-binding EF-hand

(B"o) family protein

B” epsilon AT5g28850 | 1611 |23 21 2 Calcium-binding EF-hand

(B”g) or B” family protein

beta in

GenBank

B” delta AT5g28900 | 1611 | 13 12 1 Calcium-binding EF-hand

(B”8) family protein

B” gamma AT1g54450 | 1608 | 11 10 1 Calcium-binding EF-hand

(B"y) family protein

B” beta AT1g03960 | 1590 | 26 24 2 Calcium-binding EF hand

(B"B)/B” family protein

epsilon in

GenBank

TON AT5g18580 | 1443 | 12 11 1 Fass mutants have aberrant

2(FASS) cell shapes due to defects in

arrangement of cortical
microtubules

(continued)
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Table 10.1 (continued)

Arabidopsis PP2C family genes (source: Schweighofer et al. 2004; https://www.arabidopsis.

org)
CDS No. of

Locus id (bp) | Exons | Introns | transcripts | Protein function/description

Group A

AT3g11410 | 1200 |4 3 1 Arabidopsis thaliana protein phosphatase 2Ca

AT1gl17550 | 1536 |4 3 1 ABA-hypersensitive germination 1

AT1g72770 | 1536 | 15 12 3 ABA-hypersensitive inhibition of seed
germination

AT4g26080 | 1305 |4 3 1 Regulates the activation of the Snf1-related
kinase OST1 by abscisic acid

AT5g57050 | 1272 |9 7 2 Involved in ABA signal transduction

Group B

AT1g67820 | 1338 |4 3 1 Protein phosphatase 2C family protein

AT2g40180 | 1173 |3 2 1 PP2CS5 acts as a MAPK phosphatase that
positively regulates seed germination

AT1g07160 | 1143 |3 2 1 Protein phosphatase 2C family protein

AT2g30020 | 1191 |2 1 1 Magnesium-dependent protein serine/
threonine phosphatase activity

AT3g27140 | 738 |5 4 1 Acts as a MAPK phosphatase that negatively
regulates MPK4 and MPK6

AT4g08260 | 639 |4 3 1 Protein phosphatase 2C family protein
(source: Araportl1)

Group C

AT2g46920 | 2571 |9 7 2 Encodes a protein with similarity to the POL
locus

AT2g35350 | 2352 |4 3 1 Encodes a protein most similar to the
POLTERGEIST locus

AT1g07630 | 1989 |4 3 1 Encodes a protein phosphatase 2C-like gene,
similar to POL

AT2g28890 | 1965 |4 3 1 Encodes a protein phosphatase 2C-like gene

AT3g09400 | 1953 |8 6 2 Similar to POLTERGEIST (POL) protein
phosphatase 2C

AT5g02400 | 2025 |4 3 1 Similarity to the POL locus which is a novel
protein phosphatase 2C

Group D

AT5g02760 | 1113 |4 3 1 Encodes a phosphatase that functions in
sustaining proper leaf longevity and
preventing early senescence by suppressing or
perturbing SARK-mediated senescence signal
transduction

AT3g17090 | 1155 |8 6 2 Protein phosphatase 2C family protein

AT3g12620 | 1158 |9 7 2 Protein phosphatase 2C family protein

AT3g55050 | 1155 |7 5 2 Protein phosphatase 2C family protein

(continued)


https://www.arabidopsis.org
https://www.arabidopsis.org

170

Table 10.1 (continued)

S. A. Sahoo et al.

Arabidopsis PP2C family genes (source: Schweighofer et al. 2004; https://www.arabidopsis.

org)
CDS No. of
Locus id (bp) | Exons | Introns | transcripts | Protein function/description
AT4g38520 | 1203 |9 7 2 Protein phosphatase 2C family protein
AT3g51370 | 1140 | 10 8 2 Protein phosphatase 2C family protein
AT5g66080 | 1158 |4 3 1 Protein phosphatase 2C family protein
AT4g33920 | 1143 |4 3 1 Protein phosphatase 2C family protein
AT5g06750 | 1182 | 13 10 3 Protein phosphatase 2C family protein
Group E
AT1g03590 | 1389 |6 5 1 Protein phosphatase 2C family protein
AT1g16220 | 1476 |5 4 1 Protein phosphatase 2C family protein
AT1g79630 | 1515 | 16 13 3 Protein phosphatase 2C family protein
AT5g01700 | 1149 |11 9 2 Protein phosphatase 2C family protein
AT3g02750 | 1584 | 17 14 3 Protein phosphatase 2C family protein
AT5g36250 | 1347 |5 4 1 Encodes a myristoylated 2C-type protein
phosphatase that interacts with the catalytic
subunit of SnRK1. The mRNA is cell-to-cell
mobile
AT5g26010 | 996 |5 4 1 Protein phosphatase 2C family protein
AT4g32950 1981 |5 4 1 Protein phosphatase 2C family protein
AT3g16800 | 1056 | 17 14 3 EGR3 functions as a negative regulator of
plant growth with prominent effect on plant
growth during drought stress. EGR3 regulates
microtubule organization and likely affects
additional cytoskeleton and trafficking
processes along the plasma membrane
AT3g05640 | 1077 | 12 10 2 EGRI functions as a negative regulator of
plant growth with prominent effect on plant
growth during drought stress. EGR1 regulates
microtubule organization and likely affects
additional cytoskeleton and trafficking
processes along the plasma membrane
AT5g27930 | 1122 | 11 9 2 EGR?2 functions as a negative regulator of
plant growth with prominent effect on plant
growth during drought stress. EGR2 regulates
microtubule organization and likely affects
additional cytoskeleton and trafficking
processes along the plasma membrane
AT2g20050 | 3285 |28 26 2 Protein phosphatase 2C and cyclic nucleotide-
binding/kinase domain-containing protein
AT3g06270 | 1047 |2 1 1 Protein phosphatase 2C family protein
Group F
AT3g23360 | 783 |5 4 1 Protein phosphatase 2C family protein

(continued)
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Table 10.1 (continued)

Arabidopsis PP2C family genes (source: Schweighofer et al. 2004; https://www.arabidopsis.

org)
CDS No. of

Locus id (bp) | Exons | Introns | transcripts | Protein function/description

AT2g34740 | 1020 | 14 12 2 Protein phosphatase 2C family protein

AT1g78200 | 852 |11 9 2 Protein phosphatase 2C family protein

AT1g22280 | 864 |17 14 3 Encodes a phytochrome-associated protein,
PAPP2C (phytochrome-associated protein
phosphatase type 2C). PAPP2C interacts in
the nucleus with phyA (phytochrome A) and
phyB. Functions as a regulator of
phytochrome-interacting factor PIF3 by
dephosphorylating phytochromes in the
nucleus

AT1g34750 | 849 |6 5 1 Protein phosphatase 2C family protein

AT3g15260 | 870 |11 9 2 Protein phosphatase 2C family protein

AT2g20630 | 873 |11 9 2 PP2C induced by AVRRPM1

AT4g28400 | 852 |5 4 1 Protein phosphatase 2C family protein

AT1g43900 | 1116 |8 7 1 Protein phosphatase 2C family protein

AT5g53140 | 1263 |9 8 1 Protein phosphatase 2C family protein

AT4g31750 1936 |9 8 1 Encodes HopW 1-1-interacting protein 2
(WIN2). Interacts with the P. syringae effector
HopW1-1. WIN2 has protein phosphatase
activity. Modulates plant defenses against
bacteria. Three WIN proteins are identified so
far (WIN1: AT1G80600; WIN2: AT4G31750;
WIN3: AT5G13320)

AT5g24940 | 1344 |8 7 1 Protein phosphatase 2C family protein

AT5g10740 | 1065 |9 8 1 Protein phosphatase 2C family protein

Group G

AT3g62260 | 1155 |8 6 2 Protein phosphatase 2C family protein

AT1g48040 | 1152 |2 1 1 Protein phosphatase 2C family protein

AT3g17250 | 1269 |2 1 1 Protein phosphatase 2C family protein

AT2g25620 | 1179 |4 3 1 Encodes DBP1, a member of the DBP factors
(DNA-binding protein phosphatases)
featuring sequence-specific DNA-binding and
protein phosphatase activity. DBP1 is
involved in plant-potyvirus interactions. Loss
of function of DBP1 renders resistance to
potyviruses

AT2g33700 | 1143 |4 3 1 Encodes a putative protein phosphatase 2C
that positively regulates salt tolerance in
abscisic acid-dependent manner

AT3g51470 | 1086 |3 2 1 Protein phosphatase 2C family protein

Group H

AT1g09160 1287 [17 |15 |2 Protein phosphatase 2C family protein

(continued)
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Arabidopsis PP2C family genes (source: Schweighofer et al. 2004; https://www.arabidopsis.

org)
CDS No. of

Locus id (bp) | Exons | Introns | transcripts | Protein function/description

AT1g47380 | 1287 | 10 9 1 Protein phosphatase 2C family protein

AT1g68410 | 1311 |19 17 2 Protein phosphatase 2C family protein

Group I

AT2g25070 | 1068 | 10 9 1 Protein phosphatase 2C family protein

AT4g31860 | 1074 |21 19 2 Protein phosphatase 2C family protein

Group J

AT3g63320 | 1272 |6 5 1 Protein phosphatase 2C family protein

AT3g63340 | 3126 41 39 2 Kinase superfamily protein

Other PP2Cs

AT4g11040 | 888 |8 6 2 Encodes a nuclear localized protein with
sequence similarity to PP2C phosphatases that
is involved in seed dormancy. Loss-of-
function mutations have reduced seed
dormancy but do not act through ABA or
DOG]1 pathways

AT1g75010 | 2226 | 15 14 1 Encodes ARC3 (Accumulation and
Replication of Chloroplast 3), a chloroplast
division factor functioning in the initiation of
chloroplast division. ARC3 is a chimera of the
prokaryotic FtsZ and part of the eukaryotic
phosphatidylinositol-4-phosphate 5-kinase
(PIP5K)

AT1g18030 | 1056 |20 18 2 Protein phosphatase 2C family protein

PPHI

AT4g27800 | 1167 |32 29 3 Choroplast protein phosphatase TAP38/PPH1
is required for efficient dephosphorylation of
the LHCII anthena and state transition from
state 2 to state 1

AT2g40860 | 1977 | 12 11 1 Protein kinase family protein/protein
phosphatase 2C (PP2C) family protein

KAPP

AT5g19280 | 1776 |27 25 2 Kinase-associated protein phosphatase
composed of three domains: an amino-
terminal signal anchor, a kinase interaction
(KI) domain, and a type 2C protein
phosphatase catalytic region

B. Rice (source: https://phytozome.jgi.doe.gov/pz/portal.html)

PP2A family genes

MSU locus CDS No. of

ID (bp) | Exons | Introns | transcripts | Protein function/description

LOC_ 924 6 5 1 Similar to isoform 2 of serine/threonine

0s02g12580 protein phosphatase PP2A-3 catalytic
subunit

(continued)
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Table 10.1 (continued)

B. Rice (source: https://phytozome.jgi.doe.gov/pz/portal.html)

PP2A family genes

MSU locus CDS No. of
ID (bp) | Exons | Introns | transcripts | Protein function/description
LOC_ 945 |21 19 2 Similar to serine/threonine protein
0s03g07150 phosphatase PP2A-3 catalytic subunit
LOC_ 1554 |17 14 3 Similar to protein phosphatase 2A B
0503262730 regulatory subunit
LOC_ 1530 | 2 1 1 Similar to protein phosphatase 2A B’
0504240860 regulatory subunit
LOC_ 1362 | 5 3 2 Similar to protein phosphatase 2A
0s05g48150 B’kappa subunit
LOC_ 1191 | 2 1 1 Similar to protein phosphatase 2A,
0s06g11640 regulatory subunit B” (PP2A, subunit B,
PR53 isoform) (phosphotyrosyl
phosphatase activator)
LOC_ 921 | 6 5 1 Protein phosphatase 2A
0506237660 (0s06t0574500-01)
LOC_ 1551 | 3 2 1 Similar to protein phosphatase 2A B’
0s08202860 regulatory subunit. Similar to protein
phosphatase 2A B’ regulatory subunit
LOC_ 1764 |39 36 3 Protein phosphatase 2A A subunit
0s09g07510 (phosphatase 2A regulatory A subunit).
Similar to phosphatase 2A regulatory A
subunit
LOC_ 1626 |13 12 1 Similar to protein phosphatase 2A 62 kDa
0s10g33680 B’ regulatory subunit (protein phosphatase
2A 62 kDa B regulatory subunit)
LOC_ 1257 |28 25 3 Similar to PP2A regulatory subunit-like
Os11g04520 protein (Os11t0141000-01); similar to
PP2A regulatory subunit-like protein
PP2C family genes
Gene MSU locus CDS No. of
name ID (bp) | Exons | Introns | transcripts | Protein function/description
OsPP1 LOC_ 996 |12 11 1 5-Azacytidine resistance
0s01g07090 protein azrl, putative,
expressed
OsPP2 LOC_ 1143 4 3 1 PHSI, putative, expressed
0s01g19130
OsPP3 LOC_ 2781 |11 10 1 PHSI, putative, expressed
0501220940
OsPP4 LOC_ 2616 |19 17 2 Ser/Thr protein phosphatase
0s01g24470 family protein, putative,
expressed
OsPP5 LOC_ 978 | 4 3 1 Dual-specificity protein
0s01g24750 phosphatase, putative,
expressed
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PP2C family genes
Gene MSU locus CDS No. of
name ID (bp) | Exons | Introns | transcripts | Protein function/description
OsPP6 | LOC_ 600 | 5 4 1 Protein phosphatase protein,
0s01g29469 putative, expressed
OsPP7 LOC_ 1005 | 8 7 1 Protein phosphatase
0Os01g32964 2C-containing protein,
expressed
OsPP8 LOC_ 1974 |45 41 4 Protein phosphatase 2C,
0s01g36080 putative, expressed
OsPP9 LOC_ 1170 |22 20 2 Protein phosphatase 2C,
0s01g37130 putative, expressed
OsPPI10 |LOC_ 1404 | 4 3 1 Protein phosphatase 2C,
0s01g40094 putative, expressed
OsPP11 |LOC_ 1176 | 8 7 1 Protein phosphatase 2C,
0s01g43100 putative, expressed
OsPPI2 | LOC_ 1212 | 3 2 1 Ser/Thr protein phosphatase
0s01g46760 family protein, putative,
expressed
OsPP13 |LOC_ 912 |10 9 1 Dual-specificity protein
0501249690 phosphatase, putative,
expressed
OsPP14 |LOC_ 1026 | 6 5 1 Protein phosphatase 2C,
0s01g53710 putative, expressed
OsPP15 | LOC_ 1245 | 4 3 1 Dual-specificity protein
0s01g62760 phosphatase, putative,
expressed
OsPP16 |LOC_ 780 | 9 7 2 Protein phosphatase 2C,
0s01g64010 putative, expressed
OsPP17 |LOC_ 1131 | 5 4 1 Protein phosphatase 2C,
0s01g74530 putative, expressed
OsPP18 | LOC_ 1047 |30 26 4 Protein phosphatase 2C,
050205630 putative, expressed
OsPP19 |LOC_ 1089 |13 12 1 OsPP2Ac-3—phosphatase 2A
0s02g08364 isoform 3 belonging to
family 1
OsPP20 |LOC_ 924 | 6 5 1 Protein phosphatase 2C,
0s02g12580 putative, expressed
OsPP2] | LOC_ 1170 | 2 1 1 Protein phosphatase 2C,
0s02g13100 putative, expressed
OsPP22 |LOC_ 1092 | 8 7 1 AGC_PKA/PKG_like.1—
0s02g15594 ACG kinases include
homologs to PKA, P
OsPP23 |LOC_ 3264 |30 28 2 Protein phosphatase 2C,
0s502g17970 putative, expressed
OsPP24 | LOC_ 1557 | 5 4 1 Protein phosphatase protein,
0s02g27220 putative, expressed
OsPP25 |LOC_ 1329 | 9 8 1 Protein phosphatase 2C,
0s502g35910 putative, expressed

(continued)
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PP2C family genes

Gene MSU locus CDS No. of
name ID (bp) | Exons | Introns | transcripts | Protein function/description
OsPP26 | LOC_ 1566 |11 10 1 Protein phosphatase
0s02g38580 2C-containing protein,
expressed
OsPP27 | LOC_ 2292 |13 12 1 Protein phosphatase
0s02g38690 2C-containing protein,
expressed
OsPP28 | LOC_ 2415 |13 12 1 Protein phosphatase
0s02g38710 2C-containing protein,
expressed
OsPP29 | LOC_ 1959 40 37 3 Protein phosphatase
0s02g38780 2C-containing protein,
expressed
OsPP30 |LOC_ 1554 |12 11 1 Protein phosphatase 2C,
050238804 putative, expressed
OsPP31 | LOC_ 1467 |29 26 3 Cyclin, N-terminal domain-
0s02g39410 containing protein, expressed
OsPP32 |LOC_ 2916 |15 14 1 Protein phosphatase 2C,
0s02g39470 putative, expressed
OsPP33 |LOC_ 1746 |13 12 1 5-Azacytidine resistance
0s02g39480 protein related, putative,
expressed
OsPP34 |LOC_ 960 | 1 0 1 Stage II sporulation protein E,
0s02g42250 putative, expressed
OsPP35 |LOC_ 948 1 0 1 Protein phosphatase 2C,
0s02g42270 putative, expressed
OsPP36 | LOC_ 1164 |11 9 2 Protein phosphatase 2C,
0s02g46080 putative, expressed
OsPP37 |LOC_ 1791 | 4 3 1 Dual-specificity protein
0s02g46490 phosphatase, putative,
expressed
OsPP38 | LOC_ 807 | 5 4 1 Tyrosine phosphatase family
0s02g48840 protein, putative, expressed
OsPP39 |LOC_ 615 5 4 1 Protein phosphatase 2C,
0s02g53160 putative, expressed
OsPP40 | LOC_ 1065 | 7 5 2 Ser/Thr protein phosphatase
0s502g55560 family protein, putative,
expressed
OsPP41 |LOC_ 951 | 9 7 2 Dual-specificity protein
0s02g57450 phosphatase, putative,
expressed
OsPP42 |LOC_ 1107 |85 79 6 Protein phosphatase 2C,
0s03g01750 putative, expressed
OsPP43 | LOC_ 1200 |12 9 3 OsPP2Ac-5—phosphatase 2A
0s03g04430 isoform 5 belonging to

family 2
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PP2C family genes

Gene MSU locus CDS No. of
name ID (bp) | Exons | Introns | transcripts | Protein function/description
OsPP44 | LOC_ 945 |21 19 2 Stage II sporulation protein E,
0s03g07150 putative, expressed
OsPP45 | LOC_ 1797 |55 49 6 Protein phosphatase 2C,
0503209220 putative, expressed
OsPP46 | LOC_ 1179 | 3 2 1 Ser/Thr protein phosphatase
0s03g10950 family protein, putative,
expressed
OsPP47 | LOC_ 969 |12 9 3 Protein phosphatase 2C,
0s03g16110 putative, expressed
OsPP48 | LOC_ 1215 | 7 5 2 Protein phosphatase 2C,
0s03g16170 putative, expressed
OsPP49 | LOC_ 1896 | 4 3 1 Protein phosphatase 2C,
0s03g16760 putative, expressed
OsPP50 | LOC_ 1176 | 3 2 1 Protein phosphatase protein,
0s03g18150 putative, expressed
OsPP5]1 |LOC_ 1299 7 6 1 Protein phosphatase 2C,
0s03g18970 putative, expressed
OsPP52 | LOC_ 2934 |11 9 2 Protein phosphotase protein,
0s03g25600 putative, expressed
OsPP53 |LOC_ 1335 |17 15 2 Serine/threonine protein
0503227780 phosphatase, putative,
expressed
OsPP54 |LOC_ 3012 |21 20 1 Protein phosphatase 2C,
0s03g44500 putative, expressed
OsPP55 |LOC_ 1143 |12 9 3 OsPP2Ac-2—phosphatase 2A
0s03g55320 isoform 2 belonging to
family 2
OsPP56 | LOC_ 924 |23 21 2 Stage II sporulation protein E,
0s03g59060 putative, expressed
OsPP57 |LOC_ 1440 | 5 4 1 Protein kinase-associated
0s03g59470 protein phosphatase, putative,
expressed
OsPP58 |LOC_ 1686 |13 12 1 Protein phosphatase 2C,
0503259530 putative, expressed
OsPP59 |LOC_ 1920 | 4 3 1 Protein phosphatase 2C,
0503260650 putative, expressed
OsPP60 | LOC_ 1161 | 7 5 2 Retrotransposon protein,
0s03g61690 putative, unclassified,
expressed
OsPP61 |LOC_ 1305 | 5 4 NA Protein phosphatase 2C,
0s04g08560 putative, expressed
OsPP62 |LOC_ 4533 | 16 15 1 Protein phosphatase 2C,
Os04g17130 putative, expressed
OsPP63 | LOC_ 1383 | 5 4 1 Protein phosphatase protein,
0s04g25570 putative, expressed

(continued)
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PP2C family genes

Gene MSU locus CDS No. of
name ID (bp) | Exons | Introns | transcripts | Protein function/description
OsPP64 | LOC_ 1563 |16 13 3 Protein phosphatase 2C,
0s04g33080 putative, expressed
OsPP65 | LOC_ 1386 |16 4 2 Protein phosphatase 2C,
0s04g37660 putative, expressed
OsPP66 | LOC_ 855 |12 10 2 Protein phosphatase 2C,
0s04g37904 putative, expressed
OsPP67 | LOC_ 1059 |12 11 1 Protein phosphatase 2C,
0s04g42260 putative, expressed
OsPP68 | LOC_ 1167 | 9 7 2 Protein phosphatase 2C,
0s04g49490 putative, expressed
OsPP69 | LOC_ 966 | 5 4 1 Protein phosphatase 2C,
050452000 putative, expressed
OsPP70 |LOC_ 849 |15 13 2 Protein phosphatase 2C,
0s04g56450 putative, expressed
OsPP71 |LOC_ 1782 4 3 1 Serine/threonine protein
0s05g02110 phosphatase, putative,
expressed
OsPP72 |LOC_ 1170 4 3 1 Serine/threonine protein
0s05g04360 phosphatase 5, putative,
expressed
OsPP73 |LOC_ 2676 |42 40 2 Protein phosphatase 2C,
0s05g05240 putative, expressed
OsPP74 |LOC_ 1452 |25 23 2 Protein phosphatase 2C,
0Os05g11550 putative, expressed
OsPP75 |LOC_ 1176 | 8 6 2 Dual-specificity protein
0s05g29030 phosphatase, putative,
expressed
OsPP76 |LOC_ 1251 7 5 2 Protein phosphatase 2C,
0s05g38290 putative, expressed
OsPP77 |LOC_ 1134 6 5 1 Protein phosphatase 2C,
0s05g44910 putative, expressed
OsPP78 |LOC_ 1164 7 5 2 Protein phosphatase 2C,
0s05g46040 putative, expressed
OsPP79 |LOC_ 1146 3 2 1 Protein phosphatase 2C,
0s05g49730 putative, expressed
OsPP80 |LOC_ 1476 | 9 8 1 Dual-specificity protein
0505250970 phosphatase, putative,
expressed
OsPP81 |LOC_ 1338 | 8 6 2 Ser/Thr protein phosphatase
0s05g51510 family protein, putative,
expressed
OsPP82 |LOC_ 816 |14 12 2 Protein phosphatase 2C,
0s06g05870 putative, expressed
OsPP83 | LOC_ 969 | 3 2 1 Dual-specificity protein
0s06g06880 phosphatase, putative,

expressed

(continued)
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PP2C family genes

Gene MSU locus CDS No. of
name ID (bp) | Exons | Introns | transcripts | Protein function/description
OsPP84 | LOC_ 1083 | 4 3 1 Protein phosphatase 2C,
0s06g08140 putative, expressed
OsPP85 | LOC_ 846 | 9 7 2 Protein phosphatase 2C,
0s06g20340 putative, expressed
OsPP86 | LOC_ 1062 | 7 6 1 OsPP2Ac-1—phosphatase 2A
0s06g33530 isoform | belonging to
family 1
OsPP87 | LOC_ 1059 | 8 7 1 Protein phosphatase 2C,
0s06g33549 putative, expressed
OsPP88 | LOC_ 921 6 5 1 Protein phosphatase 2C,
0506237660 putative, expressed
OsPP89 | LOC_ 1104 | 8 6 2 Protein phosphatase 2C,
0506239600 putative, expressed
OsPP90 |LOC_ 1107 |23 21 2 Protein phosphatase 2C,
0506244210 putative, expressed
OsPP9] |LOC_ 984 8 7 1 Protein phosphatase 2C,
0s06g48300 putative, expressed
OsPP92 |LOC_ 1179 |16 13 3 Protein kinase-associated
0s06g50380 protein phosphatase, putative,
expressed
OsPP93 |LOC_ 1134 | 2 1 1 Protein phosphatase 2C,
0s07g02330 putative, expressed
OsPP94 | LOC_ 1758 |26 24 2 Expressed protein
0s07g11010
OsPP95 |LOC_ 873 | 5 4 1 Protein phosphatase 2C,
0s07g32380 putative, expressed
OsPP96 |LOC_ 672 | 3 2 1 Protein phosphatase 2C,
0s07g33230 putative, expressed
OsPP97 | LOC_ 1284 | 5 4 1 Protein phosphatase protein,
0s07g37890 putative, expressed
OsPP98 |LOC_ 1338 3 2 1 5-AMP-activated protein
0s07g45170 kinase beta-1 subunit-related,
putative
OsPP99 | LOC_ 1296 | 7 6 1 Ser/Thr protein phosphatase
0s07g49040 family protein, putative,
expressed
OsPP100 | LOC_ 1782 |10 9 1 Protein phosphatase 2C,
0508229160 putative, expressed
OsPP101 | LOC_ 924 3 2 1 Ser/Thr protein phosphatase
0s08g35440 family protein, putative,
expressed
OsPP102 | LOC_ 1596 5 4 1 Low molecular weight
0s08g39100 protein-tyrosine-phosphatase

slr0328

(continued)
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Table 10.1 (continued)

PP2C family genes

Gene MSU locus CDS No. of
name ID (bp) | Exons | Introns | transcripts | Protein function/description
OsPP103 | LOC_ 1287 | 5 4 1 Tyrosine phosphatase family
0s08g40200 protein, putative, expressed
OsPP104 | LOC_ 807 | 6 5 1 Ser/Thr protein phosphatase
0s08g44320 family protein, putative,
expressed
OsPP105 | LOC_ 669 |11 9 2 Protein phosphatase 2C,
0s09g05020 putative, expressed
OsPP106 | LOC_ 924 | 8 7 1 Protein phosphatase 2C,
0s09g11230 putative, expressed
OsPP107 | LOC_ 1311 |11 10 1 Protein phosphatase protein,
0s09g14540 putative, expressed
OsPP108 | LOC_ 1077 1 0 1 Protein phosphatase 2C,
0s09g15670 putative, expressed
OsPP109 | LOC_ 1269 | 9 8 1 Expressed protein
0s09g28560
OsPP110 |LOC_ 1059 |46 42 4 OsPP2Ac-4—phosphatase 2A
0s09g38550 isoform 4 belonging to
family 2
OsPPI111 |LOC_ 1398 | 9 8 1 Protein phosphatase 2C,
0Os10g22460 putative, expressed
OsPP112 |LOC_ 945 |11 10 1 Protein phosphatase 2C,
Os10g27050 putative, expressed
OsPP113 |LOC_ 990 |18 14 4 Dual-specificity protein
Os10g39540 phosphatase, putative,
expressed
OsPP114 |LOC_ 1182 |18 14 4 Protein phosphatase 2C,
0Os10g39780 putative, expressed
OsPPI115 | LOC_ 1089 |11 9 2 Dual-specificity protein
Os10g41240 phosphatase, putative,
expressed
OsPP116 | LOC_ 1263 | 5 4 1 Dual-specificity protein
Os11g01790 phosphatase, putative,
expressed
OsPP117 | LOC_ 816 | 4 3 1 mRNA-capping enzyme,
Os11g02180 putative, expressed
OsPP118 | LOC_ 1071 | 6 5 1 Protein phosphatase 2C,
Os11g04180 putative, expressed
OsPP119 LOC_ 2094 |34 32 2 Protein phosphatase 2C,
Osl1g11070 putative, expressed
OsPP120  LOC_ 1194 | 4 3 1 Protein phosphatase 2C,
Os11g13820 putative, expressed
OsPPI12] | LOC_ 1299 5 4 1 Protein phosphatase 2C,
Os11g22404 putative, expressed
OsPP122 | LOC_ 3348 | 19 18 1 Dual-specificity protein
Os11g37540 phosphatase, putative,

expressed

(continued)
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PP2C family genes

Gene MSU locus CDS No. of
name ID (bp) | Exons | Introns | transcripts | Protein function/description
OsPP123 | LOC_ 1431 | 5 4 1 Dual-specificity protein
0s12g01770 phosphatase, putative,
expressed
OsPP124 | LOC_ 816 |10 8 2 Dual specificity protein
0s12g02120 phosphatase, putative,
expressed
OsPP125 | LOC_ 1071 | 6 5 1 Protein tyrosine phosphatase
0s12g03990 domain-containing protein,
expressed
OsPP126 | LOC_ 720 |18 14 4 mRNA-capping enzyme,
0s12g05660 putative, expressed
OsPP127 | LOC_ 987 |24 21 3 Protein phosphatase 2C,
0s12g07590 putative, expressed
OsPP128 | LOC_ 1998 |18 17 1 PTEN, putative, expressed
0Os12g09120
OsPP129 |LOC_ 1266 | 4 3 1 Protein phosphatase 2C,
0512g09640 putative, expressed
OsPP130 | LOC_ 1977 |13 12 1 Serine/threonine protein
Os12g21890 phosphatase BSL2, putative,
expressed
OsPP131 |LOC_ 1179 4 3 1 Serine/threonine protein
051239120 phosphatase BSL2, putative,
expressed
OsPP132 |LOC_ 3030 |21 20 1 Serine/threonine protein
Os12g42310 phosphatase BSL2, putative,
expressed
Dual-specificity phosphatase (DSP) genes
MSU locus | CDS No. of
ID (bp) | Exons | Introns | transcripts | Protein function/description
LOC_ 600 | 5 4 1 Similar to dual-specificity protein
0s01g29469 phosphatase-like protein
(0s01t0390900-01); similar to dual-
specificity protein phosphatase 9
LOC_ 1026 | 6 5 1 Protein tyrosine phosphatase, dual-
0s01g53710 specificity domain-containing protein
(0s01t0739200-01)
LOC_ 780 | 9 7 2 Protein tyrosine phosphatase, dual-
0s01g64010 specificity domain-containing protein
(0s01t0859400-01); protein tyrosine
phosphatase
LOC_ 807 | 5 4 1 Protein tyrosine phosphatase, dual-
0s02g48840 specificity domain-containing protein
(0s02t0720300-01)

(continued)
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Table 10.1 (continued)

Dual-specificity phosphatase (DSP) genes

MSU locus | CDS No. of

ID (bp) | Exons | Introns | transcripts | Protein function/description

LOC_ 615 | 5 4 1 Protein tyrosine phosphatase, SIW14-like

0s02g53160 domain-containing protein
(0s02t0771400-00)

LOC_ 393 | 3 2 1 Dual-specificity tyrosine phosphatase

0s03g01770 CDC25, arsenic metabolism
(0s03t0108000-01)

LOC_ 1134 | 6 5 1 Protein tyrosine phosphatase, dual-

0s05g44910 specificity domain-containing protein
(0s05t0524200-01)

LOC_ 816 |14 12 2 Similar to dual-specificity protein

0506205870 phosphatase family protein
(0s06t0152000-01)

LOC_ 681 | 5 4 1 Similar to dual-specificity phosphatase

0s06g10650 protein (Os06t0208700-01)

LOC_ 846 | 9 7 2 Protein tyrosine phosphatase, dual-

0506220340 specificity domain-containing protein
(0s06t0308100-01)

LOC_ 1782 |10 9 1 Protein tyrosine phosphatase, dual-

0508229160 specificity domain-containing protein
(0s08t0379300-01); hypothetical
conserved gene

LOC_ 669 |11 9 2 Protein tyrosine phosphatase, negative

0509205020 regulation of drought stress response
(0s09t0135700-01)

LOC_ 627 | 4 2 2 Similar to rhodanese-like protein

051039860 (0s10t0545700-01); similar to dual-
specificity phosphatase

LOC_ 1089 |11 9 2 Protein tyrosine phosphatase, dual-

Os10g41240 specificity domain-containing protein

LOC_ 816 | 4 3 1 Protein tyrosine phosphatase, dual-

Os11g02180 specificity domain-containing protein
(Os11t0113100-01)

LOC_ 1071 | 6 5 1 Similar to predicted protein

Os11g04180 (Os11t0136800-01); similar to dual-
specificity protein phosphatase 19

LOC_ 816 |10 8 2 Protein tyrosine phosphatase, dual-

051202120 specificity domain-containing protein.
(0s12t0112500-01)

LOC_ 1071 | 6 5 1 Similar to dual-specificity protein

0s12g03990 phosphatase 19 (EC 3.1.3.48) (EC

3.1.3.16) (stress-activated protein kinase
pathway-regulating phosphatase 1)

(continued)
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Dual-specificity phosphatase (DSP) genes

MSU locus | CDS No. of

ID (bp) | Exons | Introns | transcripts | Protein function/description

LOC_ 858 |12 10 2 Similar to dual-specificity protein

Os12g19350 phosphatase 8 (EC 3.1.3.48) (EC 3.1.3.16)
(neuronal tyrosine threonine phosphatase
D

LOC_ 615 | 6 5 1 Similar to tyrosine-specific protein

Os12g23190 phosphatase family protein
(0s12t0420300-01)

C. Soybean (source: https://phytozome.jgi.doe.gov/pz/portal.html)

PP2A family genes

Locus ID

CDS

(bp) | Exons

Introns

No. of

transcripts | Protein function/description

Glyma.13G145700

1452

2 1

1

Serine/threonine protein
phosphatase 2A 57 kDa regulatory
subunit B” alpha isoform

Glyma.08G195200

1548 |28 26

Serine/threonine protein
phosphatase 2A regulatory subunit
B (PPP2R2)

Glyma.09G185700

1764 |26 24

Serine/threonine protein
phosphatase 2A regulatory subunit
A (PPP2R1)

Glyma.19G077700

1611

Serine/threonine protein
phosphatase 2A 55 kDa regulatory
subunit B” delta isoform

Glyma.19G204400

942 |32 29

Serine/threonine protein
phosphatase 2A catalytic subunit
(PPP2C)

Glyma.02G097600

1743 |26 24

Serine/threonine protein
phosphatase 2A regulatory subunit
A (PPP2R1)

Glyma.08G113200

936 |21 19

Serine/threonine protein
phosphatase 2A catalytic subunit
(PPP2C)

Glyma.05G155300

936 |21 19

Serine/threonine protein
phosphatase 2A catalytic subunit
(PPP2C)

Glyma.03G206900

942 |21 19

Serine/threonine protein
phosphatase 2A catalytic subunit
(PPP2C)

Glyma.02G169200

945 |11 10

Serine/threonine protein
phosphatase 2A catalytic subunit
(PPP20C)

(continued)
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C. Soybean (source: https://phytozome.jgi.doe.gov/pz/portal.html)

PP2A family genes

CDS No. of
Locus ID (bp) | Exons | Introns | transcripts | Protein function/description
Glyma.20G114000 | 1758 |13 12 1 Serine/threonine protein
phosphatase 2A regulatory subunit
A (PPP2R1)
Glyma.07G012000 | 1548 |42 39 3 Serine/threonine protein
phosphatase 2A regulatory subunit
B (PPP2R2)
PP2C family genes
CDS No. of
Locus ID (bp) Exons | Introns | transcripts Protein function/description
Glyma.19G222700 | 2664 | 11 8 3 Protein phosphatase 2C 32
Glyma.11G042300 | 2220 4 3 1 Protein phosphatase 2C 29
Glyma.11G004000 1731 |12 11 1 Protein phosphatase 2C 70
Glyma.11G042300 | 2220 4 3 1 Protein phosphatase 2C 29
Glyma.09G194200 | 3228 | 64 60 4 cGMP-dependent protein kinase/
PKG II
Glyma.01G199600 | 2262 9 7 2 Protein phosphatase 2C 29
Glyma.04G233900 | 1173 |22 20 2 Protein phosphatase 2C 57
Glyma.01G146600 | 3291 |33 31 2 c¢GMP-dependent protein kinase/
PKGII
Glyma.01G239700 | 1737 |12 11 1 Protein phosphatase 2C 70
Glyma.06G130900 | 1179 |30 27 3 Protein phosphatase 2C 57
Glyma.15G100900 | 1296 |51 42 9 Protein phosphatase 1K,
mitochondrial
Glyma.14G101400 | 1020 |11 10 1 Protein phosphatase 1G
[EC:3.1.3.16] (PPMI1G, PP2CG)
Glyma.08G220100 | 1107 |22 20 2 Protein phosphatase 1G
[EC:3.1.3.16] (PPMI1G, PP2CG)
Glyma.06G060800 | 1038 |54 49 5 Protein phosphatase 1G
[EC:3.1.3.16] (PPM1G, PP2CG)

The gene model (CDS length, number of exons, introns, and transcripts) information and annota-
tion of different phosphatases are compiled in model plant Arabidopsis (A) and crops like rice (B)
and soybean (C). [Key note: For most of the genes, more than one transcript and subsequently
CDS were found in database. Hence, longest CDS (in bp) was chosen for compilation. The number
of exons and the introns denotes cumulative total in different transcripts in a particular gene.]
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10.2.1 Protein Phosphatase P (PPP)

The biochemical studies on animals classified serine/threonine phosphatases into
type 1 (PP1) and type 2 (PP2) classes based on their substrate specificity and phar-
macological properties. PP2 can be further divided into three classes PP2A, PP2B,
and PP2C based on their dependency on divalent cations as cofactors. PP2A and
PP2C require Ca?* and Mg?*, respectively, for their regulation. PP2A and PP1 phos-
phatases don’t require divalent cations for their activity and regulation (Luan 2003;
Chae et al. 2009). However, PP2B, a Ca?*—dependent phosphatase, also known as
calcineurin A (CNA), is not identified so far in plants (Uhrig et al. 2013; Singh et al.
2016). Sequence and structural analyses of these gene products demonstrate that
PP1, PP2A, and PP2B are more closely related and defined as PPP family, whereas
PP2C, pyruvate dehydrogenase phosphatase, and several other Mg*—dependent
Ser/Thr phosphatases are similar to each other and hence are referred to as PPM
family (Barford 1996; Cohen 1997; Luan 2003). For this reason, PP1, PP2A, and
PP2B are now referred to as protein phosphatase P (PPP) family. PP2C and few
other serine/threonine phosphatases that are magnesium (Mg?*) dependent com-
prise a separate family of serine/threonine phosphatases known as protein phospha-
tase M (PPM) family (Chae et al. 2009). Besides the classical PPP enzymes included
in PP1/2A/2B subgroups, other phosphatases with high homology to the PPP family
have been identified that contain unique domains or play distinct functions. These
more distantly related enzymes are referred to PP4, PP5, PP6, and PP7, which are
sequence and structurally related (Cohen 1997; Luan 2003; Uhrig et al. 2013). Even
within the same family, significant structural diversity can be generated by the pres-
ence of unique regulatory and targeting domains or attachment of regulatory sub-
units to the catalytic subunits. These regulatory domains or subunits may localize
the protein complexes to a specific subcellular compartment, modulate the substrate
specificity, or alter the catalytic activity (Luan 2000). Based on the advancement in
bioinformatics and phylogenetic analysis tools, the function and the phylogenetic
relationship between these protein phosphatases are now being understood (Uhrig
et al. 2013). PPPs occur in various complexes with regulatory and targeting sub-
units, which modulate the activity and specificity of catalytic subunits, and target
the enzymes to specific locations (Janssens and Goris 2001; Ceulemans and Bollen
2004; Farkas et al. 2007).

10.2.1.1 Protein Phosphatase 1

The unraveling of crystal structure of PP1 and PP2B has provided cues for different
models for the structure and catalysis of PPP enzymes (Goldberg et al. 1995; Egloff
et al. 1995; Luan 2003). Based on the primary sequence, it is confirmed that PP1c
and PP2B share a common catalytic domain structure. The catalytic domain of PP1c
and PP2B consists of a central “sandwich” which is formed by the two subdomains
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of a “helix-sheet” mixture (Luan 2003). The crystal structure of the two enzymes
also reveals the importance of metal ions such as Mn** and Fe?*'Fe?** for PP1c (Egloff
et al. 1995) and Zn?* and Fe*/Fe* for PP2B (Yu et al. 1997) in the catalytic reaction
of PPP family phosphatases (Luan 2003). Typel phosphoprotein Ser/Thr phospha-
tases (PP1) are highly conserved enzymes across all the eukaryotes. In Arabidopsis,
five distinct Arabidopsis cDNA clones (TOPP1, TOPP2, TOPP3, TOPP4, and
TOPP5), which encode the catalytic subunit (PP1c) of type 1 protein phosphatases,
were isolated, and later genomic southern blotting confirmed that these clones are
the products of five distinct genes of type 1 protein phosphatase family (Smith and
Walker 1993). Later it was found that plant TOPP and animal PP1 sequences show
significant phylogenetic divergence (Lin et al. 1999). The protein phosphatases 1 are
also found to be conserved across eukaryotes with nine genes in Arabidopsis (Kerk
et al. 2008; Uhrig et al. 2013). Another protein phosphatase 1 gene isolated from
Phaseolus vulgaris is believed to be involved in dephosphorylation events arising
after the initial responses to biotic stress (Zimmerlin et al. 1995; Chae et al. 2009).
Additionally, three genes (NPP1, NPP2, and NPP3) encoded type 1 PP (PP1) and
two genes (NPP4 and NPP5) encoded type 2A PP (PP2A) showing differential tis-
sue-specific expression was isolated and cloned in Nicotiana tabacum (Suh et al.
1998). Other studies have also identified RVXF motif containing plant PP1 partner’s
inhibitor-3 (I3) (Takemiya et al. 2009; Uhrig et al. 2013) and the rice (Oryza sativa)
protein RICE SALT SENSITIVE 1 (RSS1) (Ogawa et al. 2011; Uhrig et al. 2013).
RVxF-containing PP1 regulatory protein RSS1 was identified through a combined
approach of genetic screening for salt tolerance in rice and yeast two-hybrid screen-
ing; the loss of RSS1 resulted in short root and dwarf phenotypes under high salt
stress (Ogawa et al. 2011; Uhrig et al. 2013). These effects of RSS1 are exerted by
regulating the G1/S transition, possibly through an interaction of RSS1 with protein
phosphatase 1, and are mediated by the phytohormone, cytokinin (Ogawaetal.2011).

10.2.1.2 Protein Phosphatase 2A

The core enzyme of PP2A is a dimer (PP2Ay), consisting of a 36 kDa catalytic sub-
unit (PP2A¢) and a regulatory subunit of molecular mass 65 kDa, termed PR65, or
the A subunit along with a third regulatory B subunit can be associated with this core
structure (Janssens and Goris 2001). The B subunits, which determine the substrate
specificity and subcellular localization of PP2As, are classified into 55 kDa B,
54-74 kDa B’, and 72-130 kDa B’ subunit families (Farkas et al. 2007). Additionally,
a number of genes encoding the catalytic subunit and the regulatory subunits of pro-
tein phosphatase 2A have already been found out. In Arabidopsis, isolation and
sequencing of PP2A-1, PP2A-2, and PP2A-3 clones suggested that PP2A-1 and
PP2A-2 encode almost identical proteins (97% identity). Both proteins are 306 amino
acids in length and are very similar (79-80% identity) to the mammalian isotypes of
the catalytic subunit of protein phosphatase 2A. The PP2A-3 protein is extremely
similar (95% identity) to the predicted protein from a cDNA clone previously found
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in Brassica napus. It is also found that all the PP2As were differentially expressed in
higher plants (Arifio et al. 1993). In rice, five genes (OsPP2A-1, OsPP2A-2,
OsPP2A-3, OsPP2A-4, and OsPP2A-5) have been identified which encode the PP2A
catalytic subunits (PP2Ac). It has been established that among the five genes,
OsPP2A-2, OsPP2A-4, and OsPP2A-5 are ubiquitously expressed in all rice tissues
during plant development and differentially expressed in response to high salinity
and the combined stresses of drought and heat (Yu et al. 2003, 2005). In Arabidopsis,
TAP46 (a phosphatase 2A-associated protein of size 46 kDa), which is a homolog of
Saccharomyces cerevisiae TAP42 and mammalian a4, was found to be involved in
chilling response and suggested there could be existence of a target-of-rapamycin-
like signaling pathway in plants (Harris et al. 1999). However, the involvement of
TAP42 in the regulation of TOR- and SnRK-mediated energy homeostasis and abi-
otic stress tolerance mechanism has been established in recent times (Fu et al. 2020).

10.2.1.3 Protein Phosphatase 2B

Protein phosphatase 2B (PP2B; also known as the calcineurin A or CNA) requires
divalent cation like Ca** for their activity and regulation. The activity and the role of
PP2B has been reported in plants, but the genes encoding the catalytic subunit of
PP2B are yet to be identified (Bethke and Jones 1997; Pardo et al. 1998; Chae et al.
2009). Despite extensive genome exploration of several plants, PP2B or calcineurin
A (CNA) encoding gene has not been identified. Similar to animal PP2B regulatory
subunits, i.e., calcineurin B, some genes have been found in Arabidopsis and rice
(Kudla et al. 1999; Luan et al. 2002; Kolukisaoglu et al. 2004; Chae et al. 2009). In
contrary to phosphatases, the calcineurin B-like proteins (CBLs) target a set of
kinases known as CIPKs to form ABA and abiotic stress signaling (Kudla et al.
1999; Cheong et al. 2003; Kim et al. 2003; Kolukisaoglu et al. 2004; Pandey et al.
2004; Pandey 2008; Chae et al. 2009).

10.2.1.4 PP4, PP5, PP6, and PP7

The protein phosphatases, PP2A, PP4/PPX, and PP6 share close resemblance and a
common ancestry among each other when compared phylogenetically with other
members of the PPP family (Brewis et al. 1993; Moorhead et al. 2009; Uhrig et al.
2013). Despite its strong sequence conservation, PPX in plants have different func-
tions than in animals as it has been demonstrated in A. thaliana by cloning two
PPX-1 and PPX-2 genes, which were differentially expressed in all organs. PPX-1
shows co-localization with ferredoxin in root epidermal cells, and immunolocaliza-
tion indicates that PPX-1 is a lumenal protein in root plastids (Pujol et al. 2000;
Farkas et al. 2007). However, it is still unclear whether PPX-1 acts in the regulation
of plastid-specific protein kinases and substrates (Farkas et al. 2007).
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Protein serine/threonine phosphatase 5 (PP5) plays an important role in signal
transduction in animal cells, but in plants, there is paucity of information about PP5.
In tomato, LePP5, a PP5-encoding gene, has been cloned and found be a single-
copy LePP5 gene encoding two mRNA species that arise by alternative pre-mRNA
splicing. Similarly, Arabidopsis was found to express two PP5 transcripts, suggest-
ing that alternative splicing of PP5 pre-mRNA is not specific for tomato (Van
Bentem et al. 2003). The larger isoform (62 kDa) maintains the additional exon and
endoplasmic reticulum localization, whereas the smaller isoform (55 kDa) exhibits
the well-conserved dual cytosolic-nuclear subcellular localization (Van Bentem
et al. 2003; Uhrig et al. 2013). It has been demonstrated that disease resistance can
be achieved by assembling cyclophilin 40 (CYP40), protein phosphatase 5 (PP5),
and several other proteins with the tetratricopeptide repeat (TPR) domain associates
with AGO1 in an HSP90-dependent manner (Iki et al. 2012). Another study indi-
cated that overexpression of protein serine/threonine phosphatase 5 (AtPP5) gene
enhanced heat shock tolerance in Arabidopsis thaliana. However, T-DNA-inserted
atpp5 mutant was sensitive to heat stress (Park et al. 2011). Apart from these, sev-
eral other regulatory roles of PP5 have been unveiled so far which explains PP5 as
a key component of many signaling pathways.

The function of PP6 is limited to specific physiological functions like flowering.
Arabidopsis PP6 plays distinct roles in PhyA and PhyB regulation and possibly in
flowering time control (Farkas et al. 2007). Pea PP6, named FyPP, interacts with oat
phytochrome PhyA and Arabidopsis PhyB in yeast. In vitro pull-down assays indi-
cate that FyPP preferentially binds the phosphorylated form of PhyA and far-red
forms of PhyA and PhyB (Kim et al. 2002; Farkas et al. 2007). The phytochromes
functionally interact with catalytic subunit of a Ser/Thr-specific protein phosphatase
2A-designated FyPP. The interactions were influenced by phosphorylation status
and spectral conformation of the phytochromes. These results indicated that a self-
regulatory phytochrome kinase-phosphatase coupling is a key signaling component
in the photoperiodic control of flowering (Kim et al. 2002).

PP7 subfamily is very much new to the plant systems, and unlike the PPP family
members the regulatory and catalytic subunits do not contain N-terminal and
C-terminal adjunct. Although PP7 lacks EF-hand domains, Ca** still influences PP7
because the catalytic insert region has been believed to bind calmodulin in vitro in a
Ca*-dependent manner (Kutuzov and Andreeva 2001; Uhrig et al. 2013). Like PP6
subfamily, PP7 is also involved in regulation of phytochrome, cryptochrome, and
light-sensing mechanism (Mgller et al. 2003; Genoud et al. 2008; Sun et al. 2012;
Uhrig et al. 2013).

10.2.2 Protein Phosphatase M (PPM)

PPM family constitutes serine/threonine phosphatases including PP2C phospha-
tases and some other phosphatases that are dependent on the divalent cation Mg**
for their activation and the catalysis. PP2Cs are monomeric enzymes present in both



188 S. A. Sahoo et al.

prokaryotes and the eukaryotes. Arabidopsis genome contains 76 PP2C genes,
which are largest among the other eukaryotes (Kerk et al. 2002; Schweighofer et al.
2004). Plant PP2Cs are involved in many regulatory pathways and play an impor-
tant role in signal transduction. Majority of Arabidopsis PP2Cs are classified into
ten groups comprising A to J (Schweighofer et al. 2004). Several experiments have
shown that group A contains ABA-associated PP2C genes, group B are homologues
of alfalfa PP2Cs (Known as MP2Cs) believed to be involved in MAPK signaling,
and group C contains the poltergeist phosphatase gene (POL) shown to be involved
in flower development through CLAVATA pathway (Chae et al. 2009). PP2Cs are
often considered as the negative regulators of the ABA signaling (Merlot et al. 2001;
Schweighofer et al. 2004). In Arabidopsis, HAI-1 (a group A PP2C; AT5G59220)
encodes a nuclear protein that has been mutated, and the loss-of-function mutant in
water loss condition did not show any wilting and found to be having green rosette
leaves. Similarly, the loss-of-function mutant showed higher insensitivity toward
exogenous ABA and NaCl. HAI-1 overexpression did not improve the phenotype
under stress conditions (Zhang et al. 2013). Arabidopsis plants overexpressing
OsPP108 (a group A PP2C in rice) are highly insensitive to ABA and tolerant to
high salt and mannitol stresses during seed germination, root growth, and overall
seedling growth, and at adult stage, OsPP108 overexpression leads to high toler-
ance to salt, mannitol, and drought stresses in transgenic Arabidopsis plants (Singh
et al. 2015). Another study identified interactors of ABI1 and ABI2 (type 2C protein
phosphatases) as Regulatory Components of ABA Receptor (RCARs), which was
shown to bind ABA, to mediate ABA-dependent inactivation of ABI1 or ABI2 in
vitro, and to antagonize PP2C action in plants (Ma et al. 2009). PP2Cs, in both
Arabidopsis and rice, have similar expression pattern when subjected to different
stresses like drought, high salinity, and cold (Xue et al. 2008; Singh et al. 2016).
This type of expression pattern showed that PP2C could be involved in many signal
transduction pathways. Group-A PP2Cs regulate SnRK2 kinases including
SnRK2.2, SnRK2.3, and SnRK2.6 and, hence, can be considered as positive regula-
tors of ABA and abiotic stress signaling (Fujii et al. 2009; Fujita et al. 2011; Singh
etal. 2016). Besides, PP2Cs regulate abiotic stress signaling through MAPK signal-
ing pathways (Danquah et al. 2014).

10.2.3 Protein Tyrosine Phosphatases (PTP)

As their name suggests, protein tyrosine phosphatases (PTPs) can dephosphorylate
the tyrosine residues. PTPs are divided in to two groups as (1) tyrosine-specific
PTPs and (2) dual-specificity PTPs based on their specificity toward phosphoamino
acid. The first group depends on the ability to dephosphorylate the tyrosine residues,
whereas the second group can dephosphorylate the phosphotyrosine residues as
well as the phosphoserine or threonine (Stone and Dixon 1994; Tonks and Neel
1996; Chae et al. 2009; Shankar et al. 2015). Despite having great difference in the
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amino acid sequences and the substrate specificity, both the classes of PTPs showed
high similarity in their crystal structure (Barford 1999; Shankar et al. 2015). Further
it has been classified into receptor-like PTPs and intracellular PTPs. The receptor-
like PTPs have a ligand binding domain which is extracellular and one or two cyto-
plasmic PTP domains, whereas the intracellular PTPs like PTP1B and SHP1 contain
a single catalytic domain and a number of amino or carboxyl terminal extensions.
These include an SH2 domain that involves targeting and regulating mechanisms
(Chae et al. 2009). The protein tyrosine kinases (PTKs) are well known to share
sequence similarity with protein serine/threonine kinases; however, the enzymes
belonging to PTPs share no sequence similarity with protein serine/threonine phos-
phatases (Walton and Dixon 1993; Shankar et al. 2015).

It has been well established that PTPs play crucial roles in signal transduction
and various regulatory activities in number of organisms starting from protozoans to
plant and animal kingdom. In the plant kingdom, in Arabidopsis and rice, the PTPs
have been well characterized (Kerk et al. 2002; Singh et al. 2010). Using modern
tools and techniques, the discoveries of plant PTPs and their genes were carried out
a decade after the discovery of PTPs in animal system. In Arabidopsis AtPTP1 as
the first plant PTP was identified and characterized by Luan and team (Xu et al.
1998; Gupta et al. 1998). Further rice (Oryza sativa) PTPs and dual-specific phos-
phatase (DSP) gene families have been identified by Singh et al. (2010) in crop
plants (Shankar et al. 2015). In tomato and pine, the presence of tyrosine phosphatase-
like genes has been identified (Fordham-Skelton et al. 2002; Gupta and Luan 2003).
Subsequently the whole genome sequencing of Arabidopsis led to identification of
anumber of PTPs and DSPs like genes encoding proteins similar to catalytic domain
of PTPs in other crops (Kerk et al. 2002). Out of 24 members of putative PTPs from
Arabidopsis, one encodes a Tyr-specific PTP, 22 genes encode dual-specificity pro-
tein Tyr phosphatases (DSPs or DsPTPs), and a single gene of low molecular weight
PTP (LMWPTP) (Shankar et al. 2015). Further genome-wide identification and
transcriptional analysis revealed that rice is comprised of 23 DSPs, a single member
of PTP, and LMWPTP (Kerk et al. 2008; Singh et al. 2010). Additionally, 29 PTPs
have been identified from maize on the basis of sequence similarity of protein phos-
phatases from rice and Arabidopsis (Singh and Pandey 2012). Interestingly, genomes
of Arabidopsis, rice, and maize contain much lesser PTPs than the human genome,
comprised of more than 100 PTPs including 60 DSPs (Shankar et al. 2015).

10.3 Role of Phosphatases in Abiotic Stress Signaling
in Crop Plants

The protein phosphorylation and dephosphorylation caused by protein kinases and
the protein phosphatases, respectively, are crucial for signal transduction during
abiotic stresses in plants (Hunter 2009; Pandey et al. 2014). Phosphatases regulate
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various plant processes including ABA signaling, stomatal opening/closing, and
“K” sensing. Brief information about the regulatory role of different protein phos-
phatases for these processes is summarized below. In addition, an integrated net-
work highlighting the interconnection is depicted in Fig. 10.2.

10.3.1 Salt Stress

Salinity stress is often considered as the major abiotic stress, which severely affects
plant growth and development. The salt stress signaling is mainly regulated by the
salt overly sensitive (SOS) pathway, which is primarily functioned by the protein
kinase activities. However, protein phosphatases do regulate the salt stress mecha-
nism by involving themselves in several other signaling pathways. In Arabidopsis,
AtPTPI, a protein Tyr phosphatase, showed several-fold higher expressions under
salt stress, while it remained downregulated under cold stress condition (Xu et al.
1998). In vitro biochemical analysis of AtPTP1 and AtDsPTP1 confirmed that they
both dephosphorylate and inactivate MAPKSs, which has an important role in regula-
tion of abiotic stress signaling (Luan 2002). Besides signal transduction, the role of
PTP has been found to be regulating ionic fluxes across the tonoplast during turgor
regulations in guard cells, which is also an adaptive feature for managing ionic
homeostasis (MacRobbie 2002). Another study indicated that an Arabidopsis pro-
tein phosphatase group 1 (AtPP2CG1) positively regulates salinity tolerance by
upregulating several salt-responsive genes in an ABA-dependent manner (Liu et al.
2012b). However, overexpressing OsPP108 (a rice protein phosphatase 2C, orthol-
ogous to Arabidopsis group A PP2C) in Arabidopsis was found to be highly insensi-
tive to ABA and tolerant to high salt and mannitol stresses during seed germination,
root growth, and overall seedling growth. Subsequently the overexpression of
OsPP108 in fully grown plants has also been found to impart high tolerance to salt,
mannitol, and drought stresses (Singh et al. 2015). Also, AtDsPTP1 (a dual-
specificity protein phosphatase 1) mutant led to improved phenotype under osmotic
stress suggesting it was a negative regulator of osmotic stress (Shankar et al. 2015).
In wheat, a protein phosphatase TaPP2C1 was found to negatively regulate ABA
signaling and imparts salt tolerance positively by increasing the antioxidant defense
mechanism and transcription of genes independent of ABA signaling which the
overexpressed transgenic tobacco lines confirmed (Hu et al. 2015). Apart from that,
in rice, the protein phosphatase la (OsPPla) is found to be involved in salt stress
tolerance. The transgenic rice overexpressing OsPPla showed enhanced tolerance
to high salt treatment and SnRK/A, and two other stress-responsive genes, OsNACS5
and OsNAC6, were found to be upregulated in transgenic lines (Liao et al. 2016).
Also in Arabidopsis, a protein phosphatase PP2A-C5 gene, which encodes the cata-
lytic subunit 5 of PP2A, was found to be an important player for plant growth in salt
stress, confirmed by the overexpressed phenotype, which showed better root and
shoot growth than the loss-of-function phenotype under salt stress (Hu et al. 2017).
Further, GhDsPTP3a (a cotton protein phosphatase), demonstrated to be a positive
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Fig.10.2 Integrated view of different major phosphatases and their downstream targets. The regu-
latory roles of three families of plant phosphatase genes under abiotic stress conditions are sum-
marized. PPP family: In Arabidopsis, AtCPLs are involved in the regulations and detoxification of
ROS molecules bringing redox homeostasis to the plant. AzPP5 is involved in the regulation of heat
stress. AtTAP46 (a homolog of Saccharomyces cerevisiae TAP42 and mammalian o4) binds with
catalytic subunit of PP2A and regulates target-of-rapamycin-like signaling pathway (TOR) in
plants. In rice, OsPP2A-1 and OsPP2A-3 genes are upregulated under drought and salt stress,
while OsPP2A-1 remains downregulated under heat stress. RSS/ (RVxF-containing PP1 regulatory
protein) mutation results in short root and dwarf phenotypes under salt stress condition. PTP/DSP
family: Arabidopsis AtPTPI gene shows a contrasting expression pattern as it is upregulated in
salinity stress whereas downregulated in cold stress condition. Arabidopsis AtDSPTP] is shown to
regulate the ABA biosynthesis and accumulate ABA in the cell and carry out the signal transduc-
tion mechanism for the abiotic stress tolerance mechanism. AtzDsPTP1 works as the negative regu-
lator of osmotic stress as its mutant is shown to grow better than the wild type under osmotic stress.
Both AtPTP1 and AtDsPTP1 dephosphorylate and inactivate MAPKSs and, hence, act as a negative
regulator of abiotic stress signaling. Similarly, rice OsPFA-DSP1 (fungi atypical dual-specificity
phosphatase) is also a negative regulator of drought stress. Chestnut CsDSP4 is induced under low
temperature conditions, and overexpression of DSP increased plant sensitivity toward drought
stress. PP2C family: ABI1/ABI2 functions as central components in abscisic acid (ABA) signal
transduction and regulates salt tolerance. The role of AP2C! (a protein phosphatase 2C, PP2C)
protein has been demonstrated to be associated with CBL-interacting kinase 9 (CIPK9) to regulate
the K* deficiency in Arabidopsis. Arabidopsis plants overexpressing OsPP108 (a group A PP2C in
rice) are highly insensitive to ABA and tolerant to high salt and mannitol stresses during seed
germination, root growth, and overall seedling growth and at adult stage, OsPP108 overexpression
leads to high tolerance to salt, mannitol, and drought stresses. Protein phosphatase 2Cs and
microtubule-associated stress proteinl (MASP1) control microtubule stability, growth, and drought
response in plants where three clade E Growth-Regulating (EGR) type 2C protein phosphatases are
involved as a negative regulator of growth by restraining plant growth during drought. Target of
rapamycin (TOR) kinase phosphorylates PYL ABA receptors at a conserved serine residue, which
leads to inactivation of SnRK?2 kinases by disrupting the PYL association with ABA and with
PP2C phosphatase effectors. However, under stress conditions, ABA activates the SnRK?2 kinases
by TOR complex dissociation and inhibition along with growth, which enables plant to develop a
strategy to combat the stress



192 S. A. Sahoo et al.

regulator of salinity tolerance by interacting with an annexin protein GhANNSDb,
reversely regulates Ca?* and Na* fluxes in cotton (Mu et al. 2019). Also, genomic
and transcriptomic analysis showed differential expression of PP2C8 in the young
seedling of rice under salt stress and found to be a target candidate gene for salt
tolerance in the seedling stage (Sun et al. 2019).

10.3.2 Potassium (K*) Deficiency

Potassium (K*) is essentially required by the plants, and its deficiency results into
retarded plant growth, inhibition in protein synthesis, impaired photosynthesis, as
well as long distance transport (Chérel et al. 2014; Singh et al. 2016). The K* uptake
via different transporters under K*-deficient condition is coordinated through vari-
ous protein kinases and phosphatases (Wang and Wu 2013). Besides, Ca** signaling
components like calcineurin B-like protein (CBL)-interacting protein kinase9
(CIPK9) have been identified as critical regulator of low K* response (Pandey et al.
2007). In Arabidopsis, AIP1 (a protein phosphatase 2C) reverses the action of
CIPK23 [CBL (calcineurin B-like)-interacting protein kinase23) by dephosphory-
lating potassium channel AKT1 and acts as a negative regulator of K* uptake under
K*-deficient condition (Lee et al. 2007). AKT1 channel inactivation could be
directly related to the interaction of PP2C and CIPK23, which blocks the kinase
activity of the later (Lan et al. 2011). AtPP2CA was shown to interact and dephos-
phorylate AKT2 to inhibit AKT2 channel activity (Wang and Wu 2013). It has
already known that low K* condition activates several high affinity potassium (K*)
transporters like HAKS. However, some Ca’* sensors like calcineurin B-like
(CBL1),CBLS, CBL9, and CBL10, together with CBL-interacting protein kinase23
(CIPK23), demonstrated to activate HAKS by phosphorylating N-terminus of
HAKS and facilitate the K* uptake (Ragel et al. 2015). The role of AP2C1 (a protein
phosphatase 2C, PP2C) protein has been demonstrated to be associated with CIPK9
to regulate the K* deficiency in Arabidopsis by Singh et al. (2018). The null mutant
alleles, ap2c-1 and ap2c-2, and the overexpressed AP2C1 transgenic lines showed
the contrasting phenotypes under low K* condition, which suggested CIPK9 as the
positive regulator and AP2C1 as a negative regulator under low K* conditions in
Arabidopsis (Singh et al. 2018). Thus, protein phosphatases are believed to be
involved in the reversible phosphorylation to regulate the activity of kinases as well
as the K* transporters in K*-deprived conditions.

10.3.3 ABA and Stomatal Regulation

ABA is considered as the prime stress hormone, and it’s role in stomatal closure
mechanism is controlled by protein phosphorylation/dephosphorylation. It has been
established that AtDsPTP]I is associated with genes controlling ABA biosynthesis
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and ABA catabolism, which regulates the ABA accumulation in the cell (Luan
2002). Also a flux measurement experiment has demonstrated that a protein tyrosine
dephosphorylation occurs due to Ca** signal which triggers ion efflux from the vac-
uole resulting in stomatal closure (MacRobbie 2002). Another experiment showed
a contrasting result that protein phosphatase 1 acts as a positive regulator of blue
light signaling between phototropins and the H*-ATPase in guard cells of Vicia
faba, enabling the opening of stomata (Takemiya et al. 2006). The protein tyrosine
phosphatases (PTPs) are also found to be involved in stomatal movement as it regu-
lates the ABA signaling through MAPKs (mitogen-activated protein kinases) which
induces ABA-induced H,O, generation in guard cells and stomatal closure (Shi
etal. 2004). Similarly, protein phosphatase 2C (PP2C)-type phosphatases especially
ABI1/ABI2 function as central components in abscisic acid (ABA) signal transduc-
tion. In rice, ABII is upregulated in IR29 (salinity-sensitive cultivar), while it is
downregulated in FL478 (salinity-tolerant cultivar). This contributes to better
growth of FL478, which possibly involves reduced PP2C activity and therefore lim-
its ABA-dependent growth inhibition (Senadheera and Maathuis 2009). The regula-
tory A subunit of protein phosphatase 2A, RCN1 regulates the stomatal closure by
cross talking between methyl jasmonate and ABA signaling where both methyl jas-
monate and ABA failed to induce stomatal closure in Arabidopsis rcnl knockout
mutants unlike in wild-type plants (Saito et al. 2008; Munemasa et al. 2011).

In the absence of ABA, type A protein phosphatase 2C (PP2C) inhibits the kinase
activity of OSTI1, while in the presence of ABA, ABA binds to its receptor
PYRabactin resistance/PYrabactin-Like/Regulatory Components of ABA Receptor
(PYR/PYL/RCAR) and releases the OST1 which culminates in closure of stomata
(Zhang et al. 2014; Balmant et al. 2016). Similarly, ABI1 (a protein phosphatase 2C
clade A) and okadaic acid-sensitive phosphatases of the PPP family were demon-
strated as negative regulator of salt stress-activated SnRK2.4 (a SNF1-related pro-
tein kinase 2) in both ABA-dependent and ABA-independent signaling pathway
confirming the dual role of protein phosphatases (Krzywinska et al. 2016). Another
protein phosphatase PP2C has been shown to regulate two ion channels GORK and
SLACI resulting in stomatal closure (Lefoulon et al. 2016). This stomatal opening
and closing mechanism may have a significant role in governing abiotic stress toler-
ance in plants. A further study indicated that MAPK6 (a mitogen-activated protein
kinase) acts as a positive regulator UV-B-induced stomatal closure by modulating
H,0,-induced nitric oxide (NO) in guard cells (Li et al. 2017). The phosphatases
along with protein kinases can also activate or deactivate stress-responsive genes to
control growth defense trade-off mechanisms in plants. For example, target of
rapamycin (TOR) kinase phosphorylates PYL ABA receptors at a conserved serine
residue, which leads to inactivation of SnRK?2 kinases due to the disruption of PYL
association with ABA and with PP2C phosphatase effectors. But under stress, ABA
activates SnRK2 kinases by TOR complex dissociation and inhibition. Thus, under
control condition, TOR complex inhibits ABA signaling and stress response,
whereas in stress condition, ABA signaling inhibits TOR signaling and growth to
enable plant to develop a strategy to combat the stress (Wang et al. 2018). Similarly,
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in rice PP45 acts as negative regulator of ABA signaling. The PP2C domain of PP45
interacts with CaM binding domain of DMI3, Oryza sativa CCaMK (Ca*/
calmodulin-dependent protein kinase). In the absence of ABA, PP45 directly inac-
tivates DMI3 by dephosphorylating Thr-263 in DMI3, while in the presence of
ABA, ABA-induced H,0, production by the NADPH oxidases RbohB/E inhibits
the activity of PP45 (Ni et al. 2019). Another study in Arabidopsis revealed the PR5-
like protein kinase AtPR5K2 works in the ABA-dependent manner and by phos-
phorylating ABA-insensitive ABI1 and ABI2 (protein phosphatases 2C) confers the
drought tolerance (Baek et al. 2019). Recently, OsPP2C50 and OsPP2C53 (two
clade A protein phosphatase 2C) were found to be a negative regulator of ABA sig-
naling which regulates OsSLAC] (a slow-type anion channel) directly or indirectly
through SAPK10 (a stress-activated serine/threonine protein kinase) and confers
stomatal closure in rice (Min et al. 2019). These findings have resolved the key role
of various protein phosphatases in ABA signaling-mediated stomatal regulation
mechanism.

10.3.4 Other Abiotic Stresses

Apart from the salinity stress, protein phosphatases are also a major player in many
other abiotic stresses like drought, UV, heat stress, low temperature by differentially
regulating stress-responsive genes. In Arabidopsis, it was found that the C-terminal
domain phosphatase-like family members (AtCPLs) differentially regulate abiotic
stress signaling, growth, and development (Koiwa et al. 2002). Further AtMKP]I (a
MAPK phosphatase 1) has been demonstrated to be involved in UV resistance in
Arabidopsis as any interference with this gene showed to develop sensitivity toward
UV stress. Later MAP kinases, MPK3 and MPK6, were found out to be the genes
involved in UV resistance where MKP1 was found to be a key regulator (Ulm et al.
2001, 2002). Thus, PTPs and DSPs were found to regulate abiotic stress tolerance
through MAPK-dependent manner. Another study suggests that expression level of
OsPP2A-1 and OsPP2A-3 was high in leaves subjected to drought and high salinity
stress, whereas heat stress decreased the expression of OsPP2A-I in stems and
induced expression of OsPP2A-3 in all organs. This suggested that PP2Ac genes
like OsPP2A-1 and OsPP2A-3 are under developmental and stress-related regula-
tion (Singh et al. 2010). Exposure of chestnut plantlets at 4 °C was found to induce
CsDSP4 (a dual specificity protein phosphatase) gene expression which has a
role in starch degradation and cold acclimation (Berrocal-Lobo et al. 2011).
This CsDSP4 has also been demonstrated to be highly induced in stems of chestnut
seedlings under low temperature conditions (Liu et al. 2014). Other phosphatases
also play a significant role in signal transduction as well as in the abiotic stress toler-
ance in crop plants.

Different regulatory and catalytic subunits of the phosphatases interact with dif-
ferent enzymes and signaling mediators resulting into activation/inactivation of
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stress-responsive genes. For instance, Arabidopsis PP2A-Al subunit [ROOTS
CURL IN NAPHTHYLPHTHALAMIC ACID 1 (RCN1)] and the B-subunits were
reported to be directly involved in many signaling pathways (Trotta et al. 2011). In
rice, OsPFA-DSPI (fungi atypical dual-specificity phosphatase) is known to be the
negative regulator of drought stress (Liu et al. 2012a; Shankar et al. 2015). Similarly
OsPP18, another rice protein phosphatase 2C that is regulated by STRESS-
RESPONSIVE NACI1 (SNACI), accounts for drought and oxidative stress toler-
ance by increasing the scavenging of ROS through antioxidant defense mechanism
confirmed by the overexpressed transgenic lines where the mutant lines show
hypersensitivity toward these stresses (You et al. 2014). Other studies have demon-
strated the role of protein phosphatase 2A (PP2A) in ROS-dependent responses
associated with light acclimation and pathogenesis in Arabidopsis thaliana
(Rahikainen et al. 2016). In the same line, protein phosphatase 2Cs and microtubule-
associated stress proteinl (MASPI) are found to control microtubule stability,
growth, and drought responses in plants. Three clade E Growth-Regulating (EGR)
type 2C protein phosphatases act as negative regulator of growth by restraining
plant growth during drought (Bhaskara et al. 2017). These protein phosphatases are
also found to be involved in ROS signaling and maintain redox homeostasis through
reversible oxidation of critical cysteine (Cys) residues which significantly contrib-
ute toward the development of abiotic and biotic stress tolerance mechanisms in
plants (Bheri and Pandey 2019). Therefore, understanding the role of these protein
phosphatases in signal transduction mechanism will help further research to high-
light the key issues regarding development of abiotic stress-tolerant crops.

10.4 Conclusions

Protein phosphorylation and dephosphorylation are the key regulatory mecha-
nisms of plant signal transduction. There has been considerable progress in under-
standing gene families that encode major protein phosphatases, their significance,
and involvement in signal transduction process underlying plant growth, develop-
ment, and stress tolerance. Physiological and genomic approaches have elucidated
the pathways for utilizing phosphatases for modulating plant abiotic stress toler-
ance. Despite wealth of information on such interacting pathways, challenges
await to unravel the interaction and cross talk between different phosphatases.
Another daunting task is to address kinase-phosphatase regulation, especially in
the context of single and combined stress conditions. Holistic and integrated
research efforts are warranted to not only improve our basic understanding about
phosphatase-dependent regulation of signal transduction and their multifaceted
roles but also ensure their utilization as “genetic” conduits for developing climate-
resilient crops.



196 S. A. Sahoo et al.

References

Arifio J, Pérez-Callejon E, Cunillera N, Camps M, Posas F, Ferrer A (1993) Protein phosphatases
in higher plants: multiplicity of type 2A phosphatases in Arabidopsis thaliana. Plant Mol Biol
21(3):475-485

Baek D, Kim MC, Kumar D, Park B, Cheong MS, Choi W et al (2019) AtPR5K2, a PR5-like
receptor kinase, modulates plant responses to drought stress by phosphorylating protein phos-
phatase 2Cs. Front Plant Sci 10:1146

Balmant KM, Zhang T, Chen S (2016) Protein phosphorylation and redox modification in stomatal
guard cells. Front Physiol 7:26

Barford D (1996) Molecular mechanisms of the protein serine/threonine phosphatases. Trends
Biochem Sci 21(11):407-412

Barford D (1999) Structural studies of reversible protein phosphorylation and protein phospha-
tases. Biochem Soc Trans 27:751

Berrocal-Lobo M, Ibanez C, Acebo P, Ramos A, Perez-Solis E, Collada C et al (2011) Identification
of a homolog of Arabidopsis DSP4 (SEX4) in chestnut: its induction and accumulation in stem
amyloplasts during winter or in response to the cold. Plant Cell Environ 34(10):1693-1704

Bethke PC, Jones RL (1997) Reversible protein phosphorylation regulates the activity of the slow-
vacuolar ion channel. Plant J 11(6):1227-1235

Bhaskara GB, Wen TN, Nguyen TT, Verslues PE (2017) Protein phosphatase 2Cs and microtubule-
associated stress protein 1 control microtubule stability, plant growth, and drought response.
Plant Cell 29(1):169-191

Bheri M, Pandey GK (2019) Protein phosphatases meet reactive oxygen species in plant signaling
networks. Environ Exp Bot 161:26—40

Brewis ND, Street AJ, Prescott AR, Cohen PT (1993) PPX, a novel protein serine/threonine phos-
phatase localized to centrosomes. EMBO J 12(3):987-996

Ceulemans H, Bollen M (2004) Functional diversity of protein phosphatase-1, a cellular econo-
mizer and reset button. Physiol Rev 84:1-39

Chae L, Pandey GK, Luan S, Cheong YH, Kim KN (2009) Protein kinases and phosphatases for
stress signal transduction in plants. In: Abiotic stress adaptation in plants. Springer, Dordrecht,
pp 123-163

Cheong YH, Kim KN, Pandey GK, Gupta R, Grant JJ, Luan S (2003) CBLI, a calcium sen-
sor that differentially regulates salt, drought, and cold responses in Arabidopsis. Plant Cell
15(8):1833-1845

Cheérel I, Lefoulon C, Boeglin M, Sentenac H (2014) Molecular mechanisms involved in plant
adaptation to low K+ availability. J Exp Bot 65(3):833-848

Cohen PT (1997) Novel protein serine/threonine phosphatases: variety is the spice of life. Trends
Biochem Sci 22(7):245-251

Danquah A, de Zelicourt A, Colcombet J, Hirt H (2014) The role of ABA and MAPK signaling
pathways in plant abiotic stress responses. Biotechnol Adv 32(1):40-52

DeLong A (2006) Switching the flip: protein phosphatase roles in signaling pathways. Curr Opin
Plant Biol 9(5):470-477

Denu JM, Stuckey JA, Saper MA, Dixon JE (1996) Form and function in protein dephosphoryla-
tion. Cell 87(3):361-364

Durian G, Rahikainen M, Alegre S, Brosché M, Kangasjirvi S (2016) Protein phosphatase 2A in
the regulatory network underlying biotic stress resistance in plants. Front Plant Sci 7:812

Egloff MP, Cohen PT, Reinemer P, Barford D (1995) Crystal structure of the catalytic subunit of
human protein phosphatase 1 and its complex with tungstate. ] Mol Biol 254(5):942-959

Farkas I, Dombradi V, Miskei M, Szabados L, Koncz C (2007) Arabidopsis PPP family of serine/
threonine phosphatases. Trends Plant Sci 12(4):169-176

Fordham-Skelton AP, Chilley P, Lumbreras V, Reignoux S, Fenton TR, Dahm CC et al (2002) A
novel higher plant protein tyrosine phosphatase interacts with SNF1-related protein kinases via
a KIS (kinase interaction sequence) domain. Plant J 29(6):705-715



10  Phosphatases: The Critical Regulator of Abiotic Stress Tolerance in Plants 197

Fujii H, Chinnusamy V, Rodrigues A, Rubio S, Antoni R, Park SY et al (2009) In vitro reconstitu-
tion of an abscisic acid signaling pathway. Nature 462(7273):660

Fujita Y, Fujita M, Shinozaki K, Yamaguchi-Shinozaki K (2011) ABA-mediated transcriptional
regulation in response to osmotic stress in plants. J Plant Res 124(4):509-525

Fu L, Wang P, Xiong Y (2020) Target of Rapamycin signaling in plant stress responses. Plant
Physiol 182(4):1613-1623

Genoud T, Santa Cruz MT, Kulisic T, Sparla F, Fankhauser C, Métraux JP (2008) The protein phos-
phatase 7 regulates phytochrome signaling in Arabidopsis. PLoS One 3(7):¢2699

Goldberg J, Huang HB, Kwon YG, Greengard P, Nairn AC, Kuriyan J (1995) Three-dimensional
structure of the catalytic subunit of protein serine/threonine phosphatase-1. Nature
376(6543):745

Gupta R, Luan S (2003) Redox control of protein tyrosine phosphatases and mitogen-activated
protein kinases in plants. Plant Physiol 132(3):1149-1152

Gupta R, Huang Y, Kieber J, Luan S (1998) Identification of a dual-specificity protein phosphatase
that inactivates a MAP kinase from Arabidopsis. Plant J 16(5):581-589

Harris DM, Myrick TL, Rundle SJ (1999) The Arabidopsis homolog of yeast TAP42 and mam-
malian o4 binds to the catalytic subunit of protein phosphatase 2A and is induced by chilling.
Plant Physiol 121(2):609-618

Hu W, Yan Y, Hou X, He Y, Wei Y, Yang G et al (2015) TaPP2C1, a group F2 protein phosphatase
2C gene, confers resistance to salt stress in transgenic tobacco. PLoS One 10(6):e0129589

Hu R, Zhu Y, Wei J, Chen J, Shi H, Shen G, Zhang H (2017) Overexpression of PP2A-C5 that
encodes the catalytic subunit 5 of protein phosphatase 2A in Arabidopsis confers better root
and shoot development under salt conditions. Plant Cell Environ 40(1):150-164

Hunter T (2009) Tyrosine phosphorylation: thirty years and counting. Curr Opin Cell Biol
21(2):140-146

Iki T, Yoshikawa M, Meshi T, Ishikawa M (2012) Cyclophilin 40 facilitates HSP90-mediated RISC
assembly in plants. The EMBO J 31(2):267-278

Janssens V, Goris J (2001) Protein phosphatase 2A: a highly regulated family of serine/threonine
phosphatases implicated in cell growth and signaling. Biochem J 353(3):417-439

Kerk D, Bulgrien J, Smith DW, Barsam B, Veretnik S, Gribskov M (2002) The complement of
protein phosphatase catalytic subunits encoded in the genome of Arabidopsis. Plant Physiol
129(2):908-925

Kerk D, Templeton G, Moorhead GB (2008) Evolutionary radiation pattern of novel protein
phosphatases revealed by analysis of protein data from the completely sequenced genomes of
humans, green algae, and higher plants. Plant Physiol 146(2):351-367

Kim DH, Kang JG, Yang SS, Chung KS, Song PS, Park CM (2002) A phytochrome-associated
protein phosphatase 2A modulates light signals in flowering time control in Arabidopsis. Plant
Cell 14(12):3043-3056

Kim KN, Cheong YH, Grant JJ, Pandey GK, Luan S (2003) CIPK3, a calcium sensor—associated
protein kinase that regulates abscisic acid and cold signal transduction in Arabidopsis. Plant
Cell 15(2):411-423

Koiwa H, Barb AW, Xiong L, Li F, McCully MG, Lee BH et al (2002) C-terminal domain
phosphatase-like family members (AtCPLs) differentially regulate Arabidopsis thaliana abiotic
stress signaling, growth, and development. Proc Natl Acad Sci 99(16):10893-10898

Kolukisaoglu U, Weinl S, Blazevic D, Batistic O, Kudla J (2004) Calcium sensors and their inter-
acting protein kinases: genomics of the Arabidopsis and rice CBL-CIPK signaling networks.
Plant Physiol 134(1):43-58

Krzywinska E, Bucholc M, Kulik A, Ciesielski A, Lichocka M, D¢bski J et al (2016) Phosphatase
ABI1 and okadaic acid-sensitive phosphoprotein phosphatases inhibit salt stress-activated
SnRK2.4 kinase. BMC Plant Biol 16(1):136

Kudla J, Xu Q, Harter K, Gruissem W, Luan S (1999) Genes for calcineurin B-like proteins in
Arabidopsis are differentially regulated by stress signals. Proc Natl Acad Sci 96(8):4718-4723

Kutuzov MA, Andreeva AV (2001) Noncompetitive inhibition of plant protein Ser/Thr phospha-
tase PP7 by phosphate. Biochem Biophys Res Commun 283(1):93-96



198 S. A. Sahoo et al.

Lan WZ, Lee SC, Che YF, Jiang YQ, Luan S (2011) Mechanistic analysis of AKT1 regulation by
the CBL-CIPK-PP2CA interactions. Mol Plant 4(3):527-536

Lee SC, Lan WZ, Kim BG, Li L, Cheong YH, Pandey GK et al (2007) A protein phosphory-
lation/dephosphorylation network regulates a plant potassium channel. Proc Natl Acad Sci
104(40):15959-15964

Lefoulon C, Boeglin M, Moreau B, Véry AA, Szponarski W, Dauzat M et al (2016) The Arabidopsis
AtPP2CA protein phosphatase inhibits the GORK K+ efflux channel and exerts a dominant
suppressive effect on phosphomimetic-activating mutations. J Biol Chem 291(12):6521-6533

Li FC, Wang J, Wu MM, Fan CM, Li X, He JM (2017) Mitogen-activated protein kinase phospha-
tases affect UV-B-induced stomatal closure via controlling NO in guard cells. Plant Physiol
173(1):760-770

Liao YD, Lin KH, Chen CC, Chiang CM (2016) Oryza sativa protein phosphatase la (OsPPla)
involved in salt stress tolerance in transgenic rice. Mol Breed 36(3):22

Lin Q, Buckler ES TV, Muse SV, Walker JC (1999) Molecular evolution of type 1 serine/threonine
protein phosphatases. Mol Phylogenet Evol 12(1):57-66

Liu B, Fan J, Zhang Y, Mu P, Wang P, Su J, Wang H (2012a) OsPFA-DSP1, a rice protein tyro-
sine phosphatase, negatively regulates drought stress responses in transgenic tobacco and rice
plants. Plant Cell Rep 31(6):1021-1032

Liu X, Zhu Y, Zhai H, Cai H, Ji W, Luo X et al (2012b) AtPP2CG1, a protein phosphatase 2C,
positively regulates salt tolerance of Arabidopsis in abscisic acid-dependent manner. Biochem
Biophys Res Commun 422(4):710-715

Liu R, Liu Y, Ye N, Zhu G, Chen M, Jia L et al (2014) AtDsPTP1 acts as a negative regulator in
osmotic stress signaling during Arabidopsis seed germination and seedling establishment. J
Exp Bot 66(5):1339-1353

Luan S (2000) Protein phosphatases: structure, regulation and function. Adv Bot Res 32:67-107

Luan S (2002) Tyrosine phosphorylation in plant cell signaling. Proc Natl Acad Sci
99(18):11567-11569

Luan S (2003) Protein phosphatases in plants. Annu Rev Plant Biol 54(1):63-92

Luan S, Kudla J, Rodriguez-Concepcion M, Yalovsky S, Gruissem W (2002) Calmodulins and
calcineurin B-like proteins: calcium sensors for specific signal response coupling in plants.
Plant Cell 14(Suppl 1):S389-S400

MaY, Szostkiewicz I, Korte A, Moes D, Yang Y, Christmann A, Grill E (2009) Regulators of PP2C
phosphatase activity function as abscisic acid sensors. Science 324(5930):1064—1068

MacRobbie EA (2002) Evidence for a role for protein tyrosine phosphatase in the control of ion
release from the guard cell vacuole in stomatal closure. Proc Natl Acad Sci 99(18):11963-11968

Merlot S, Gosti F, Guerrier D, Vavasseur A, Giraudat J (2001) The ABI1 and ABI2 protein phos-
phatases 2C act in a negative feedback regulatory loop of the abscisic acid signaling pathway.
Plant J 25(3):295-303

Min MK, Choi EH, Kim JA, Yoon IS, Han S, Lee Y et al (2019) Two clade a phosphatase 2Cs
expressed in guard cells physically interact with abscisic acid signaling components to induce
stomatal closure in rice. Rice 12(1):1-13

Mgller SG, Kim YS, Kunkel T, Chua NH (2003) PP7 is a positive regulator of blue light signaling
in Arabidopsis. Plant Cell 15(5):1111-1119

Moorhead GB, De Wever V, Templeton G, Kerk D (2009) Evolution of protein phosphatases in
plants and animals. Biochem J 417(2):401-409

Mu C, Zhou L, Shan L, Li F, Li Z (2019) Phosphatase GhDs PTP 3a interacts with annexin pro-
tein Gh ANN 8b to reversely regulate salt tolerance in cotton (Gossypium spp.). New Phytol
223(4):1856-1872

Munemasa S, Mori IC, MurataY (2011) Methyl jasmonate signaling and signal crosstalk between
methyl jasmonate and abscisic acid in guard cells. Plant Signal Behav 6(7):939-941

Ni L, Fu X, Zhang H, Li X, Cai X, Zhang P et al (2019) Abscisic acid inhibits Rice protein phos-
phatase PP45 via H202 and relieves repression of the Ca2+/CaM-dependent protein kinase
DMI3. Plant Cell 31(1):128-152



10  Phosphatases: The Critical Regulator of Abiotic Stress Tolerance in Plants 199

Ogawa D, Abe K, Miyao A, Kojima M, Sakakibara H, Mizutani M et al (2011) RSS1 regu-
lates the cell cycle and maintains meristematic activity under stress conditions in rice. Nat
Commun 2:278

Pandey GK, Cheong,YH, Kim BG, Grant JJ, Li L, Luan S (2007) CIPK9: a calcium sensor-
interacting protein kinase required for low-potassium tolerance in Arabidopsis. Cell research
17(5):411-421

Pandey GK (2008) Emergence of a novel calcium signaling pathway in plants: CBL-CIPK signal-
ing network. Physiol Mol Biol Plants 14(1-2):51

Pandey GK, Cheong YH, Kim KN, Grant JJ, Li L, Hung W et al (2004) The calcium sensor calci-
neurin B-like 9 modulates abscisic acid sensitivity and biosynthesis in Arabidopsis. Plant Cell
16(7):1912-1924

Pandey GK, Kanwar P, Pandey A (2014) Global comparative analysis of CBL-CIPK gene families
in plants. Springer, Heidelberg

Pandey GK, Pandey A, Prasad M, Bohmer M (2016) Editorial: abiotic stress signaling in plants:
functional genomic intervention. Front Plant Sci 7:681. https://doi.org/10.3389/fpls.2016.0068 1

Pardo JM, Reddy MP, Yang S, Maggio A, Huh GH, Matsumoto T et al (1998) Stress signaling
through Ca2+/calmodulin-dependent protein phosphatase calcineurin mediates salt adaptation
in plants. Proc Natl Acad Sci 95(16):9681-9686

Park JH, Lee SY, Kim WY, Jung YJ, Chae HB, Jung HS et al (2011) Heat-induced chaperone
activity of serine/threonine protein phosphatase 5 enhances thermotolerance in Arabidopsis
thaliana. New Phytol 191(3):692-705

Pujol G, Baskin TI, Casamayor A, Cortadellas N, Ferrer A, Arifio J (2000) The Arabidopsis thali-
ana PPX/PP4 phosphatases: molecular cloning and structural organization of the genes and
immunolocalization of the proteins to plastids. Plant Mol Biol 44(4):499-511

Ragel P, Rodenas R, Garcia-Martin E, Andrés Z, Villalta I, Nieves-Cordones M et al (2015) The
CBL-interacting protein kinase CIPK23 regulates HAKS5-mediated high-affinity K+ uptake in
Arabidopsis roots. Plant Physiol 169(4):2863-2873

Rahikainen M, Pascual J, Alegre S, Durian G, Kangasjirvi S (2016) PP2A phosphatase as a regula-
tor of ROS signaling in plants. Antioxidants 5(1):8

Saito N, Munemasa S, Nakamura Y, Shimoishi Y, Mori IC, Murata’Y (2008) Roles of RCN1, regu-
latory A subunit of protein phosphatase 2A, in methyl jasmonate signaling and signal crosstalk
between methyl jasmonate and abscisic acid. Plant Cell Physiol 49(9):1396-1401

Schweighofer A, Hirt H, Meskiene I (2004) Plant PP2C phosphatases: emerging functions in stress
signaling. Trends Plant Sci 9(5):236-243

Senadheera P, Maathuis FJ (2009) Differentially regulated kinases and phosphatases in roots
may contribute to inter-cultivar difference in rice salinity tolerance. Plant Signal Behav
4(12):1163-1165

Shankar A, Agrawal N, Sharma M, Pandey A, Pandey GK (2015) Role of protein tyrosine phos-
phatases in plants. Curr Genomics 16(4):224-236

Shi W, Jia W, Liu X, Zhang S (2004) Protein tyrosine phosphatases involved in signaling of the
ABA-induced H,0, generation in guard cells of Vicia faba L. Chin Sci Bull 49(17):1841-1846

Singh A, Pandey GK (2012) Protein phosphatases: a genomic outlook to understand their function
in plants. J Plant Biochem Biotechnol 21(1):100-107

Singh A, Giri J, Kapoor S, Tyagi AK, Pandey GK (2010) Protein phosphatase complement in
rice: genome-wide identification and transcriptional analysis under abiotic stress conditions
and reproductive development. BMC Genomics 11(1):435

Singh A, Jha SK, Bagri J, Pandey GK (2015) ABA inducible rice protein phosphatase 2C confers
ABA insensitivity and abiotic stress tolerance in Arabidopsis. PLoS One 10(4):e0125168

Singh A, Pandey A, Srivastava AK, Tran LSP, Pandey GK (2016) Plant protein phosphatases 2C:
from genomic diversity to functional multiplicity and importance in stress management. Crit
Rev Biotechnol 36(6):1023-1035

Singh A, Yadav AK, Kaur K, Sanyal SK, Jha SK, Fernandes JL et al (2018) A protein phosphatase
2C, AP2Cl, interacts with and negatively regulates the function of CIPK9 under potassium-
deficient conditions in Arabidopsis. J Exp Bot 69(16):4003-4015


https://doi.org/10.3389/fpls.2016.00681

200 S. A. Sahoo et al.

Smith RD, Walker JC (1993) Expression of multiple type 1 phosphoprotein phosphatases in
Arabidopsis thaliana. Plant Mol Biol 21(2):307-316

Stone RL, Dixon JE (1994) Protein-tyrosine phosphatases. J Biol Chem 269(50):31323-31326

Suh MC, Cho HS, Kim YS, Liu JR, Lee HS (1998) Multiple genes encoding serine/threonine
protein phosphatases and their differential expression in Nicotiana tabacum. Plant Mol Biol
36(2):315-322

Sun X, Kang X, Ni M (2012) Hypersensitive to red and blue 1 and its modification by protein
phosphatase 7 are implicated in the control of Arabidopsis stomatal aperture. PLoS Genet
8(5):1002674

Sun BR, Fu CY, Fan ZL, Chen Y, Chen WF, Zhang J et al (2019) Genomic and transcriptomic
analysis reveal molecular basis of salinity tolerance in a novel strong salt-tolerant rice landrace
Changmaogu. Rice 12(1):99

Takemiya A, Kinoshita T, Asanuma M, Shimazaki KI (2006) Protein phosphatase 1 positively
regulates stomatal opening in response to blue light in Vicia faba. Proc Natl Acad Sci
103(36):13549-13554

Takemiya A, Ariyoshi C, Shimazaki KI (2009) Identification and functional characteriza-
tion of inhibitor-3, a regulatory subunit of protein phosphatase 1 in plants. Plant Physiol
150(1):144-156

Tonks NK, Neel BG (1996) From form to function: signaling by protein tyrosine phosphatases.
Cell 87(3):365-368

Trotta A, Wrzaczek M, Scharte J, Tikkanen M, Konert G, Rahikainen M et al (2011) Regulatory
subunit B” y of protein phosphatase 2A prevents unnecessary defense reactions under low light
in Arabidopsis. Plant Physiol 156(3):1464—1480

Uhrig RG, Labandera AM, Moorhead GB (2013) Arabidopsis PPP family of serine/threonine pro-
tein phosphatases: many targets but few engines. Trends Plant Sci 18(9):505-513

Ulm R, Revenkova E, di Sansebastiano GP, Bechtold N, Paszkowski J (2001) Mitogen-activated
protein kinase phosphatase is required for genotoxic stress relief in Arabidopsis. Genes Dev
15(6):699-709

Ulm R, Ichimura K, Mizoguchi T, Peck SC, Zhu T, Wang X et al (2002) Distinct regulation of
salinity and genotoxic stress responses by Arabidopsis MAP kinase phosphatase 1. EMBO J
21(23):6483-6493

Van Bentem SDLF, Vossen JH, Vermeer JE, de Vroomen MJ, Gadella TW, Haring MA, Cornelissen
BJ (2003) The subcellular localization of plant protein phosphatase 5 isoforms is determined
by alternative splicing. Plant Physiol 133(2):702-712

Walton KM, Dixon JE (1993) Protein tyrosine phosphatases. Annu Rev Biochem 62(1):101-120

Wang Y, Wu WH (2013) Potassium transport and signaling in higher plants. Annu Rev Plant Biol
64:451-476

Wang P, Zhao Y, Li Z, Hsu CC, Liu X, Fu L et al (2018) Reciprocal regulation of the TOR kinase
and ABA receptor balances plant growth and stress response. Mol Cell 69(1):100-112

Xiong L, Zhu JK (2001) Abiotic stress signal transduction in plants: molecular and genetic per-
spectives. Physiol Plant 112(2):152-166

Xu Q, Fu HH, Gupta R, Luan S (1998) Molecular characterization of a tyrosine-specific protein
phosphatase encoded by a stress-responsive gene in Arabidopsis. Plant Cell 10(5):849-857

Xue T, Wang D, Zhang S, Ehlting J, Ni F, Jakab S et al (2008) Genome-wide and expression
analysis of protein phosphatase 2C in rice and Arabidopsis. BMC Genomics 9(1):550

You J, Zong W, Hu H, Li X, Xiao J, Xiong L (2014) A STRESS-RESPONSIVE NACI1-regulated
protein phosphatase gene rice protein phosphatasel8 modulates drought and oxidative stress
tolerance through abscisic acid-independent reactive oxygen species scavenging in rice. Plant
Physiol 166(4):2100-2114

YuL, Golbeck J, Yao J, Rusnak F (1997) Spectroscopic and enzymatic characterization of the active
site dinuclear metal center of calcineurin: implications for a mechanistic role. Biochemistry
36(35):10727-10734



10  Phosphatases: The Critical Regulator of Abiotic Stress Tolerance in Plants 201

Yu RMK, Zhou Y, Xu ZF, Chye ML, Kong RYC (2003) Two genes encoding protein phosphatase
2A catalytic subunits are differentially expressed in rice. Plant Mol Biol 51:295-311

Yu RMK, Wong MML, Jack RW, Kong RYC (2005) Structure, evolution and expression of a sec-
ond subfamily of protein phosphatase 2A catalytic subunit genes in the rice plant (Oryza sativa
L.). Planta 222(5):757-768

Zhang J, Li X, He Z, Zhao X, Wang Q, Zhou B et al (2013) Molecular character of a phos-
phatase 2C (PP2C) gene relation to stress tolerance in Arabidopsis thaliana. Mol Biol Rep
40(3):2633-2644

Zhang T, Chen S, Harmon AC (2014) Protein phosphorylation in stomatal movement. Plant Signal
Behav 9(11):e972845

Zhu J-K (2016) Abiotic stress signaling and responses in plants. Cell 167(2):313-324

Zimmerlin A, Jupe SC, Bolwell GP (1995) Molecular cloning of the cDNA encoding a
stress-inducible protein phosphatase 1 (PP1) catalytic subunit from French bean (Phaseolus
vulgaris L.). Plant Mol Biol 28(3):363-368



Chapter 11 )
Role of Protein Phosphatases in Signaling,
Potassium Transport, and Abiotic Stress
Responses

Check for
updates

Sibaji K. Sanyal, G. Rajasheker, P. B. Kavi Kishor, S. Anil Kumar,
P. Hima Kumari, K. V. Saritha, P. Rathnagiri, and Girdhar K. Pandey

11.1 Introduction

Plants experience different types of biotic and abiotic stresses and nutrient defi-
ciency during their life cycle. In a given environment, multiple stress factors are
exerting their effect on plant growth and development simultaneously. Enhancing
crop resilience in response to these abiotic stresses or mineral deprivation is a chal-
lenge in the endeavor to improve crop productivity (Mittler and Blumwald 2010).
Abiotic stresses, in general, hamper plant growth and productivity by affecting sev-
eral physiological, biochemical, and molecular responses (Zhu 2016). The role of
potassium (K*) during plant stress tolerance especially salt and drought as well as in
plant growth and development is well known. In comparison, it has been reported
that K* retains the photosynthetic electron transport activity by decreasing the activ-
ity of nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (Waraich
et al. 2012). This phenomenon, in turn, decreases the production of ROS under
stress conditions. On the other hand, deficiencies in K* can reduce the dark CO,
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fixation and productivity (Waraich et al. 2012). K* reduces the effects of drought,
cold, and high light intensities (Waraich et al. 2012). Its accumulation is triggered
under a combination of stresses like drought and high temperature (Halford 2009).
K* homeostasis in the cytoplasm and the ability of plant tissues to retain K* under
stress conditions is an important mechanism of salinity stress tolerance (Shabala
et al. 2016). A clear positive correlation between tissue retention of K* and salt
stress tolerance was noticed in cotton, pepper, and other crops (Shabala and Cuin
2008). Further, it appears that the differential K* retention ability imparts diverse
salinity stress tolerance between halophytes and glycophytes (Assaha et al. 2017).
Thus, K* appears to play crucial roles during abiotic stress tolerance. It is not clear
how K* transporters are regulated by the phytohormonal network, reactive oxygen
species (ROS) signaling, and other factors especially under K*-deficient or high
salt/drought stress conditions. Fifty-six K* transporters have been identified in
higher plants like Pyrus bretschneideri, Fragaria vesca, Vitis vinifera, and wheat
(Cheng et al. 2018; Li et al. 2018), but only few of them (e.g., Arabidopsis K* trans-
porter 1 (AKT1), high-affinity K* transporter 5 (HAKS), K* channel in Arabidopsis
thaliana (KAT), gated outwardly rectifying K* channel (GORK), K* efflux anti-
porter (KEA), tandem-pore K* channel (TPK/KCO)) have been characterized func-
tionally under K* nutrition/transport (Dreyer and Uozumi 2011; Hedrich 2012;
Ragel et al. 2019). These transporters play crucial roles in K* deprivation conditions
and help the plants to survive under harsh environments.

Kinases and protein phosphatases (PPs) are the two enzymes involved in protein
phosphorylation and dephosphorylation, respectively (Luan 2003). PP is an enzyme,
which removes the phosphate group from the phosphorylated amino acid residue by
counteracting the action of the protein kinases and provides modulation and revers-
ibility of the phosphoregulatory mechanism (Luan 2003). In plant and animal, phos-
phorylation occurs on nine different amino acids, but the most common are Ser, Thr,
and Tyr (Moorhead et al. 2009). Phosphorylation of His has been reported in fungi
(Ota and Varshavsky 1993) and higher plant (Chang et al. 1993; Nongpiur et al.
2012). PPs occur in chloroplast, cytosol, mitochondria, and nuclei (MacKintosh
etal. 1991; Huber et al. 1994). Based on the function, sequence, and structure, plant
and animal PPs are evolutionarily conserved and are classified into four groups: (1)
the phosphoprotein phosphatases (PPP), (2) the Mg?*/Mn?**-dependent enzymes
(PP2C/PPM), (3) the protein tyrosine phosphatases (PTP), and (4) the Asp-based
enzymes (Uhrig et al. 2013b). The PPPs are responsible for ~80-90% protein
dephosphorylation in animal. In a plant cell, the PP2C/PPMs have a higher number
of PP2Cs (compared to animal), and in the plant, the above ratio (of PPPs perform-
ing 80-90% dephosphorylation) may be altered (Uhrig et al. 2013a). Many studies
point out that protein phosphatases participate in signaling cascades including
abscisic acid (ABA) (Luan 1998), auxin (Xu and Zhang 2015), brassinosteroid
(Tang et al. 2011), and biotic stress responses (Durian et al. 2016). Phosphatases
play an important role in plant growth and development (Luan 2002) and are also
involved in the regulation of mineral deprivation conditions (Pandey et al. 2014).
This chapter summarizes some of the recent advances made on the regulation and
functional aspects of phosphatases and their role in K* homeostasis under low K*
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availability and abiotic stress. Elucidation of such a mechanism(s) would help in
designing crop plants that can cope with high salinity stress conditions and yet pro-
duce better yields.

11.2 Protein Phosphatases (PPs): Their Classes
and Structure

Post-transcriptional regulation of proteins by reversible activities of kinases (phos-
phorylation) and phosphatases (dephosphorylation) is an important aspect in the life
cycle of a plant and involves in diverse functions such as metabolism, ion transport,
developmental control, and stress responses (Luan 2003). Attachment of a phos-
phate group to a protein regulates the enzyme activities by the initiation of allosteric
conformational changes. Such an attachment blocks the access to the active site of
an enzyme (Johnson et al. 1993; Johnson and O’Reilly 1996) and also the interac-
tion among protein partners for proper functioning at the destination sites (Pawson
1995). Therefore, it is interesting to study the key roles being played by both phos-
phatases and kinases during plant development. Both diversity and functions of
plant protein phosphatases and kinases have been well recognized.

In the PPP group, the catalytic subunit is the core enzyme and is more specific
for Ser/Thr residues than Tyr (Moorhead et al. 2009). The PPP can be divided into
seven members, protein phosphatase PP1, PP2A, PP2B (aka PP3), PP4, PP5, PP6,
and PP7 (Moorhead et al. 2009). All the four groups are conserved in plants except
PP2B/PP3 (aka calcineurin), which is absent in plants (Singh et al. 2015). Probably
as compensation, plants have Kelch-repeat domain-containing protein phosphatases
(associated with brassinosteroid signaling) (Mora-Garcia et al. 2004) and
Shewanella-like phosphatases (SLPs) (Andreeva and Kutuzov 2004). These two
also fall under the PPP and are unique to plants although they may also show Tyr
specificity (Uhrig et al. 2013b). The PP2Cs in Arabidopsis and rice are divided into
11 subclades (A-K) and, like PPPs, are Ser/Thr dephosphorylating enzymes (Singh
et al. 2015). The PTPs and Asp-based enzymes can be phosphatases dephosphory-
lating Tyr, Ser/Thr, and both (aka dual-specificity phosphatase) (Uhrig et al. 2013b).
The Like-SEX4-1 and Like-SEX4-2 (LSF1 and LSF2) are the best-characterized
examples of PTP (Silver et al. 2014; Gentry et al. 2016). Both PPP and PPM mem-
bers share similar catalytic mechanisms but differ in many ways (Uhrig and
Moorhead 2011). PPMs are Mg?*/Mn?* dependent, without any associated regula-
tory subunits, and are inhibited by okadaic acid and microcystin (Shi 2009). On the
other hand, members of the PPP family lack accessory domains in their catalytic
subunits but are associated with regulatory subunits (Moorhead et al. 2009).
Members of the PPP family have a catalytic domain of nearly 280 amino acids, and
the sequence is mostly conserved. On the other hand, members of the PP2C family
are similar to animal homologs but diversified (Luan 2003). Though the primary
sequence of PP2C and other members of PPM family do not share homology with
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PPP enzymes, the structural folds are mostly similar (Das et al. 1996). The
N-terminal catalytic region forms a central -sandwich that binds to Mn?** sur-
rounded by a-helices, and the C-terminal region is an antiparallel helix structure
attached to the catalytic domain (Das et al. 1996). In Arabidopsis PPP and PPM
families comprise 102 of the nearly 150 protein phosphatases, while there are only
31 members (PPP and PPM proteins) out of 148 protein phosphatases in humans
(Kerk et al. 2008; Uhrig and Moorhead 2011). In Arabidopsis, 80 PP2C members
have been annotated so far (Xue et al. 2008; Singh et al. 2015). Identification of
such a large number of PP2C members indicates that they may have diverse func-
tions to perform during the growth and development of a plant.

The PTPs and Asp-based enzymes are both Tyr phosphatases, the difference
between them arising from the residue (Cys in case of PTP and Asp in the latter
case) that mediates dephosphorylation (Hobiger and Friedrich 2015). PTPs can be
divided into three classes (I to III). The Class I comprises classical and dual-
specificity phosphatases (DSPs). The classical PTPs show specificity toward Tyr,
but the DSPs toward both Ser/Thr and Tyr. The DSPs can also choose non-protein
substrates (mMRNA, phosphoinositol, myotubularins, inositol-4-phosphatases, and
carbohydrate). The Class II phosphatases often work at low pH values (<6) and
hence are also called acid phosphatases. These are smaller than Class I substrates
(and hence also termed as low molecular weight phosphatases) and are also Tyr
specific. The Class III phosphatases are involved in cell division and are also known
as cell division control (CDC) phosphatases. Some of the members of the CDC can
target Thr as well as Tyr (Hobiger and Friedrich 2015). Plants lack typical Tyr
kinase and consequently typical classical PTPs. Class II and Class III PTPs are
absent in plants (Moorhead et al. 2009; Hobiger and Friedrich 2015). The Asp-
based enzymes consist of the FCP/SCP, eyes absent phosphatases and haloacid
dehalogenase (HAD) family enzymes (Moorhead et al. 2009; Shankar et al. 2015).
The PTPs and DSPs share a common catalytic domain of around 250 amino acids.
At the N-terminal extremity of the catalytic domain has a conserved Lys residue for
ATP binding. The catalytic signature of the PTP family is CXsR and the Asp-based
enzyme is DXDXT/V (D is Asp) (Moorhead et al. 2009; Shankar et al. 2015). The
24 members of PTP identified in Arabidopsis are one Tyr-specific PTP, 22 DSPs,
and a low molecular weight PTP (probably a homolog of Class II PTPs) (Shankar
etal. 2015). Rice genome sequence revealed 23 DSPs, one PTP, and one low molec-
ular weight PTP (Shankar et al. 2015). Till date, no Asp-based phosphatase has been
identified in plants. All information on the classification of phosphatases has been
summarized in Fig. 11.1.
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Fig. 11.1 Classification of protein phosphatases. The classification of protein phosphatases pres-
ent in animal and plant is presented. The PPP and the PP2C/PPM group are the Ser/Thr phospha-
tases. Except for PP2B/PP3, all others are present in the plant. The plant additionally has some
more phosphatases of this class. The PTP- and ASP-based enzymes are the Tyr phosphatases. Till
date, more DSPs have been identified in the plant, which serves as the plant PTPs

11.3 The CBL-CIPK Family, Plants Modified Version
of PP2B Family Phosphatases

As mentioned in the previous paragraphs, the PP2B family members are absent in
plants. But animals have calcineurin, which consists of two subunits, i.e., CNA
(PP2B phosphatase) and CNB (Ca?* sensor), which is one of the important signaling
molecules involved in Ca?*-mediated signal transduction in animal and fungi.
Search for a similar molecule in plant led to the identification of calcineurin B-like
proteins (CBLs), a reminiscent of CNB (Luan 2009). CBL interacts and targets a
specific group of kinases called CBL-interacting protein kinases (CIPKs) and medi-
ates the Ca’* signaling in plants (Sanyal et al. 2015). Studies on the CBL-CIPK
module have led to the identification of multiple CBLs and CIPKs in diverse plant
systems. A total of ten CBLs and CIPKs (26 and 33) have been identified in
Arabidopsis and rice, respectively (Kolukisaoglu et al. 2004; Kanwar et al. 2014).
Over the years, the CBL-CIPK module has been identified in several plant species
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(Pandey et al. 2014). But lower plants like Selaginella and charophytes have lesser
number of CBLs and CIPKs (Weinl and Kudla 2009; Kleist et al. 2014).

The CBL proteins contain calcium-binding four EF-hand (helix-loop-helix)
domains (Sanyal et al. 2015). The N-terminal sequence of CBL protein contains the
typical signal sequence that leads to the subcellular localization of a CBL and its
interacting CIPK. Majorly, the myristoylation and acetylation sites (type I), the
tonoplast targeting sequence (type II), and the transmembrane helix (type III) are
present in the CBLs (Kleist et al. 2014). There is also a C-terminal phosphorylation
motif present, phosphorylated by an interacting CIPK to enhance the activity of the
module (Sanyal et al. 2016). On the other hand, CIPKs contain an N-terminal cata-
lytic and C-terminal regulatory domains [having the NAF (CBL binding) and PPI
(protein phosphatase binding domain)] (Sanyal et al. 2015). Similar to the SNF1
protein kinase, the CIPKs are Ser/Thr kinases with ATP binding site and a catalytic
domain with an activation loop (Sanyal et al. 2015). CBLs are the Ca*" sensors that
bind to Ca* and change their conformation thus allowing CIPKs to bind to them
through NAF domain. This binding relieves the autoinhibition of CIPK making the
kinase active and ready to phosphorylate the targets (Sanyal et al. 2015). It has also
been reported that CBL can interact with other proteins (than CIPK) indicating that
the sensor module might also act independently (Sanyal et al. 2015).

11.4 Phosphatases and Signal Transduction

In eukaryotes, PP regulates all signaling pathways at different levels such as regula-
tion of gene expression and phosphoregulation of a substrate(s). Here, we discuss
the role of phosphatases in some well-known signal transduction pathways.

11.4.1 Phosphatases and Abscisic Acid (ABA) Signaling

PPs have an elaborate role in ABA signaling. ABA is a key plant hormone involved
in abiotic stress, signal transduction, as well as during development (Zhu 2016).
Accumulation of ABA under varied environmental stress conditions is common. It’s
signaling modulates many responses to the stress conditions. ABA regulates several
of the downstream genes associated with stress (Verslues and Zhu 2005). Five com-
ponents such as ABA receptors, positive regulators, negative regulators, ABA-
responsive genes, and ABA-responsive transcription factors are associated with its
signaling (Yang et al. 2017). Members of ABA receptors like pyrabactin resistance
1 (PYR)/PYRI-like (PYLs)/regulatory components of ABA receptors (RCAR),
type 2C protein phosphatases (negative regulators), SnRK?2 protein kinases (posi-
tive regulators), transcription factors, and ion channels play pivotal roles in ABA
signaling (Wang et al. 2013). Dephosphorylation by PP2Cs and phosphorylation by
SnRK2s are essential components in ABA signaling events (Fujii et al. 2009). The
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interaction of PYL and ABA is vital for the PP2C activity and downstream compo-
nents like sucrose non-fermenting 1 related kinase group 2 (SnRK2s) to be phos-
phorylated (Fujii et al. 2009). Under normal condition, PP2Cs bind to SnRKSs and
keep them dephosphorylated. Stress-induced ABA binds to PYR/PYL,; it interacts
with PP2Cs repressing the phosphatase activity. Thus, the inhibition of SnRK2s is
relieved by the above complex components (Fujii et al. 2009). SnRK2s are then
autophosphorylated, and activated SnRKs phosphorylate the downstream targets
like transcription factors and other targets (Wang et al. 2013). Such phosphoryla-
tions of SnRK2s bring about ABA-associated responses including stomatal closure
(Wang et al. 2013). Both protein phosphorylation and redox modification play key
roles in stomatal regulations.

Out of nine clade A protein phosphatase 2Cs in A. thaliana, functions are known
for six of them [ABA Insensitivel (ABI1), ABI2, ABA Hypersensitive Germination|
(AHG1), AHG3/AtPP2CA, Hypersensitive to ABA1 (HAB1), and HAB2] as nega-
tive regulators of ABA signaling (Sheen 1998; Yoshida et al. 2006; Nishimura et al.
2007; Xue et al. 2008). It has been demonstrated that PP2Cs have overlapping and
redundant functions in ABA signaling (Rubio et al. 2009). It has been shown that
ABA receptors such as ABI1, ABI2, HAB1, and AHGS3 interact with RCAR/PYR/
PYL (Singh et al. 2015).

11.4.2 Protein Phosphatases in Defense Signaling
and the Regulation of Primary and Secondary
Metabolism and the Regulation of Mitogen-Activated
Protein Kinases (MAPKs)

It is vital to understand how pathogen infection produces signals that can succor the
plants to prepare for combat mechanisms. We also need to find out how plants
deploy converging signaling pathways to decipher stimuli generated at the mem-
brane (in response to pathogen attack) and get it translated into varied physiological
and biochemical changes to bring about disease resistance in the plants in addition
to other stresses. Dephosphorylation of proteins is slowly becoming prominent as
an important regulatory mechanism. Activities of both protein kinases and phospha-
tases appear to be involved in such combat mechanisms. Receptor-like kinases
(RLKSs) or proteins (RLPs) sense the presence of pathogen-associated molecular
patterns (PAMPs) and elicit the downstream response in plants (Gomez-Gomez and
Boller 2000; Gust and Felix 2014; Prince et al. 2014). PP2A is a crucial component
and performs many functions like the regulation of signaling (receptor and organel-
lar), metabolic pathways, and gene expression during such biotic stresses or plant
immunity (Durian et al. 2016). PP2A is a trimeric protein with catalytic subunit C,
scaffold subunit A, and regulatory subunit B (Trotta et al. 2011). Subunit B is gener-
ally referred to as “specificity unit” since it determines the target specificity of PP2A
enzyme (Rahikainen et al. 2016). They are highly conserved both in animal and
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plant and modulate stress signaling (Rahikainen et al. 2016). It appears that differ-
ent subunits of PP2A conciliate posttranslational regulation of metabolic enzymes
besides signaling events (Durian et al. 2016). It has also been noticed that transcript
levels of some of the catalytic subunits of PP2A like PP2A-C; and PP2A-C, enhance
in response to plant pathogen attack (Durian et al. 2016). Similarly, transcript levels
of subunits of PP2A-B (regulatory subunit) like B’C, B'n, and B’O are also upregu-
lated under biotic stress conditions (Durian et al. 2016). This infers that both the
catalytic and regulatory subunits are involved in perceiving biotic cues. The infor-
mation accumulated till date reveals that PP2A is functionally controlled at multiple
levels perhaps to safeguard specificity in cellular signaling cascades with different
heterotrimeric compositions (Bheri and Pandey 2019a, b).

PP2A also acts as a modulator of cell death (Durian et al. 2016). PP2A is nega-
tively regulated by bacterial type III effectors (AvrEs) (Durian et al. 2016). They
bind to PP2A and inhibit molecular pattern-triggered immunity (Degrave et al.
2015). Further, it has been reported that a mutant deficient in B’0 of PP2A exhibits
resistance to pathogens (Kataya et al. 2015a). The B’ subunit of PP2A co-localizes
with PP2A-C2, PP2A-CS5, and PP2A-A2 subunits in peroxisomes and influences
[-oxidation of fatty acids (Kataya et al. 2015b). Overall it is inferred that PP2A is
involved in complex and tightly interconnected molecular events in plant biotic
stress such as perception, signaling, and response (Durian et al. 2016). The appear-
ance of several primary metabolites like carbohydrates and amino acids is central to
the plant immunity (Bolton 2009). In an interesting discovery, it was found that
PP2A-B’y subunit regulates the phosphorylation level of the cytosolic ACONITASE
3 (Konert et al. 2015). Metabolic reprogramming in plants appears partially medi-
ated by PAMP-induced genes involved in the biosynthesis of carbohydrates, amino
acids, lignins, flavonols, and phytoalexins (Truman et al. 2007). PP2A is also
involved in the control of metabolic responses (Durian et al. 2016). Several proteins
like MPK3 and MPKG6 are constitutively active and trigger secondary metabolic
activities and biosynthesis of camalexin and agmantine derivatives (both are
defense-related metabolites) (Lassowskat et al. 2014). PP2A also appears to nega-
tively regulate ethylene biosynthesis under such stress conditions (Durian et al.
2016). Overall PP2A is well connected with primary and secondary metabolic path-
ways, metabolic adjustments, and cellular signaling cascades indicating that PPs are
key central components in plant immunity.

A chloroplast-localized DSP has been discovered which contains an ancient
carbohydrate-binding domain and binds the starch (Kerk et al. 2006). The data sug-
gest that DSPs in plant systems could be part of a protein assemblage at the starch
granule. Thus, some DSPs bind to starch and modulate starch metabolism through
reversible phosphorylations (Shankar et al. 2015). Dual-specificity plant tyrosine-
specific phosphatases (PTPases) can modulate the mitogen-activated protein kinases
(MAPK) (He et al. 2012). The Arabidopsis dual-specificity PTPase (AtDsPTpl) can
inactivate MAPK by dephosphorylation (Gupta et al. 1998).
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11.4.3 Role of Auxin and Brassinosteroid and Protein
Phosphatases

Both auxin and brassinosteroid are two important phytohormones implicated in
plant growth and development. They act synergistically to usher in multiple physi-
ological and biochemical changes like hypocotyl elongation, vascular bundle and
root development, and abiotic stress tolerance (Tian et al. 2017). They share the
same target genes and regulate multiple processes on multiple levels. Auxin percep-
tion and degradation of AUX/IAA proteins and consequent release of auxin response
factors (ARFs) in higher plants mediate auxin response (Tian et al. 2017). The
PP2A protein is vital for the maintenance of auxin transport streams and hence plant
growth and responses to salt stress (Han et al. 2017). Further, PP2A can bind to
phosphatidic acid (a product of phospholipase D) to regulate auxin transport (Gao
et al. 2013). Decreased PP2A activity enhances the level of phosphorylation of
PIN1, PIN2, and PIN4 (Gao et al. 2013). The phosphatases thus play a major role in
plant signaling by cross talking with hormone (ABA, brassinosteroid, auxin) and in
biotic stress pathway.

11.5 Conditions that Necessitate K* Uptake Systems (AKT1,
HAKS, KUP?7) in Plants and K* Deficiency Sensing

Conditions such as low soil K* concentrations and salt and drought stresses can
necessitate K* uptake systems in higher plants. It was reported that plant could sense
the change of external K* levels and initiate many physiological responses
(Schachtman and Shin 2007). The root epidermal cells and root hairs help the plant
systems to absorb soil K* (Aleman et al. 2011). But, what is vital for its transport is
the membrane potential of plant cells that depend mostly on the level of externally
available K* (Cheeseman and Hanson 1979; Maathuis and Sanders 1994). It appears
that plant cells behave similarly to K*-specific electrodes with respect to external K*
concentrations (Wang and Wu 2010). Hyperpolarization of root cell membrane
potential is the first symptom that appears due to K* deficiency in plants (Maathuis
and Sanders 1993), but depolarization occurs if the external K* concentration
increases (Spalding et al. 1999). Uptake of K* is coupled to H* extrusion (Behl and
Raschke 1987). The ATPases also help in K* uptake from the soil by establishing an
electrical gradient and/or proton motive force (Dreyer and Uozumi 2011).
Importantly, the activities of these channels are increased by protons (Fuchs et al.
2005). Thus, low external K*-induced membrane hyperpolarization, coupled with
extracellular acidification, is responsible to absorb K* under conditions of K* depri-
vation/salt stress (Wang and Wu 2010). The K* channels actually responsible for K*
uptake from soil are HAKS (at external K* concentrations below 0.01 mM), HAKS
and AKT1 (at external K* concentrations between 0.01 mM and 0.05 mM), and
AKT1 and other unknown low-affinity K* uptake systems (at further higher K*
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concentration) (Sharma et al. 2013). Thus, the uptake of K* from the soil is carried
out by transport proteins in an organized and well-coordinated fashion (Aleman
etal. 2011). In addition to the AKT1 channel and HAKS transporter proteins, KUP7
(a member of the HAK family) helps in K* uptake in the roots (Han et al. 2016).
KUP7 mediates K* transport into the xylem as well as into shoots (Han et al. 2016).
AKT1, HAKS, and KUP7 are localized to the plasma membrane of the Arabidopsis
roots (Lagarde et al. 1996; Qi et al. 2008; Han et al. 2016). Once K* is absorbed by
peripheral root cells, it is transported into root stelar tissues and then to shoots by
gated outwardly rectifying K* channel (GORK) and stelar K* outward rectifier
(SKOR) (Han et al. 2016). While GORK regulates K* efflux from roots (Ivashikina
et al. 2001), SKOR is expressed in stelar tissues and releases K* into xylem sap
(Gaymard et al. 1998).

AKT1 is a member of the plant shaker family of voltage-gated K* channels. In
Arabidopsis, the family has nine members divided into four subfamilies depending
on their response to the membrane voltage (Lebaudy et al. 2007; Dreyer and Blatt
2009). Five members (including AKT1, AKT5, AKT6/SPIK, KAT1, and KAT?2)
get activated upon membrane hyperpolarization and are closed when the driving
force for K* is outwardly directed (and elicit only inward K* currents (K;,))
(Lebaudy et al. 2007). GORK and SKOR get activated upon membrane depolar-
ization and function opposite to K, (i.e., they are closed when the driving force for
K" is inwardly directed and elicit only outward K* currents (K,,,)) (Lebaudy et al.
2007; Sharma et al. 2013). Both of them regulate the release of K* (leakage path-
ways) from the cells (Demidchik et al. 2014). It was demonstrated that SKOR-
encoded channels catalyze the K* leakage from stelar cells of roots into the xylem
(Gaymard et al. 1998). They are activated at voltages more positive than resting
potential (Demidchik et al. 2014). The GORK-encoded channels are expressed in
the root atrichoblasts and trichoblasts (epidermal cells) and guard cells (Demidchik
et al. 2014). GORK has the functions of ABA and ethylene-controlled K* efflux
(Demidchik et al. 2014). Once K* is released through GORK, stomata are closed,
which is regulated by Ca** and phytohormones (Demidchik et al. 2014). AKT2
exhibits weak voltage dependence and can mediate both, K* efflux and K* influx
(Kyea) (Dreyer and Uozumi 2011; Sharma et al. 2013). The KC1 (aka KAT3) can
modify the property of some K;, channels and is classified in K., category
(Dreyer and Uozumi 2011). However, K, channels are not regulated by the KAT3
protein (Ragel et al. 2019). But the interaction of KAT3 with K;, channels is impor-
tant for negative regulation of the K;, channels (Ragel et al. 2019). Also, heterom-
erization of different subunits of K;, channels plays a crucial role in the functional
diversity (Ragel et al. 2019). The initial identification of the HAK family of trans-
porters in different systems by different groups led to the HAK, KUP, or KT
nomenclature, but presently they are recognized as one group K7/HAK/KUP
(Grabov 2007). The phylogenetic tree prepared for the plant KT7/HAK/KUP trans-
porters revealed that it contains four clades (Rubio et al. 2009). All plants have
transporters homologous to members of clades I or clades II (Grabov 2007). Clade
III members are majorly found in Arabidopsis and rice (Grabov 2007). The small-
est is cluster I'V, comprising only four rice genes (Grabov 2007). Recent work has
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increased this classification to six clusters, with the sixth cluster only present in
bryophytes (Nieves-Cordones et al. 2016; Santa-Maria et al. 2018). The current
information states that the family has members in Arabidopsis, peach, grapevine,
Medicago, Cassava, rice, maize, Brachypodium, and Panicum (Ragel et al. 2019).
Important members from Arabidopsis fall in clade Ia (HAKS), clade Ila (KUP3,
KUP4/TRH1), clade IIb (KUP1), clade Ilc (KUP2, KUP6, KUP8), clade III
(KUP9, KUP10, KUP11, KUP12), and clade V (KUP7) (Nieves-Cordones et al.
2016; Ragel et al. 2019). In general terms, transporters involved in root high-affin-
ity K* uptake fall into clade Ia, and transporters associated with developmental
processes, especially those which demand turgor-driven cell expansion, fall into
clade II (in Arabidopsis only) (Nieves-Cordones et al. 2016). However, some
members of the clade I show different functions. For example, the CgHAKS5-like
transporters from quinoa are involved in K* influx into the cells of the leaf salt
bladders to contribute to the osmotic balance of the cytosol (Bohm et al. 2018).
The other clade members have not been characterized sufficiently to affix a gen-
eral function with these clades.

11.5.1 Plant Non-voltage-Gated K* Channels (TPK /KCO)
and KEA K* Transporters

Other than the voltage-gated class, plants also possess the non-voltage-gated class
of K* transporters. In Arabidopsis, five tandem-pore channels (TPK1-TPKS) (aka
KCO) have been reported along with a sixth duplicated (and partially deleted) KCO;
(Dreyer and Uozumi 2011). A functional TPK channel would exist as a dimer and
is more relaxed in their cellular localization (they can be found in the tonoplast, or
other organelle membranes, and the plasma membrane) (Dreyer and Uozumi 2011).
The KEA group of efflux proteins are the final group of K* transporters in plants
having homology to bacterial K*/H* transporters (Grabov 2007). Arabidopsis has
six KEA members in its genome (Tsujii et al. 2019). KEAs belong to the monova-
lent cation/proton antiporter (CPA) superfamily. The CPA family consists of two
subfamilies, CPA1 (Na*-H* exchangers (NHX) are members) and CPA2 (KEA are
members) (Tsujii et al. 2019). The KEAs themselves can be divided into two clades,
KEAI (having KEA1-KEA3 as members) and KEAII (having KEA4-KEAG6 as
members). The KEAI group can be further divided into two groups, KEA-Ia (with
KEA1 and KEA2) having a longer N-terminal sequence and KEA-Ib (with KEA3)
(Tsujii et al. 2019). KEAI members possess a putative chloroplast transit peptide in
their N-terminal regions. KEA1 and KEA?2 are localized in the inner envelope of the
chloroplast, and that KEA3 is present in the thylakoid membrane (Tsujii et al.
2019). The role of KEA proteins has been implicated in photosynthetic regulation,
chloroplast development, and stress tolerance (Tsujii et al. 2019). Using a bacterial
system, it has been demonstrated that the Arabidopsis KEAs show K* transport
activity (Tsujii et al. 2019).
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11.5.2 K* Deprivation and Calcium Signaling

Other intracellular events help in the activation of the K* channels once low K* is
sensed by the plant. The decrease in external K* concentration elevates cytoplasmic
Ca?* in root cells, which is mediated by hyperpolarization and ROS-activated Ca?*
channels (Shin et al. 2005; Demidchik and Maathuis 2007). These Ca?* signatures
generated in the cytoplasm due to K* concentration are decoded by members of
several Ca?* sensors such as CDPKs and CBL-CIPK module (Wang and Wu 2017).
Further, it has been observed that K* deficiency causes the accumulation of ROS
and activation of low K*-responsive genes like HAKS (Wang and Wu 2010). So in
the following sections, we discuss our current understanding of the K* sensing
mechanism of plants and the role of phosphatases in it.

11.5.3 Regulation of Arabidopsis K* Transporter 1 (AKTI) K*
Selective Channel

As already mentioned, several of the Shaker-like K* channels function in K* nutri-
tion in plants (Very and Sentenac 2003). AKT1 was the first K* transporter identi-
fied in plants (Hirsch et al. 1998). As already mentioned, AKT1 majorly contributes
to K* uptake along with HAKS in plants. Therefore, AKT1 is one of the main targets
of the regulatory network in higher plants. The search for this regulatory network
resulted in the identification of the CBL-CIPK module that could modulate AKT1
activity (Li et al. 2006; Xu et al. 2006). CIPK23 phosphorylates AKT1 and increases
the uptake of K* under conditions of low-K* stress (Li et al. 2006; Xu et al. 2006).
On further probing, they identified that CBL1 and CBL9 are necessary to activate
AKT1 and also act as the upstream regulators of CIPK23 (Li et al. 2006; Xu et al.
2006). On sensing the Ca** signature generated due to low K*, the CBLs bind to
Ca?* and get activated (Behera et al. 2017). They then bind to the CIPK23 and direct
its localization to the plasma membrane (where AKT1 is located). Here the module
CBL1/CBL9-CIPK23 phosphorylates AKT1 and activates it (Li et al. 2006; Xu
et al. 2006). This paradigm that the CBL-CIPK module leads to phosphorylation of
AKT1 for its modulation has been conclusively proved in the oocytes of Xenopus
laevis (Lee et al. 2007). However, a regulatory network is not complete until the
antagonist can be identified that can reverse the action of the agonist. So, this search
resulted in the identification of a protein phosphatase2C (AIP1) that binds to the
ankyrin domain of AKT1 and keeps it deactivated by dephosphorylating it (Lee
et al. 2007) (Fig. 11.2). Further investigation on the CBL-CIPK module and the
PP2C for their role in AKT1 regulation has proved that the PP2C can also bind
directly to the CIPK (CIPK®6) (that is already bound to ankyrin domain of AKT1).
The bound PP2C can inhibit AKT1 activation by probably inhibiting the kinase
activity of the CIPK6 (Lan et al. 2011). This is supposed to be another mechanism
that allows the regulation of CIPK kinase activity (besides the CBL binding and
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Fig. 11.2 The role of phosphatases in kinases in plant K* uptake. HAKS transporters are modu-
lated by the CBL1/9-CIPK23 module. The CBL1/9 can take the CIPK23 to the plasma membrane
where it phosphorylates and modulates HAKS for K* uptake. At further higher K* concentrations,
the AKT1 channel is activated. It is under the control of AIP1 and CBL10 (and others) that are its
negative regulators. CIPK23 and KC1 help in modulating AKT1 positively. The CBL4-CIPK6
module helps in targeting of AKT2 channel from endoplasmic reticulum (ER) to plasma mem-
brane. The CBL2/3-CIPK9 module is targeted to vacuole where it can regulate a yet unknown
transporter/channel for K* movement to or from the vacuole. AP2C1 can directly interact with
CIPK9 and can directly inhibit its activity, acting as a dephosphorylation switch

relieving autoinhibition of CIPK) (Lan et al. 2011). Another CBL (one different
from the CBL present in the module) can interact with the PP2C and relieves its
inhibitory effect on CIPK6 (Lan et al. 2011). The entire mechanism points to very
complex control of the AKT1 by the CBL-CIPK module and the PP2Cs (Lan et al.
2011). In the same work, it was also shown that CIPKs could directly interact with
PP2Cs belonging to ABA signaling pathway in addition to the ones involved in K*
signaling pathway (Lan et al. 2011). So this clearly shows that PP2Cs and CIPKs
form major phosphorylation/dephosphorylation pair controlling important physio-
logical processes (Lan et al. 2011).

The importance of CIPK23 and CBLs in the regulation of AKT1 is unambigu-
ous. As already mentioned, there is another very robust mechanism that plants fur-
ther employ to regulate the K* uptake through AKT1. The KCI inhibits the AKT1
channel and is thought to control any leakage of K* from AKT1 (Reintanz et al.
2002; Duby et al. 2008). The effects of KC1 on inward and outward currents of
AKT1 and also the K*-dependent stability of the pore alteration in AKT1-KC1 het-
eromers under varying K* concentrations were reported (Geiger et al. 2009). The
heteromerization of AKT1/KC1 makes the channel highly efficient at blocking K*
permeation in the outward direction (Geiger et al. 2009). The CIPK23 (along with
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CBLs) and KC1 are thought to work synergistically to control plant K* uptake
(Wang et al. 2016). The CBL(1/9)-CIPK23 complex would then activate AKT1 to
take up more K*, and KC1 should lock it preventing K* leakage (Wang et al. 2016).
Exploration for other controllers of AKT1 has shown that there are several post-
translational mechanisms for AKT1 control. One interesting report states that CIPK
and PP2Cs are not required at all for the regulation of AKT1 (Ren et al. 2013).
CBLI10 can directly bind to AKT1 and reduces its activity (Ren et al. 2013). This is
summarized in Fig. 11.2. This activity is interestingly concentration-dependent, but
CIPK-independent (Ren et al. 2013). The CBL(s)-CIPK23-mediated modulation of
AKTT1 is present in orthologous plant species as well. AKT1-like channels from
HvAKT1 (Hordeum vulgare) and VvK1.1 (Vitis vinifera) are activated by CBL1 and
CIPK23 (Boscari et al. 2009; Cuellar et al. 2010). Further, voltage-gated inward K*
channel from grapevine was detected and named as VvK1.2 (Cuellar et al. 2013).

11.5.4 Regulation of Arabidopsis K* Transporter 2 (AKT2) K*
Selective Channels

Interaction of PP2CA with the plasma membrane K* transporters like Arabidopsis
K* transporter 2 (AKT2) and Slowly Activating Anion Channel 1 (SLAC1) has been
reported (Chérel et al. 2002; Lee et al. 2009). The coexpression studies of the AKT2
and AtPP2CA genes were performed in mesophyll cells and observed that AtPP2CA
gene expression levels were overlapping with that of AKT2 and were upregulated by
ABA in root and shoot tissues (Chérel et al. 2002). Dephosphorylation events medi-
ate this protein-protein interaction because the changes in AKT2 activity are inhib-
ited by vanadate (Chérel et al. 2002). Further, it is also suppressed by a point
mutation in the catalytic site of the AfPP2CA protein, resulting in the loss of its
phosphatase activity (Chérel et al. 2002). The Ca?* sensor CBL4 interacts with
CIPK6 and mediates the translocation of AKT2 to the plasma membrane in
Arabidopsis (Held et al. 2011). The Ca** sensor CBL4 interacts with CIPK6 and
forms CBL4-CIPK6 module, which enables translocation of AKT2 K* channel to
the plasma membrane and hence regulates its activity in phosphorylation-
independent manner (Held et al. 2011). This is described in Fig. 11.2.

11.5.5 Role of Other CBL-CIPK Modules in Ion Homeostasis
Pathways

Ca* sensors such as CBL2 and CBL3 are located in the vacuolar membrane (Tang
etal. 2012). Therefore, they can interact with tonoplast-bound H*-ATPase and mod-
ulate intracellular ion homeostasis (Tang et al. 2012). It has been shown that cbl2¢bl3
double mutants are sensitive to several metal ions like Ca*, Cu®**, K*, Zn?*", and
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Mg?*, but not to Na* (Tang et al. 2012). Later, it was demonstrated that CBL2 and
CBL3 function in the sequestration of vacuolar Mg** along with a quartet of CIPKs
(CIPK3/9/23/26) (Tang et al. 2015). Another CBL-CIPK module, CBL3, and CIPK9
are involved in the transport of K* (Liu et al. 2013). CBL2 and CBL3 share 92%
similarity at the level of amino acid sequence (Liu et al. 2013). Accordingly, over-
expression of CBL2 and CBL3 displayed phenotypes that are sensitive to low K*
conditions (Liu et al. 2013). Therefore, it is inferred that CBL2 and CBL3 are paral-
ogous gene pair that mostly have similar physiological functions. The role of
CIPK23 has already been discussed in K* homeostasis. Besides K*, CIPK23 also
plays a role in nitrate and iron homeostasis (Ho et al. 2009; Dubeaux et al. 2018).
Two other CBL-CIPK modules involved in Na* homeostasis are CBL4-CIPK24
(SOS pathway members) and CBL10-CIPK?24 (Kim et al. 2007; Zhu 2016). Further,
it has been shown that CBL10 functions in the shoots and increases the tonoplast-
bound Na*/H* exchanger (NHX) activity by interacting with CIPK24 protein and
brings about ion homeostasis to impart salt stress tolerance (Kim et al. 2007).

11.5.6 The GORK and SKOR Channels in Kt Homeostasis
and Other Functions in Plant Cell

It is not only the uptake of K* that is pivotal, but also its internal distribution equally
within the plant and its homeostasis under abiotic stress conditions. The gating of
GORK depends on the extracellular concentrations of K*, and GORK can sense the
changes in K* levels and enable the roots to react accordingly (Sharma et al. 2013).
The transport of K* from roots to the leaf is vital and takes place via the xylem tis-
sues (Gaymard et al. 1998). The SKOR channel has been found to express strongly
in root tissues like pericycle and the xylem parenchyma (Gaymard et al. 1998).
SKOR can be modulated by external K* concentrations which increases the voltage
required by the channel to open to a higher threshold (Johansson et al. 2006). This
is achieved by a complex interplay between the pore region of SKOR and last trans-
membrane domains of the channel responsible for opening and closing (Johansson
et al. 2006). At high external K* concentration, the pore region strongly interacts
with the last transmembrane domain of the channel and keeps the channel in a
closed state (Johansson et al. 2006). At low external K* concentration, the pore
region has fewer K*, and as a result, the pore region of SKOR does not interact with
the transmembrane domain (Johansson et al. 2006). This brings down the channel
opening voltages at a lower threshold. Following the molecular rearrangement dur-
ing low-sK* state, the transmembrane domain arranges itself in such a way that a K*
outward current is allowed so that the SKOR can now allow K* to the stellar apo-
plast for K* transport within the cell (Johansson et al. 2006; Sharma et al. 2013).

It has been shown that the expression of SKOR is negatively regulated by ABA
(Gaymard et al. 1998). Further, acidification (pH) also inhibits the SKOR currents,
thus preventing the loss of K* from roots to shoots (Lacombe et al. 2000). Since
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reactive oxygen species (ROS) (of which H,0, is a part) acts as a signal and impacts
plant growth and development under abiotic stress conditions (Gapper and Dolan
2006), exogenous application of H,O, leads in the enhancement of SKOR outward
currents (Garcia-Mata et al. 2010). Thus, K* uptake and its redistribution/partition-
ing within the root and shoot systems appear to be part of the complex stress
response preeminently played by the ROS. Investigations have shown that the regu-
lation of the GORK channel, which mediates K* efflux, is carried out by PP2CA in
A. thaliana (Lefoulon et al. 2016). It has also been recently shown that Ca*-
dependent protein kinase 21 (CPK21) activates the GORK channel (van Kleeff et al.
2018). So like the AKT1-PP2C and CBL-CIPK functioning, we can imagine a simi-
lar fine-tuning of GORK activity by the kinase-phosphatase pair.

11.5.7 The Regulation of AtHAKS

Since the availability of soil K* varies, plants utilize multiple transporters and mech-
anisms for acquiring it (Maathuis 2009). Members of the family KT/HAK/KUP are
ubiquitous, distributed in different subcellular compartments with variable numbers
and involved in high-affinity K* uptake from the soil across membranes and K* sup-
ply, besides K* translocation, control of water movement at the plant level, and salt
and drought tolerance also (Li et al. 2018; Santa-Maria et al. 2018). As already men-
tioned, members of the clade Ia of KT/HAK/KUP transporters are associated with
K* uptake from the soil (e.g., AtHAKS, OsHAKI1, and OsHAKS) (Ragel et al.
2019). The HAKS (and other HAK-like transporters) is generally upregulated under
K* deprivation and downregulated when K* is resupplied (Ragel et al. 2019). It is
generally accepted that under any stress conditions that affect K* acquisition (includ-
ing salinity), high-affinity K* uptake systems should be transcriptionally (or post-
translationally) activated to maintain the K* supply and K*/Na* homeostasis (Ragel
et al. 2019). It must also be mentioned that most of clade II to V members of KT/
HAK/KUP do not exhibit transcriptional regulation in response to K* deficiency
(Ragel et al. 2019).

As HAKS is the most investigated protein of the KT/HAK/KUP class, we focus
more on it to understand the regulation of this class. Both K* deficiency and salt
stress regulate HAKS in Arabidopsis and tomato and are associated with hyperpolar-
ization of the plasma membrane of root cells (Nieves-Cordones et al. 2008; Rubio
et al. 2014). Roots deprived of K* induce the expression of ethylene (biosynthesis
and signaling) and ROS metabolism genes promoting higher levels of ethylene and
the increase in hydrogen peroxide (H,O,) (Ragel et al. 2019). Both, as a result,
enhance transcription of HAK5 (Ragel et al. 2019). Salt stress also results in modi-
fications of AtfHAKS expression or the low-K* response. As only high salt stress
induces ArfHAK)S expression, it may be inferred that plants may recognize high Na*
levels as K* under K* deprivation (Ragel et al. 2019). It appears that the expression
of HAKS gene is also dependent on several other factors like the hormones like
auxin, cytokinin, jasmonic acid, ABA (K* deficiency also induces ethylene
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biosynthesis), and many transcription factors in plants (Ragel et al. 2019). Taking a
cue from the above findings, if we look into the transcription factors (TFs) that have
been identified in HAKS, we find that HAKS is under a strict regulation depending
on the availability of external K*. Under normal condition (external K* sufficient),
ARF?2 (Auxin Response Factor 2) binds to the auxin-responsive elements (AuxREs)
within the AtHAKS5 promoter and represses transcription, so that the K* uptake is
only through channels and not through more energy requiring HAKS (which is a
symport system) (Zhao et al. 2016). Under low external K* condition, ARF2 is
phosphorylated by a kinase (yet unknown) and loses DNA binding activity and is
removed from the AtHAKS promoter, which relieves the repression on AtHAKS
transcription (Zhao et al. 2016; Ragel et al. 2019). Now another set of TFs (includ-
ing RAP2.11, DDF2, JLO, bHLH121, and TFII_A) binds to the promoter of HAKS
to initiate its transcription (Kim et al. 2012; Hong et al. 2013). The RAP2.11 binds
to the ethylene-responsive element (ERE) and the GCC-box of the AtHAKS pro-
moter (Kim et al. 2012). The information on the binding sites of others is still
unavailable (Ragel et al. 2019).

Moving from transcriptional regulation of HAKS to posttranslational regulation,
it has been reported that the CBL1/9-CIPK23 module can also regulate the HAKS
protein (through phosphorylation) (Ragel et al. 2015; Scherzer et al. 2015; Bohm
et al. 2018). The phosphorylation of the cytosolic N-terminal of HAKS by CBL-
CIPK23 complex is similar to the AKT1 activation by the same module (Li et al.
2006; Xu et al. 2006). The regulation could also be like CBL4-CIPK6 and AKT2,
i.e., the CBL-CIPK23 module could traffic HAKS to the plasma membrane (as
under K* starvation HAKS enriches in the plasma membrane) (Qi et al. 2008; Ragel
et al. 2019). HAKS can also be regulated by raf-like integrin-linked kinasel (ILK1)
(probably undergoing phosphorylation). The calmodulin-like protein 9 (CML9) and
ILKT1 are together required for regulation of HAKS (Brauer et al. 2016). However,
it is unknown at this point of time if this happens in coordination with CBL1/9-
CIPK23 pathway or independent of it. The direct phosphatase modulator of HAKS
is yet to be identified. ABI2 has been identified as direct interactors of CBLI and
CIPK23 (although during nitrate sensing) (Leran et al. 2015). The same phospha-
tase may modulate the HAKS activity by controlling the CBL1 and CIPK23.

11.5.8 K* Uptake Regulation by a Novel CIPK and PP2C Pair

Pandey and colleagues first identified CIPK9, a calcium sensor-interacting protein
kinase which is required for low K* tolerance in A. thaliana (Pandey et al. 2007). Its
transcript levels both in roots and shoots are upregulated by K* deprivation condi-
tions (Pandey et al. 2007). Based on the T-DNA inserted loss-of-function mutant
analysis, they have suggested the functional role of CIPK9 in K* utilization or sens-
ing mechanism (Pandey et al. 2007). Another Ser/Thr phosphatase type 2ClI
(AP2C1), a stress signal regulator in A. thaliana, negatively regulates both MAPK4
and MAPK6 (Schweighofer et al. 2007). It also modulates innate immunity,
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jasmonic acid, and ethylene levels in A. thaliana. The authors further showed that
ap2cl mutant plants produce higher amounts of jasmonate upon wounding. Their
experiments revealed an important role for AP2C1 phosphatase in moderating
defense responses and activities of MAPK. While searching for up- and downstream
components of CIPK9-mediated K* deficiency signaling, AP2C1 was identified as
the interactor of CIPK9 in a yeast two-hybrid screen (Singh et al. 2018). AP2C1
physically interacts with CIPK9 in vitro and in planta (Singh et al. 2018). Just like
CIPK23, CIPKY is known to be associated with the modulation of K* signaling in
Arabidopsis (Pandey et al. 2007). As mentioned above, AP2C1 was recognized ear-
lier as a MAPK phosphatase, but the discovery that it interacts with CIPK9 was a
new finding. AP2CI was characterized as a negative regulator of K* signaling under
low K* availability (Singh et al. 2018). Genetic analysis of null mutants of AP2C/
and CIPK9 and AP2CI-overexpressing transgenic A. thaliana lines revealed that
they indeed modulate K* deprivation conditions (Singh et al. 2018). Further, AP2C1
has KIM domain (a conserved structural feature) necessary for interaction with dif-
ferent kinases including CIPK9 (Singh et al. 2018). Though CIPK proteins are
known to be cytoplasmic, their cellular location and action depend on the interac-
tion with CBLs (Batistic et al. 2010). CIPK9 also interacts with a Ca** pump, ACAS,
in Arabidopsis and brings about changes in cytosolic Ca®* levels (Costa et al. 2017).
Although the target/substrate of CIPK9 has not been identified, authors speculate
that CIPK9 might be regulating some of the transporters/channels present on the
tonoplast under K* deficiency condition (Singh et al. 2018). Authors have shown
that CIPK9 and AP2CI1 act as an important phosphorylation-dephosphorylation
switch where CIPK9 might act as a positive regulator while AP2C1 might be acting
as a negative regulator of K* deficiency response (explained in Fig. 11.2). The phos-
phatases thus play a very crucial and critical role in plant K* homeostasis.

11.6 Ser/Thr Protein Phosphatases in Stress Adaptation

Protein phosphatase 2Cs are the negative modulators of protein kinase pathways
and are associated with many environmental stress responses (Xue et al. 2008).
Since diverse gene family members are present, the tissue-specific expressions
under diverse environmental stresses are critical for the functional understanding of
the genes. So in the following section, we look into the role of protein phosphatases
in abiotic stress.
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11.6.1 Protein Phosphatase Expression Profile Under Stress
Conditions

Several PP2C members in the subfamily A displayed their expressions under stress
conditions and also during ABA responses (Yang et al. 2018). Expression analysis
in Arabidopsis, rice, maize, and tomato has revealed that group-A PP2C genes are
highly inducible in response to different abiotic stresses (Singh et al. 2015). The
PP2C genes, both from Arabidopsis and rice, exhibit specific as well as an overlap-
ping expression during drought and high salinity (Singh et al. 2015). One hundred
and thirty-two PP2Cs were identified in the rice genome (Singh et al. 2010). Of the
132 identified, 128 genes were differentially expressed under environmental stresses
such as salinity, cold, and drought and 11 under reproductive developmental stages
(Singh et al. 2010). The catalytic subunit genes of OsPp2A-1-5 are upregulated in
leaves under salt stress conditions (Yu et al. 2003, 2005). The transgenic tobacco
plants overexpressing TaPP2Ac-1 (a catalytic subunit) could tolerate salt and
drought stress conditions (Xu et al. 2007). In potato, during salinity stress, high
transcript levels were recorded for StPp2Acl, StPP2Ac2b, and StPP2Ac3 (Pais et al.
2009). In Medicago truncatula, the expression profiles revealed differential expres-
sion patterns under cold, drought, and ABA stress conditions (Yang et al. 2018). In
wheat, the 7TaPP2C genes regulate developmental processes as well as stress
responses (Yu et al. 2019). Taken together, it appears that PP2Cs are implicated in
regulating both stresses and in developmental conditions in plants.

11.6.2 Phosphatases Are Involved in Modulating Kinases
During Salt Stress

As already mentioned some of the clade A PP2C members are involved in ABA
signaling. The remaining three members of Highly ABA-Inducedl (HAIl), AKT1-
Interacting PP2C1/HAI2, and HAI3 (collectively HAI) exhibited a more ABA-
independent role in plants (Bhaskara et al. 2012). It was speculated that this HAI
group may cross talk with the ABA-dependent and ABA-independent pathway dur-
ing abiotic stress (Bhaskara et al. 2012). Clade A PP2Cs (ABI1 and PP2CA) inhibit
ABA-activated SnRK2s during salt stress (Krzywinska et al. 2016; Krzywinska
et al. 2016). Thus, PP2CA along with ABI1 inhibits the activity of SnRK2.4 and
regulates root growth and salt stress tolerance (Krzywinska et al. 2016; Krzywinska
et al. 2016). Further, they showed that salt-induced SnRK2.4/SnRK?2.10 activity is
better in the double-mutant abil-2 pp2ca-1 in comparison with controls and also
single-mutant plants (abil or pp2ca) (Krzywinska et al. 2016; Krzywinska et al.
2016). This points out that these phosphatases are inhibitors of SnRK?2.4 activity in
plants under stress conditions. Another member of PP2C-type protein phosphatase
ABI2 was identified as a CIPK24 [aka SOS2 (salt overly sensitive)]-interacting
phosphatase (Ohta et al. 2003). ABI2 plays a critical role in dephosphorylating
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CIPK24. The abi2 mutant plants are salt-tolerant unlike the sos2 mutant (and other
SOS pathway mutants). The results inferred that ABI2 is a negative regulator of
CIPK24 in SOS pathway (Ohta et al. 2003).

11.6.3 Phosphatases in Regulating Guard Cell:
The Best-Characterized ABA Signaling Pathway

In Arabidopsis, ABI1 and ABI2 encode PP2Cs that negatively regulate ABA signal-
ing including stomatal closure. In guard cells, open stomata 1 (OST1/SRK2E) has
been identified as an important component of ABA signal transduction, and muta-
tions in the gene SRK2E/OSTI1/SnRK2.6 impair stomatal closure (Yoshida et al.
2002). The ostI mutants have ABA-insensitive stomata (Mustilli et al. 2002). It is
known that ABI1 and ABI2 encode PP2C-type protein phosphatases and negatively
regulate ABA signaling events including stomatal closure (Mustilli et al. 2002). It
was demonstrated that ABI1 interacted with OST1 and plays a critical role in the
stomatal opening (Yoshida et al. 2006).

The classical ABA signaling is followed in this case. The absence of ABA keeps
the PP2C bound to SnRK2 and inactivated (Umezawa et al. 2010). Upon exposure
of plants to drought stress, ABA accumulates leading to the closure of stomata. In
response to dehydration stress, ABA binds to PYR/PYL receptor and forms a com-
plex with PP2Cs (ABI1 and others) (Umezawa et al. 2010). As soon as there is
ABA, PP2C releases OST1 (an SnRK), and the activated OST1 can phosphorylate
channels [slow anion channell (SLACI), quickly activating anion channel 1
(QUACI), GORK] and respiratory burst oxidase homolog F (RBOH F) (Balmant
et al. 2016). The channels mediate anion release from stomata causing a depolariza-
tion of the membrane of stomata. The depolarization (of the membrane) and KAT1
phosphorylation block K* influx into the stomata (Balmant et al. 2016). The phos-
phorylation of RBOHF produces ROS in the cell, and it functions as second mes-
sengers for ABA signaling and activates Ca** channels and also OST1 (aka SnRK2E)
acts upstream of ROS production (Pei et al. 2000; Mustilli et al. 2002). The ROS in
the cell leads to Ca?* spike in the cell. The Ca?* spike is picked up by Ca?* sensors,
which further helps in stomatal closure. Thus the PP2C serves as a switch to serve
as a control of stomatal physiology (Balmant et al. 2016) (summarized in Fig. 11.3).
This model gives us a complete picture of the events involved in the modulation of
stomata under stress. ABA signaling, K* transport, ROS, and Ca?* signaling all play
an important role to modulate stomata, and phosphatase (PP2C) stands at the top to
control this pathway. By keeping the SnRK2 (OST1) dephosphorylated, phospha-
tase acts as a key controller of the pathway.
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No ABA ABA (produced
due to stress)
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ROS

PP2C \?

SnRKs

ANION OUT

STOMATA OPEN
STOMATA CLOSE

Fig. 11.3 The PP2C phosphatases play a major role in modulating stomatal physiology. Under
normal condition, PP2C binds to SnRK (OST1) and keeps the stomata open. Under stress (drought),
ABA binds to the receptors and removes PP2C from SnRK. SnRK then through a series of phos-
phorylation events activates the RBOHF, SLACI1, and QUACI. Activation of RBOHF produces
ROS, which in turn activates Ca>* channels, thus resulting in activation of CDPKs. CDPKs can
further activate SLACI1 through phosphorylation. The anions being pushed out of stomata by
SLAC1 and QUACI result in depolarization of membrane and activation of GORK which pushes
out K* from stomata causing the stomatal closure

11.7 Conclusions

The different classes of plant phosphatases are yet to be classified fully. The future
research should focus on characterizing the neglected classes more so that our
understanding of the plant phosphatases is increased holistically. What we do know
for sure is that phosphatases play a key role in fine-tuning the physiological path-
ways at the molecular level. There are innumerable examples that are testimony to
this fact. The role of phosphatases in the core ABA signaling pathway is well estab-
lished. Several of the protein phosphatases like PP2Cs are Ser/Thr phosphatases
working as vital components of ABA signal transduction. This is the best-
characterized pathway for plant phosphatases to date. We have discussed in the
chapter some major K* signaling pathways where the role of phosphatases has been
proven, and the AKT1 pathway is an example of this. In all probability, the GORK
channel may be modulated by the CPK21 and PP2CA pair. Some of the other
important K* transport elements still need their phosphatase pair to be identified. We
know that CBL1/9-CIPK23 module can regulate HAKS, but the phosphatase to
counter the module’s action in vivo is still unknown. The new kinase and phosphatase
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pair of CIPK9 and AP2C1 awaits the identification of their target transport element.
Taking into account that both are involved in plant K* response, it is possible that
the target will be involved in K* transport. We need to think where the phosphatase
binds to when regulating a target. We know from the AIP and AKT1 model that the
phosphatase binds to ankyrin domain of AKT1. But there is an alternate complex
model proposed by Lan and colleagues (Lan et al. 2011) as discussed earlier in the
chapter which should be kept into consideration for future explanations.

Besides, we have clues that phosphatases are involved in modulating develop-
ment, ion accumulation, biotic stress pathway, and others. For the SOS pathway, we
have the kinase and phosphatase pair identified. But overall very few actual pairs
(kinase and phosphatase) are known. We are certain that abiotic stress stimuli per-
turb the expression of phosphatase genes. So in the next step, high-throughput inter-
actome studies should be designed that enable us to find out the physical targets of
phosphatases.
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Chapter 12
Protein Phosphatases in N Response
and NUE in Crops

Supriya Kumari and Nandula Raghuram

12.1 Introduction

Nitrogen is an essential macronutrient for plant growth and crop yield, as most crop
plants barring N-fixing legumes depend on reactive N compounds such as urea,
ammonium salts, or nitrates from manures or fertilizers as their main nitrogen
source. Fertilizers are the world’s largest anthropogenic source of reactive nitrogen,
with annual global consumption at approximately 119.40 million tons and annual
growth of 1.4% (FAO 2018). Due to the poor N use efficiency (NUE) of most crops
at a global average of <30%, unused reactive N compounds from fertilizers and
other sources are a major source of pollution of land, water, and air, affecting human
and animal health, biodiversity, and climate change (Sutton and Bleeker 2013;
Sutton et al. 2019).The fourth UN Environment Assembly held in March 2019 has
adopted a resolution to work toward sustainable nitrogen management (https://sdg.
iisd.org/events/fourth-session-of-the-un-environment-assembly-unea-4/).
Therefore, the development of N use efficient crops is an extremely important goal,
not only for sustainable agriculture but also for environmental sustainability and
mitigation of climate change (Raghuram et al. 2007; Raghuram and Sharma 2019).

NUE can be defined in several ways (Raghuram and Sharma 2019), but it is best
understood as yield per unit N, or the maximal output with minimal N input. NUE
is a complex genetic trait involving several genes and their interactions with the
environment, which are yet to be fully characterized (Mandal et al. 2018). NUE
involves a combination of processes such as N uptake, retention, assimilation, and
remobilization of internal N reserves. Plants possess families of transporters to take
up urea, ammonium, and nitrate ions (NOs ~), of which NOs™ ions not only acts as
nutrient but also play a very important role in signal transduction and regulation of
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one or more of the above processes (Raghuram et al. 2006; Pathak et al. 2008, 2011;
Chakraborty and Raghuram 2011; Mandal et al. 2018; Raghuram and Sharma 2019).

The progress on the precise characterization of the biological avenues for
improvement for NUE has been painfully slow, despite some occasional advances
on phenotype (Sun et al. 2014; Sharma et al. 2018). Indeed, even though low nutri-
ent stress is known to be an important abiotic stress for crops in developing coun-
tries, the interface of N and stress has not been explored in great detail (Jangam
etal. 2016). While this has hampered crop improvement by forward genetics, recent
advances in genomics and functional genomics of several crops have opened the
opportunity for using reverse genetics to address NUE using candidate gene
approach. To understand the physiological and molecular basis of N response under
normal and low supply of nitrogen, transcriptomic and proteomic studies have iden-
tified a large number of differentially expressed genes in crops like rice (Yang et al.
2015;Waqas et al. 2018; Sinha et al. 2018), sorghum (Gelli et al. 2014), maize (Jiang
et al. 2018), and barley (Quan et al. 2016, 2019).

Among the multitude of pathways and processes that constitute N response, pro-
tein kinases and phosphatases as well as transcription factors and other signaling
intermediates regulated by phosphorylation emerged significant. Protein kinases as
well as protein phosphatases have been widely studied in rice, Arabidopsis, wheat,
maize, etc. (Singh et al. 2010; Xue et al. 2008; Bradai et al. 2018; Trevisan et al.
2011). PP2Cs are a major class of phosphatases and play an important role in stress
in plants (Moorhead et al. 2009; Singh et al. 2010, 2015). In this chapter, we discuss
the role of protein phosphatases in N-sensing and signaling and their role in carbon
and nitrogen metabolism and phosphatases involved in N-response and NUE with
enhancement potential for further validation of phosphatases.

12.2 Phosphatases in N Uptake and Primary
Nitrate Response

For optimal growth as well as ion balance and homeostasis of plant, adjustment of
uptake of ammonium (NH,*) and NO; is essential as compared to other major ions
(Haynes 1990). Phosphorylation and dephosphorylation play major roles in regulat-
ing transport of these ions by transporter protein through plasma membrane (Straub
et al. 2017). An important target of such regulation is NRT1.1/CHL1/NPF6.3, a
dual-affinity nitrate transporter. It works under high as well as low NO;~ condition.
PP2C plays a major role in dephosphorylation of NRT1.1 by binding to the calci-
neurin B-like-interacting protein kinase (CIPK). CIPK consists of two domains; one
is the conserved N-terminal kinase catalytic domain, and the other is the highly
variant C-terminal regulatory domain having NAF/FISL motif and a phosphatase
interaction motif (Guo et al. 2001). In response to low NO; ~ condition, NO;™~ binds
to a high affinity site, which activates CIPK23 to phosphorylate CHL1 at T101.
The phosphorylated CHL1 prevents higher primary nitrate response to low
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NO;~ concentration. At high NO;~ concentrations, NO;™ binds to a low nitrate affin-
ity site, which dephosphorylates CHL1 at T101 and generates a high primary nitrate
response (Ho et al. 2009; Vert and Chory 2009; Straub et al. 2017). In low-affinity
phase of (NO;7), CIPKS is activated by an unknown CBL, which phosphorylates
CHLL1 at a residue different from T101 (Hu et al. 2009). CIPK23 acts as a negative
regulator of high-affinity NO;~ response, while it acts as a positive regulator of
primary nitrate response in low-affinity phase of NO;~ response.

12.3 PP2Cs Are Negative Regulators of ABA Signaling
in NO;~ Sensing

ABA signaling pathway includes a type 2C protein phosphatase (PP2C; a negative
regulator) and a SNF1-related protein kinase 2 (SnRK2; a positive regulator)
(Umezawa et al. 2009). ABA can inhibit or stimulate the functioning of the root
meristem and modulate root growth depending on its concentration (Cheng et al.
2002). Development of root architecture is strongly regulated by the concentration
of NO;™ in the root environment, as well as its distribution. If the environment sur-
rounding the root system is uniformly high in NO;™, lateral root growth is generally
inhibited (Zhang and Forde 2000; Walch-Liu et al. 2005). NO;™ locally stimulates
lateral root elongation and in some species initiation, when NO;~ presents only in
patch (Zhang and Forde 1998). In Arabidopsis, this local stimulation of lateral root
elongation by patches of NO;~ requires ABA signaling (Signora et al. 2001). In
Arabidopsis, PP2C proteins such as ABA-insensitive 1 (ABIl), ABI2, and
Hypersensitive to ABA 1 (HAB1) have been found to function in regulation of root
development. ABA-induced signaling functions under both biotic and abiotic
stresses by interacting with SnRK2s and PYR/PYL/RCARs.

12.4 Phosphatases: Key Players in Carbon
and Nitrogen Balance

In addition to the independent utilization of carbon and nitrogen metabolites, their
ratio (known as C/N balance) is more important for the regulation of plant growth.
The signaling mechanism underlying C/N balance is not clear till date (Sulpice
et al. 2013; Lu et al. 2015). In leaves, NO;™ and nitrite are reduced to ammonia and
then to glutamate (Glu) via the glutamine synthetase (GS)-glutamine-2-oxoglutarate
aminotransferase (GOGAT) pathway. Glutamate is a source of C and N for the bio-
synthesis of most other amino acids (Forde and Lea 2007). GOGAT is found in two
isoforms (FAGOGAT form and NADH-GOGAT) and located in the chloroplast in
higher plants. Among these, Fd-GOGAT was found to be very active in chloroplast
of photosynthetic tissues (Nigro et al. 2014). It plays a very important role in
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re-assimilation of ammonia released during photorespiration and is potential target
to improve NUE (Zeng et al. 2017). Phosphatases and kinases both play very impor-
tant role in posttranslational modification of chloroplast protein in regulating distri-
bution of light energy between the photosystem I and photosystem II (Michelet
et al. 2013; Rochaix 2013; Grabsztunowicz et al. 2017). The PSII core proteins D1
and D2, inner antenna protein CP43, and a minor PSII subunit PsbH are targets for
light-dependent Thr phosphorylation catalyzed mainly by the STNS kinase (Fristedt
and Vener 2011), while the PSII core phosphatase is responsible for the dephos-
phorylation (Samol et al. 2012). Dephosphorylation of light harvesting complex
(LHC) by the PPH1/TAP38 (chloroplast protein phosphatase/thylakoid-associated
phosphatase of 38 kDa) protein phosphatase results in redistribution of excitation
energy toward PSII (Pribil et al. 2010; Shapiguzov et al. 2010).

Ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco) plays a central
role in CO, assimilation of all photosynthetic organisms. It catalyzes the photosyn-
thetic CO, fixation by the carboxylation of ribulose-1,5-bisphosphate (RuBP) in C3
photosynthesis. Rubisco is a slow enzyme, and its large amount (up to 25% of leaf
N and 50% of leaf-soluble protein) is needed for photosynthesis (Parry et al. 2013;
Whitney et al. 2015). In a study, it has been shown that in antisense plants by
decreasing Rubisco content up to 15-20%, nitrogen demand reduced by 10% with-
out negatively affecting photosynthetic carbon fixation (Sitt and Schulze 1994;
Parry et al. 2013). Thus, increasing CO, fixing capacity by changing Rubisco and/
or Rubisco activase function, i.e., more carbon fixed for same amount of leaf pro-
tein, would increase nitrogen use efficiency. Rubisco has been reported as a target
of reversible phosphorylation in many plant species (Wang et al. 2014; Roitinger
et al. 2015). Two subunits of Rubisco, RBCL (Rubisco large chain gene) and RBCS
(Rubisco small chain gene), contain multiple phosphorylation sites (Cao et al. 2011;
Wang et al. 2014). Phosphorylation of the highly conserved RBCL residues Ser208,
Thr246, Tyr239, and Thr330, located in the close proximity to RuBP binding site,
might affect the catalytic activity of the enzyme (Hodges et al. 2013).
Dephosphorylation of RBCL has been found to dissociate Rubisco holocomplex
and decreased activity of the enzyme by affecting the interaction between Rubisco
and Rubisco activase (RA) (Chen et al. 2011; Hodges et al. 2013).

12.5 PP2A-TOR in Regulation of Nitrate Metabolism

Target of rapamycin (TOR) is a serine/threonine kinase and is highly conserved
among all eukaryotes. TOR is activated by both nitrogen and carbon metabolites
and promotes cell division, mRNA translation, and repressing nutrient remobiliza-
tion through autophagy (Dobrenel et al. 2016). It is a master regulator of growth and
development including transcription, ribosome biogenesis, autophagy, nutrition
recycling, and cellular metabolism in plants (Bakshi et al. 2019). The plant TOR
complex consists of TOR, Raptor, and LST8. The TOR complex promotes cell
growth and translation through the regulation of S6K and its substrate ribosomal
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protein S6(RPS6). It has been reported that TAP46 and its associated phosphatases
(PP2Ac and PP2Ac-like subunits) play a critical role in mediating TOR signaling,
leading to the promotion of protein translation, the repression of autophagy, and
nitrate metabolism (Fig. 12.1). TAP42-phosphatase complex associates with TOR
complex 1 (TORC1), under normal condition, while in nutrient deprivation condi-
tion or rapamycin treatment, TAP42-phosphatase complex dissociates and is
released to cytosol. Interaction of TAP42 with PP2A or PP2A-like phosphatases
modulates the activity of downstream effectors and regulates transcription and
translation of starvation-responsive genes (Ahn et al. 2011). In Arabidopsis trans-
genic plants, overexpression of TAP46 leads to upregulation of genes related to
nitrogen metabolism and nitrate assimilation and also increased TOR activity,
whereas TAP46-silenced plants exhibited a reduction in N-assimilating enzymes
(Ahn et al. 2015).

12.6 Protein Phosphatases: Fine-Tuning of Nitrate Reductase

Phosphatases are not only passive partners of kinases, rather they play a dynamic
regulatory role in several metabolic processes. They activate or deactivate themselves
through posttranslational modification (Heidari et al. 2011). Posttranslational regula-
tion of nitrate reductase (NR) activity through phosphorylation/dephosphorylation
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by PP2A (protein phosphatase 2A), CDPK (calcium-dependent protein kinase), and
SNRK (SNF/sucrose nonfermenting-related kinase) is light dependent (Raghuram
and Sopory 1995; Huber et al. 1996). Activation of NR is triggered by photosynthe-
sis, but the signaling cascades from chloroplasts to cytosol, where NR is located, are
not clear. Okadaic acid and microcystin-LR are known inhibitors of the protein phos-
phatase families including protein phosphatase 1 (PP1), PP2A, PP4, PP5, PP6, and
PPP-Kelch, and they prevent light activation of NR in plant system (Lillo et al. 1996;
Ali et al. 2007). PP2C also plays a major regulatory role in different stress signalings
in plants (Moorhead et al. 2007; Singh et al. 2015). Dephosphorylation of NR is
essential for activation of NR.14-3-3 which is highly conserved family of proteins
found in all eukaryotes. Depending on the developmental and environmental require-
ments, 14-3-3 activity could direct carbon either into sucrose and storage carbohy-
drate synthesis or, via inactivation of carbon metabolism and activation of nitrogen
assimilation, divert carbon skeletons into the synthesis of amino acids. Plants could
use the various possible combinations of 14-3-3 homo- and heterodimers for fine-
tuning (Comparot et al. 2003). In a study in rice, dephosphorylation of SnRK and
14-3-3 by PP2C led to the activation of nitrate reductase for increasing NUE and
assimilating efficiency of plants (Waqas et al. 2018). In extract of spinach leaf,
okadaic acid and microcystin were found to inactivate NR activity, but inhibitor 2
(known inhibitor of PPl family) showed no effect on NR. Mammalian PP2A
activates NR in vitro, and it further suggested the role of other phosphatases includ-
ing PP2A in this process (Mackintosh 1992). BSL1, BSL2, and BSL3 are expressed
in leaf and can be considered as potential candidate genes for dephosphorylating NR
(Mora-Garcia et al. 2004). Heidari et al. (2011) showed that by knocking down of all
three subunits of PP2A in Arabidopsis, NR activity was negatively regulated.
This provides a confirmation of involvement of PP2A in NR activation in light-dark
transition in plants.

12.7 Phosphatases Identified in N Response/NUE

Global gene expression and comparative analysis of genotypes contrasting for NUE
allow the enrichment of candidate genes for NUE. Considerable literatures are now
available on transcriptomics, proteomics, as well as on quantitative trait loci (QTL)
affecting N response and NUE (Sinha et al. 2018). However, only limited studies
explored the regulatory role of different classes of phosphatases in N responses and
NUE (Wagqas et al. 2018; Sinha et al. 2018; Xiong et al. 2019).

A compilation of the different phosphatases reported to be involved in plant N
response and/or NUE is provided in Table 12.1. In a study conducted by Sinha et al.
(2018), two contrasting rice genotypes IR64 and Nagina22 were used for genome-
wide transcriptome analysis under optimal and chronic starvation of nitrogen from
15-day-old root and shoot tissues. Two genes, LOC_Os01g71420 and LOC_
Os10g25430 belonging to Ser/Thr phosphatase family, are reported as N-responsive
genes.In transgenic line, over expression of PP2C9TL has been reported to improve
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Table 12.1 List of genes encoding phosphatase for N response/NUE
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Organism | Gene symbol/locus id Description References
Rice LOC_0s01g47580 Lipid phosphate phosphatase 2 | Hsieh et al. (2018)
Rice LOC_0s09g15670 Protein phosphatase 2 C 68 Hsieh et al. (2018)
(PP2C68)
Rice LOC_0s05g02110 Protein phosphatase 2 C 46 Hsieh et al. (2018)
(PP2C46)
Rice LOC_0s04g33080 Protein phosphatase 2 C 39 Hsieh et al. (2018)
(PP2C39)
Rice LOC_0Os01g71420 Ser/Thr protein phosphatase Sinha et al. (2018)
family protein, putative,
expressed
Rice LOC_0Os10g25430 Ser/Thr protein phosphatase Sinha et al. (2018)
family protein, putative,
expressed
Rice LOC_0s08g33370.2 14-3-3 protein Wagas et al. (2018)
Rice LOC_0Os05g11550.1 Ser/Thr protein phosphatase5 Wagas et al. (2018)
Rice LOC_0s07g32380.1 Protein phosphatase 2C Wagas et al. (2018)
Rice LOC_0s09g06230.1 Ser/Thr protein phosphatase 16 | Wagqas et al. (2018)
Rice LOC_Os04g56450.1 Protein phosphatase 2C Wagas et al. (2018)
Barley hv_10051 T6P phosphatase (TPP) Fataftah et al.
(2018)
Maize GRMZM2G010855 Protein phosphatase 2c¢ (pp2c) Liu et al. (2011)
Maize GRMZM2G152447 Purple acid phosphatase 1 Jiang et al. ((2018)
Maize GRMZM2G134054 Ser/Thr protein phosphatase Jiang et al. (2018)
Wheat Traes_6BS_143FEF476 | Bifunctional protein-serine/ Xiong et al. (2019)
threonine kinase/phosphatase
Sorghum Sb08g019110 Phosphatases Gelli et al. (2014)
Poplar POPTR_0007s05670 Haloacid dehalogenase-like Plavcova et al.
hydrolase (HAD) (2013)
superfamilyprotein/trehalose-
phosphatase family protein
Poplar POPTR_0010s11510 UDP-glycosyltransferase/ Plavcova et al.
trehalose-phosphatase (2013)
familyprotein
Poplar POPTR_0008s13590 Glycosyl hydrolase 9C2 Plavcova et al.
(2013)
Poplar POPTR_0001s19180 HAD superfamily, subfamily Plavcova et al.
IIIB acid phosphatase (2013)
Poplar POPTR_0004s16720(Pt- | Purple acid phoshatase 10 Plavcova et al.
PAP.2) (2013)
Arabidopsis | TAP46 2A phosphatase-associated Ahn et al. (2015)
protein of 46 kDa
Arabidopsis | ABI2 ABA-insensitive 2 Leran et al. (2015)
Arabidopsis | BSL1 BSU-like phosphatase 1 Heidari et al. (2011)
Arabidopsis | BSL2 BSU-like phosphatase 2 Heidari et al. (2011)
Arabidopsis | BSL3 BSU-like phosphatase 3 Heidari et al. (2011)

(continued)
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Table 12.1 (continued)

Organism | Gene symbol/locus id Description References
Arabidopsis | PBCP PSII core phosphatase Samol et al. (2012)
Arabidopsis | PPH1/TAP38 Chloroplast protein phosphatase/ | Samol et al. (2012),
thylakoid-associated phosphatase | Pribil et al. (2010),
of 38 kDa Shapiguzov et al.
(2010)

NUE due to higher activity of NR by downregulation of SnRK and 14-3-3 (Waqas
et al. 2018). The higher activity of NR leads to more production of nitric oxide,
which then increases N uptake by enhancing the lateral root development. Besides
NR, phosphoenolpyruvate carboxylase (PEPC) was also found to be downregulated
due to overexpression of PP2C, which dephosphorylates PEPC. Upregulation of
PSII and Rubisco increases photosynthetic rate under low N (Wagqgas et al. 2018).
PP2C68 and lipid phosphatase 2 have been reported as upregulated N-responsive
phosphatases, while PP2C39 and PP2C46 have been reported to be downregulated
in root under N starvation condition (Hsieh et al. 2018). Purple acid phosphatase 1
and serine threonine phosphatase have been found to be nitrate-responsive gene
under low nitrate condition in maize (Jiang et al. 2018). Two nitrogen-responsive
genes (trehalose-6-phosphate, T6P) in barley have been found to be downregulated
under low N condition (Fataftah et al. 2018). These genes along with other genes
reverse reaction from pyruvate back to phosphoenolpyruvate during N starvation as
an efficient pathway for the remobilization of N sources. In wheat,
Traes_6BS_143FEF476 encoding bifunctional protein-serine/threonine kinase/
phosphatase was found to be a candidate gene providing tolerance to low N (Xiong
et al. 2019).

12.8 Conclusions and Future Prospects

Understanding the genetic basis of tolerance to low N in crops is important for the
development of NUE improvement strategies. Protein phosphatases are emerging as
an important gene family among the candidate genes/families identified from differ-
ent plants, as they regulate N uptake, assimilation, and remobilization. While func-
tional genomic approaches have provided several leads in this regard, their potential
in the improvement of NUE needs further validation through mutant/transgenic
lines, before using them as targets in crop breeding programs for NUE. In the mean-
time, integration of all the available information at the molecular, physiological, and
genetic level will be useful to mine SNPs through genome-wide association studies
(GWAS) and marker development using candidate gene approach. We can expect to
see some developments in this direction in the years ahead.
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in the Regulation of Abiotic Stresses
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13.1 Introduction

Posttranslational modification of cellular proteins is a universal mechanism to
determine their function and regulation. Two such modifications are phosphoryla-
tion and dephosphorylation of proteins. Protein kinases and phosphatases play an
essential role in maintaining the balance of proteome phosphorylation status of the
cell. Kinases belong to phosphotransferase, whereas phosphatases belong to a phos-
phohydrolase group of enzymes and are involved in the conjugation of y-phosphate
groups to their substrate proteins or their removal, respectively (Fig. 13.1). The
occurrence of these two kinds of regulatory protein is universal, which is found in
prokaryotic organisms to higher plants and animals. The study on the identification,
structure, function, and regulation of protein kinases has been predominated for a
while, whereas limited reports on PPases are available (Brautigan 2013). The
dephosphorylation reactions are of immense importance in biological catalysis
owing to the fact that about 30% of proteins in eukaryotic cells have the potential to
be phosphorylated (Ubersax and Ferrell 2007); modification happens predomi-
nantly on serine and threonine residues (Virshup and Shenolikar 2009). The other
significant phosphorylation site is tyrosine residue, which accounts for 10-15% of
total phosphorylated amino acids. Other than these amino acids, histidine, arginine,
lysine, aspartate, and glutamate are also reported to be phosphorylated in specific
cellular processes; they contribute lesser extent of total phosphorylation of the cel-
lular protein.

PPases are broadly classified into serine/threonine (Ser/Thr) phosphatase and
tyrosine (Tyr) phosphatase based on amino acid residues dephosphorylated by
them. Ser/Thr phosphatases are further grouped into phosphoprotein Ser/Thr phos-
phatases (PPPs) and metal-dependent Ser/Thr phosphatases (PPMs). The PPP
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Protein kinase
ATP ADP
Pi

Protein phosphatase )
Non-phosphorylated protein Phosphorylated protein

Fig. 13.1 Maintenance of balance between phosphorylated and non-phosphorylated proteins by
protein kinase and protein phosphatase. Protein kinases catalyze the addition of phosphate group
to either through ATP hydrolysis and removal of phosphate group is resulted by the activity of
protein phosphatase. The Protein kinases and phosphatase activity mostly happens at serine (S),
threonine (T), and tyrosine (Y) residues

family comprises PP1, PP2A, PP2B (generally known as calcineurin), and other
phosphatases such as PP4, PP5, PP6, and PP7, whereas PPM is represented by
PP2C and other Mg?*- or Mn?**-dependent protein phosphatases (Pafs et al. 2009).
Interestingly, PPPs and PPMs are diverse in sequence similarity, perhaps evolved
from different ancestral genes, but share highly structural features at the catalytic
center (Das et al. 1996). PPP phosphatase types are structurally multimeric in
nature, containing a small number of catalytic subunits united with different combi-
nations of a diverse array of regulatory subunits (Smith and Walker 1996). The regu-
latory subunit plays an essential role in modulating substrate specificity, catalytic
activity, and spatial localization of protein phosphatase within the cell. This subunit
is encoded by a relatively more significant number of genes with lesser sequence
conservation within them (Smith and Walker 1996). Unlike the PPP subfamily,
PPM phosphatases lack a regulatory subunit but consist of an additional domain and
conserve motif to determine substrate specificity. The most abundantly found and
extensively studied Ser/Thr phosphatases are PP1 and PP2A subfamilies. Plant Tyr
phosphatases are also classified into two classes, Tyr-specific phosphatases and
dual-specificity phosphatases (DSP), which can hydrolyze phosphate group from
tyrosine as well as serine and threonine residues (Bentem and Hirt 2009).
Physiological and biochemical studies have shown evidence on the essential role of
both the classes of protein phosphatases in the diverse cellular process (signal trans-
duction, cell cycle, hormonal regulation, cellular metabolism) and stress regulation
(biotic and abiotic).

The genome-wide study of PPase has become feasible in the post-genomic era
where a whole genome sequence of several plants is available (Singh et al. 2016).
However, global protein phosphatase has explored only in a small number of plant
species like Arabidopsis, Medicago truncatula, rice, maize, Brachypodium, and
wheat. In this chapter, we are drawing an overview of genome-wide identification,
characterization, and transcript profiling of protein phosphatase-encoding genes,
structural organization of proteins, and the role they play in abiotic stress responses
in cereal crops.
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13.2 Ser/Thr Phosphatases

13.2.1 Protein Phosphatase 1 (PPI)

PP1 is a highly conserved Ser/Thr phosphatase and universally present in all higher
organisms. A large number of cellular processes are regulated by them, including
cell division, cytoskeleton association, translation, sugar/protein metabolism, and
regulation of membrane-bound receptors and channel proteins (Cohen 2002;
Ceulemans and Bollen 2004). The holoenzyme is a complex of conserved catalytic
subunits with one or many highly distinct regulatory subunits essential for substrate
specificity and subcellular location. More than 100 regulatory subunits have already
been identified in different organisms and postulated that their numbers have
increased sharply with the evolution to complex organism types (Ceulemans et al.
2002). The catalytic subunits might possess a sequence similarity of up to 70-80%
with conserved tertiary fold and similar placed catalytic site for all members (Shi
2009). It comprises a condensed o/p-fold, with a f-sheet compactly packed between
two a-helices. The metal ions, Mn?* and Fe?*, associate with the catalytic subunits.
These metal ions catalyze dephosphorylation reaction by binding to the water mol-
ecules which initiate a nucleophilic attack on the phosphorous atom of the substrate
protein (Goldberg et al. 1995).

13.2.2 Protein Phosphatase 2A (PP2A)

PP2A is highly conserved and one of the most occurred protein phosphatases of the
cellular system estimated for up to 1% of total proteome fraction in some tissues
(Shi 2009). Like PP1, it also plays an imperative role in diverse cellular functions
such as growth, cell division and death, cytoskeleton structure, cell cycle regulation,
metabolic activities, cellular mobility, and hormonal and stress signaling pathways
(Janssens and Goris 2001). The PP2A holoenzyme exists in a heterotrimeric form—
consists of a heterodimeric core subunit and regulatory protein. The core subunit
consists of a catalytic center and a variable scaffold subunit. Both the catalytic cen-
ter and scaffold subunit are comprised of two isoforms, a and p, where isoform is
highly abundant. The regulatory subunit consists of four families each with 2-5
isoforms, where all are encoded by different genes. These regulatory subunits are
highly diverse in sequence similarities and expression in different tissue types. The
scaffold protein consists of 15 tandem HEAT (huntingtin-elongation-A subunit-
TOR) repeats; each contains a pair of a-helices in an antiparallel orientation with a
highly conserved interhelical loop. Fifteen interhelical loop sequences form a con-
tiguous ridge which is recognized by a catalytic subunit (Xing et al. 2006). The
regulatory protein part of PP2A holoenzyme consists of seven WD40 repeat ele-
ments and a P-hairpin handle with many other secondary elements on the top of
B-propeller-like structure (Xu et al. 2008).
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13.2.3 Protein Phosphatase 2B (PP2B)/Calcineurin

PP2B is involved in various calcium-dependent cellular processes and stress-
responsive signal transductions. The catalytic subunit of calcineurin is composed of
an N-terminal phosphatase domain and a regulatory protein binding motif, followed
by a calcium-calmodulin (Ca**-cal) binding domain and an autoinhibition domain.
The phosphatase activity of calcineurin is highly dependent on the association of
calcium-calmodulin to its binding domain. PP2B is inactive in the absence of
calcium-calmodulin binding. The autoinhibitory element prevents the PP2B activity
by forming an o-helix that hinders access to the catalytic center (Kissinger et al.
1995). Here, the regulatory subunit contains two calcium-binding domains, each
consisting of two EF-hand elements which consist of a helix-loop-helix topology,
more like a spread thumb and forefinger of the human hand. The active regulatory
subunit exists in the calcium-bound state at all four calcium-binding domains.
Recent studies indicate that PP2B may dimerize upon calcium-calmodulin activa-
tion (Ye et al. 2008). Calcineurin (CN) is made up of two subunits named CAN
(calcineurin-A, which is a PP2B phosphatase) and the regulatory Ca*" sensor
(CNB). CN also requires calmodulin (CaM) for its activation in the presence of
transient Ca2+, which activates both CNB and CaM, and these in turn activate CAN,
i.e., PP2B phosphatase.

13.2.4 Protein Phosphatase 2C (PP2C)

PP2C is highly conserved and one of the most abundant and large families of a well-
studied Mn?*- and Mg?*-dependent member of the Ser/Thr phosphatase. Compared
to animals, plants possess a large number of PP2Cs; 22 distinct isoforms of PP2C
encoded by 16 genes have been identified in humans, whereas Arabidopsis alone
contains 80 PP2C-encoding genes (Xue et al. 2008). The different isoforms of PP2C
are distinct in sequence similarity, domain organization, function, and subcellular
localization. PP2Cs are primarily involved in the regulation of the biotic and abiotic
stress signals; they also govern plant development and metabolism and potassium
deficiency signals (Singh et al. 2016). The domain architecture of higher organism
PP2C uncovered the variable location of the conserved catalytic domain either at
N- or C-terminal region (Schweighofer et al. 2004). The catalytic core of PP2C
consists of a central B-pleated sheet flanked by a pair of a-helices. This organization
leads to the formation of a cleft between two (-sheets where a couple of metal ions
associate at the basal region. The additional three a-helices of the core domain attri-
bute to substrate specificity. PP2Cs share a similar dephosphorylation mechanism as
the PPP family, by nucleophilic attack of the phosphate group of the substrate pro-
tein by a divalent metal-induced water nucleophile (Shi 2009).
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13.3 Protein Tyrosine (Tyr) Phosphatase

The molecular structure and function of protein Tyr phosphatases are well estab-
lished in animals, but little studied in the plant system which suggests its active role
in biotic and abiotic stress signaling, hormonal signaling, plant development, and
starch metabolism. There is no evidence of sequence similarity of protein Tyr phos-
phatase with protein Ser/Thr phosphatases. All the proteins which belong to tyro-
sine phosphatase contain a signature sequence (V/[)HCXAGXGR(S/T)G in the
conserved catalytic domain (Luan 2003). This domain comprises an essential cyste-
inyl molecule involved in the construction of a phosphoenzyme intermediate. An
animal model-based crystal structure suggests the presence of four-stranded central
parallel B-sheets followed by the presence of a-helices on both sides (Zhang 2002).
Crystal structure of both Tyr-specific and dual-specificity classes of protein Tyr
phosphatase shows high similarities despite divergence in sequence and substrate
specificity (Luan 2003). The signature element of the catalytic site is located within
a single loop inside the crevices on the protein surface. The specific cysteine residue
is in the site for a nucleophilic attack on phosphoryl molecule to form a thiophos-
phate intermediate. The arginyl residue (Arg221) of the signature element at the
catalytic domain catalyzes the hydrolysis of a thiophosphate intermediate.

13.4 Global Identification of Protein Phosphatase in Cereals
and Millets

The initial genome-wide identification of PPase-encoding genes in Arabidopsis and
rice has exposed the way to study global identification, distribution, expression
analysis, and evolution in other crops. A total of 78 and 80 PP2C genes have been
identified in rice and Arabidopsis genome, respectively, which are much larger than
in yeasts and humans (Xue et al. 2008). The OsPP2C- and AtPP2C-encoding genes
were further phylogenetically classified into 1 and 13 subfamilies, respectively,
where each gene follows a monophyletic in origin and shares a common structure
and protein motif. The expansion of PP2C genes in Arabidopsis and rice is mainly
due to duplication events that have occurred in the genome; whole genome and
chromosomal segmental duplication had a significant role compared to the local or
tandem duplication. Subsequently, a second genome-wide investigation which was
performed in rice leads to the identification of 132 protein phosphatase-encoding
genes belonging to different subfamilies following domain architecture and phylo-
genetic analysis (Singh et al. 2010). With 90 PP2C genes represented the largest
class of protein phosphatase followed by 17 PP2A, 23 dual specific phosphatases
and one each of PTP and LMWP. The study could not find any genes representing
the PP2B class. The investigation also revealed that the number of protein Tyr phos-
phatase in plants is much lower than that of humans, where more than 100 putative
protein Tyr phosphatases have been identified (Alonso et al. 2004).
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Interestingly, plants have a much higher number of protein kinases than in
humans; there could be a possibility that either lower tyrosine phosphorylation
component in plants or plant Tyr phosphatase/DSP could target a broad spectrum of
the substrate in signaling cascade (Singh et al. 2010). Five isoforms of PP1 have
also been found in rice genome named as OsPPla, OsPP1b, OsPPlc, OsPPld, and
OsPPle (Ogawa et al. 2012). All the OsPP1s share highly conserved amino acids
essential for catalytic activity and variable N- and C-terminal domains. Phylogenetic
investigations revealed their independent diversification in plants and animals.

The genome sequence of maize (Zea mays) enabled the identification of 159
protein phosphatase-encoding genes (Wei and Pan 2014). With 104 encoding genes,
PP2Cs were the most abundant class; protein Tyr phosphatase and PP2A were rep-
resented by 29 and 26 encoding genes, respectively. Fifteen genes showed tandem
duplication with a maximum of ten intervening genes in between. These tandemly
duplicated genes form nine different tandemly duplicated gene clusters, one cluster
consisting of three genes and the rest possessing two genes each. Similarly, in
Brachypodium distachyon, genome-wide analysis resulted in the identification of
86 PP2C genes (Cao et al. 2016). Chromosomal distribution of these genes revealed
that most of the BAPP2C genes were found within the low CpG density region.
Phylogenetic analysis suggests that BAPP2Cs are evolutionarily closer to the rice
than of Arabidopsis and this gene family has evolved from a common ancestor in
these three plants. There were no tandemly duplicated gene pairs found in
Brachypodium, but 22 pairs of genes were reported to be involved in segmental
duplication event. In another study, 18 PPl-encoding genes were reported from
common wheat, and its five and eight orthologues were identified from rice and
Brachypodium, respectively (Bradai et al. 2018). PP1s from these crops were con-
served in size ranging from 296 to 354 amino acids in length and molecular weight
(from 32.4 to 37.9 kDa), differing in the length of N-terminal domain. There is an
abundance of negatively charged amino acids in most of the PP1s of rice, wheat, and
Brachypodium which confer the lower isoelectric point near to 5 (5.03-5.48).

The cereals and millets include a large number of crop plants, although the num-
ber of plants in which genome-wide identification of PPase has carried out is lim-
ited. The available genome sequence of barley (Milner et al. 2019), sorghum
(McCormick et al. 2018), and millets including foxtail millet (Bennetzen et al.
2012;Zhang et al. 2012), finger millet (Hittalmani et al. 2017), pearl millet (Varshney
etal. 2017), and broomcorn millet (Zou et al. 2019) is providing an excellent oppor-
tunity of a genome-wide analysis of PPase genes and their evolution. Transcriptomics
resources may also serve as a useful resource for the comprehensive study of gene
function where the genomic sequence is unavailable. Among millets, transcriptome
resources are available in finger millet (Hittalmani et al. 2017), broomcorn millet
(Yue et al. 2016), and pearl millet (Jaiswal et al. 2018; Dudhate et al. 2018).
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13.5 Expression Pattern of Protein Phosphatase in Cereals

The expression pattern of protein phosphatase-encoding genes can provide an
important intimation regarding their function. The techniques involved in the mea-
surement of gene expression pattern have evolved from microarray, massively par-
allel signature sequence (MPSS), EST profiling, and semiquantitative PCR to the
quantitative real-time PCR (qRT-PCR) and recently advanced RNA sequencing
(RNA-seq). The comparative transcript profiling of the entire PPase gene family or
specific subfamilies has been performed in several cereal crops including rice,
maize, Brachypodium, and common wheat. In rice, the expression profiling of 128
OsPPase genes under different abiotic stresses (salinity, drought, and cold) was
analyzed using microarray expression data (Singh et al. 2010). A total of 46 genes
were expressed differentially in response to an abiotic stress; 31 genes are found to
be upregulated and 15 genes were downregulated during any of the abiotic stress
conditions. OsPP2, OsPP40, OsPP46, OsPP48, OsPP50, and OsPP55 showed
higher expression in all three abiotic stresses, whereas none of any OsPPase genes
are found to be downregulated during all three stress situations. Thirteen OsPP
genes were upregulated in drought and salinity together, but none of the genes were
upregulated together in cold and drought or salt and cold together. The overlapping
expression pattern revealed the involvement of the same protein phosphatase in the
distinct signaling cascade. The authors have shown an interesting finding that all the
genes that were upregulated belong to the PP2C subclass while downregulated
members were represented by a subset of PP2A, PP2C, and DSP groups. This find-
ing suggests the frontier role of PP2C in the regulation of abiotic stress response in
plants (Singh et al. 2010).

In maize, among 159 reported protein phosphatase-encoding genes, the expres-
sion of 152 genes was detected in different tissues under different developmental
stages and abiotic stress conditions using microarray and RNA-seq (Wei and Pan
2014). Maize is very sensitive to salt stress, and significant transcriptional distinc-
tion has been noticed in response to salinity. The differential expression was
observed in four protein phosphatase-encoding genes, namely, ZmPP66, ZmPP107,
ZmPP127, and ZmPP149, under high salt concentration in roots, and surprisingly,
all four genes represented the PP2C class of protein phosphatase. In response to
drought conditions, a twofold upregulation in the expression of ZmPP67, a member
of protein Tyr phosphatase, was reported in roots of drought-tolerant maize line
Han21. Upregulation in the expression of ZmPP54 and ZmPP59 was also reported
from RNA-seq data and further validated through a real-time PCR. ZmPP68,
ZmPP101, ZmPP125, and ZmPP133 were found to be downregulated in water defi-
cit conditions. Similarly in leaves, ten genes (ZmPP6, ZmPP21, ZmPP29, ZmPP31,
ZmPP113, ZmPP124, ZmPP127, ZmPP130, ZmPP146, and ZmPP154) were shown
to be upregulated more than twofold. Except for ZmPP124, all nine genes were
members of the PP2C class. Transcriptome profiling under cold stress has reported
the upregulation of 13 ZmPP genes (ZmPP6, ZmPP24, ZmPP29, ZmPP66, ZmPP77,
ZmPP82, ZmPP92, ZmPP112, ZmPP116, ZmPP127, ZmPP149, ZmPP154, and
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ZmPP155) and downregulation of 3 ZmPP genes (ZmPP69, ZmPP87, and
ZmPP101). The expression pattern studies of ZmPP genes explained their probable
role during abiotic stresses, and their functional validation in stress signaling needs
to be investigated in the near future.

The expression profile of all identified 86 PP2C-encoding genes from
Brachypodium was investigated through qRT-PCR under controlled conditions and
abiotic stress treatments (Cao et al. 2016). The expression of 75 genes was observed,
whereas no transcript for 9 genes was detected. More than half of the BdPP2C
genes showed a differential expression pattern by the application of abiotic stress
condition or exogenous ABA. The expression of BdPP2C44, BAPP2C37, and
BdPP2C36 was upregulated during the heat, drought, cold, or H,O, treatment.
These genes seem to have a broad-spectrum abiotic stress-responsive role. The
expression of BdPP2C46 and BdPP2C47 was enhanced upon drought, cold, or oxi-
dative stress, but repressed during heat induction. Similarly, BdPP2C75 was posi-
tively regulated by salt or drought stress and negatively regulated by heat, cold, and
oxidative stress. There are some BAPP2C genes whose expression got elevated dur-
ing abiotic stress as well as upon exogenous treatment of ABA to the plants. These
genes including BdPP2C13, BAPP2C32, and BdPP2C70 are suggested to play a
significant role in a ABA-dependent stress signaling pathway. It has been estab-
lished from different studies that the same PP2C gene can be activated by different
stress signals and dephosphorylate distinct or common substrate molecules (Singh
et al. 2010; Wei and Pan 2014; Cao et al. 2016).

The expression data of PP1 from rice, wheat, and Brachypodium provide the
insight into its regulatory role in abiotic stress response (Bradai et al. 2018). The
expression of BdPPla is enhanced by heat, salt, and drought, while BdPPIel and
BdPPle2 are differentially downregulated in cold, salt, and drought stresses.
BdPP1d has been shown to be strongly induced during a cold condition only. In
common wheat, the expression of 7aPPle2 and TaPP1g3 could not be observed in
RNA-seq data, while drought stress induces the expression of TaPPle4.
Downregulation in the expression of 7aPP1b-A is observed under the combined
effect of heat and drought. In rice OsPP1b expression is retarded by salt and drought,
and OsPPla is induced by cold and drought. These observations revealed that
although the number of PP1 is less in plants, their importance in abiotic stress
response is significant.

13.6 Role of Protein Phosphatases in Abiotic Stress Signaling

Fine-tuning between the phosphorylation and dephosphorylation status of proteins
regulates processes in plants ranging from development to stress adaptation, and
any defect affecting this balance, if not lethal, may have severe implications in a
plant’s life cycle. Studies on cell signaling mechanism associated with the different
phosphatase classes have mainly been done in response to abiotic stress (Fig. 13.2).
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Abiotic stress signals

Fig. 13.2 Signaling mechanism associated with various classes of plant protein phosphatases. P
phosphate, PP1 protein phosphatase 1, PP2A protein phosphatase 2A, PP2C protein phosphatase
2C, SnRK2 SNF1-related Protein kinases 2, AR-TF's abscisic acid-responsive transcription factors,
ABRE abscisic acid-responsive elements, SRGs stress-related abscisic acid-responsive genes, ABA
abscisic acid, ABR abscisic acid receptor, MAPK mitogen-activated Protein kinases, MAPKK
mitogen-activated Protein kinases kinase, MAPKKK mitogen-activated Protein kinases kinase
kinase. A balance between the phosphorylation and dephosphorylation states of proteins regulated
by PP1 and PP2A may serve as an essential regulatory mechanism to withstand adverse conditions.
PP2C inhibits SnRK2 activity under normal conditions, but under nutrient starvation, ABA binds
to its receptor and this ABA-receptor complex binds to PP2C, releasing SnRK2 from inhibition.
SnRK?2 phosphorylates AR-TFs, which bind to ABRE and mediate the transcription of various
SRGs. PP2C also regulates MAPK signaling cascades by regulating the activity of MAPK

The PP1 class of phosphatases, which have been so well characterized in animal
systems, still lags far behind in the context of plants. There are still no reports on
how PP1s modulate abiotic stress tolerance in cereals and millets; however in
A. thaliana, it was recently shown that a PP1 along with its regulatory protein inhib-
itor 2 (Inh2) negatively regulates abscisic acid (ABA) signaling. Association of the
PP1 with Inh2 leads to the suppression of SNFl-related protein kinases 2.6
(SnRK2.6), which is a kinase and an essential component of ABA signaling and is
generally regulated by type 2C phosphatases. Mutant plants for both PP1 and Inh2
showed hypersensitivity to both salt and ABA treatments showcasing the impor-
tance of this novel regulation of the ABA signal transduction pathway (Hou et al.
2016). Other studies have identified the function of Inh3 as another regulatory pro-
tein of PP1 and an essential component of early embryogenesis and another regula-
tory protein—PP1 regulatory subunit2-like proteinl (PRSL1)—as an important
regulator of a blue light-mediated stomatal opening (Takemiya et al. 2006, 2009,
2013). Our knowledge in respect to PP1 and its role in abiotic stress response in
cereals and millets is still lacking, and extensive studies are still required to get a
picture of the signaling cascade involving this class of phosphatases.
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Some studies have shown the involvement of PP2A in controlling abiotic stress
responses in cereals such as rice and wheat. Two catalytic subunit genes, OsPP2A-1
and OsPP2A-3, were found to be upregulated in water deficit and high salinity con-
ditions implying that they were subject to regulation by abiotic stresses and might
be an important component of the associated signaling cascade (Man et al. 2003).
Similarly, in wheat TaPP2Ac-1 was found to be upregulated under drought condi-
tions and when overexpressed in Nicotiana benthamiana provided enhanced
drought tolerance capability to the transgenic plants (Chongyi et al. 2007). However,
these studies do not shed light on the exact position where these phosphatases can
be placed in the signaling cascade. Although the information on PP2A in relation to
abiotic stress is limited over the years, many facts have been gathered in its relation-
ship with other aspects such as seed germination, stomatal movement, and auxin
transport in A. thaliana. TAP46, which is a PP2A-associated protein, can interact
with both PP2A and ABIS transcription factors. PP2A inactivates ABIS by dephos-
phorylating it, thus repressing the expression of ABIS-responsive genes; however,
in the presence of TAP46, this repression is released leading to more accumulation
of the active phosphorylated form of ABIS and expression of its target genes, which
inhibit seed germination and promote seed maturation (Hu et al. 2014). A fascinat-
ing study showed that PIN1 apical-basal polarity is governed by its phosphorylation
status and PINOID kinase and PP2A act in an antagonistic manner to direct auxin
flux. Phosphorylated PIN1 is targeted to the apical region of cells, and dephos-
phorylated form (in the presence of higher concentration of PP2A) is targeted to the
basal portion of the cells (Michniewicz et al. 2007). Again, as in the case of PP1s,
the role of PP2As in respect to abiotic stress in cereals and millets still needs to be
characterized, and current knowledge in this regard is still in its infancy.

PP2B and calcineurin (CN) are calcium-calmodulin complex-dependent serine/
threonine phosphatases that are activated at high Ca* levels. Calcineurin is com-
posed of two subunits: calcineurin-A (CNA) which is the catalytic subunit and cal-
cineurin-B (CNB), which is the regulatory subunit. However, CNA has not been
reported in plants till date, but genes similar to the regulatory subunit called
Calcineurin-B like genes (CBL) have been found (Pandey 2008; Sanyal et al. 2015).
CBLs have been found to interact with CBL-Interacting Protein Kinases (CIPKs)
and activate their kinase activity after sensing Ca>* signals during stress responses
in plants (Kim 2013). Genes encoding for CNA, which is the catalytic counterpart
of CN and has phosphatase activity, have not been identified in plants till date sug-
gesting that PP2B in plants is just a sensor for calcium and activator of CIPK rather
than controlling the signaling pathway by dephosphorylation.

Extensive studies in the last few years have placed PP2Cs as important compo-
nents of abiotic stress signaling, and this class of phosphatases has been found to
play a vital role in the abscisic acid and mitogen-activated protein kinase (MAPK)
signaling cascade in response to abiotic stress (Singh et al. 2016). SnRK1 and
SnRK2s are positive regulators of ABA signaling, and studies have shown that
PP2Cs negatively regulate the signaling cascade by dephosphorylating the SnRKs
(Umezawa et al. 2009; Rodrigues et al. 2013). SnRK1 is triggered during energy-
deprived conditions, and two type-1 PP2Cs, PP2CA and ABII, are employed by



13 Protein Phosphatases of Cereals and Millets: Identification, Structural... 255

plants to reset SnRK1 when conditions are back to normal (Rodrigues et al. 2013).
SnRK2s have been shown to positively regulate ABA signaling and their deactiva-
tion by clad1 PP2Cs leads to the dampening of ABA signaling. ABA receptors when
bound to ABA sequester the PP2Cs, thus releasing the SnRK2s from inhibition and
activate their downstream targets (Umezawa et al. 2009). MAPK stress signaling
cascades also function in a similar way with PP2Cs acting as negative regulators of
the signaling cascade by dephosphorylating MAPKs (Danquah et al. 2014). A fas-
cinating study identified a rice OsPP18 that provides tolerance to drought and oxi-
dative stress not through ABA pathway but ROS scavenging. OsPP18 did not
interact with SnRK2, and ABA-responsive genes were not affected in osppl8
mutant. However, the mutant had altered reactive oxygen species (ROS) scavenging
enzyme expression suggesting that OsPP18 regulated ROS homeostasis through an
ABA-independent mechanism (You et al. 2014). Ca*-/calmodulin-dependent
Protein kinases (CCaMK) has been shown to be a positive regulator of ABA
responses and provide tolerance to drought and oxidative stress. Very recently, its
molecular mechanism was deciphered, and results indicated that DMI3, which is a
rice CCaMK, was controlled by PP45’s phosphatase activity. At the basal state,
PP45 inactivates DMI3 by dephosphorylation, and production of H,0,, which is
induced by ABA, leads to the inhibition of PP45 activity, thus releasing DMI3 from
inhibition (Ni et al. 2019). A study on Brachypodium distachyon revealed that
PP2Cs were upregulated during a variety of abiotic stresses like heat, cold, drought,
and salinity (Cao et al. 2016). A similar study on Medicago truncatula showed a
differential expression of several PP2C genes under drought and cold treatments
(Qi et al. 2018). However, there is an urgent need to characterize the exact point of
action where these phosphatases function and control the signaling mechanism.

13.7 Concluding Remarks

Numerous studies have shown that all classes of phosphatases are differentially
expressed during abiotic stress and may play important roles in regulating the abi-
otic stress signaling pathways (see Table 13.1). This also indicates the potential to
utilize these proteins for providing tolerance against the wide range of environmen-
tal pressure that exists and ultimately leads to the inferior performance of plants
under such conditions. A study showed that transgenic rice plants overexpressing
OsPPla were more tolerant to saline conditions and exhibited greater plant height
and survivability highlighting the potential of PP1s in plant genetic improvements.
SnRKI1A and two stress-related transcription factors OSNACS and OsNAC6 were
found to be upregulated in the transgenic lines (Liao et al. 2016). Similarly, Triticum
aestivum TaPP2Ac-1 when overexpressed in N. benthamiana showed enhanced
drought tolerance. Transgenic plants had better water use efficiency, relative water
content, and improved membrane integrity under water deficit conditions (Chongyi
et al. 2007). A. thaliana plants overexpressing rice OsPP108 have been shown to be
highly insensitive to ABA treatments and tolerant to salinity, drought, and mannitol
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Table 13.1 Transgenic approaches in cereals that have demonstrated the overexpression of protein
phosphatases in conferring tolerance to several abiotic stresses

Gene name | Type Source | Transgenic | Phenotype Reference
OsBIPP2C1 | PP2C O. sativa | N. Biotic as well as abiotic stress | Hu et al.
benthamiana | tolerance (2006)
OsPP108 PP2C O. sativa | A. thaliana | Better salinity, drought and Singh et al.
mannitol stress tolerance, and | (2015)
also enhanced physiological
parameters
OsPP18 PP2C O. sativa | O. sativa Drought tolerance You et al.
(2014)
OsPPla PP1 0. sativa | O. sativa Salinity tolerance, better Liao et al.
height and survivability (2016)
OsPPla PP1 O. sativa | O. sativa Salinity tolerance, better Liao et al.
height and survivability (2016)
TaPP2Ac-1 | PP2A T. N. Drought tolerance Chongyi
aestivum | benthamiana et al. (2007)
ZmPP2AA1 PP2A Z. mays | Z. mays Better phosphate uptake Wang et al.
regulator (2017)
ZmPP2C2 | PP2C Z. mays | N. Cold tolerance Hu et al.
benthamiana (2010)
ZmPP2C2 | PP2C Z. mays | A. thaliana | Drought and salinity Liu et al.
susceptibility (2009)

stresses (Singh et al. 2015). Transgenic plants have far better photosynthetic effi-
ciency, chlorophyll content, and fresh weight when compared to non-transgenic
plants; thus, the study highlights the potential of PPs for equipping plants not only
with improved tolerance features but also with boosted physiological parameters
(Singh et al. 2015). In a study, it was shown that rice plants overexpressing OsPP18
were tolerant to drought and oxidative stress and plants with artificial miRNA
against the gene were hypersensitive to drought stress (You et al. 2014). The gene
was regulated by a stress-responsive NAC transcription factor as transgenic plants
overexpressing NACI accumulated more OsPPI18 and artificial miRNA transgenic
plants against NAC! displayed a reduction in the level of OsPP18 transcripts (You
et al. 2014). OsBIPP2C1, which is a PP2C, has shown to be an excellent candidate
for plant genetic improvement programs (Hu et al. 2006). Overexpression of this
gene in N. benthamiana conferred tolerance to a variety of biotic and abiotic
stresses. Transgenic plants were tolerant not only to fungal and viral infections but
also to drought, cold, and salinity stresses. Specific studies in Zea mays have also
indicated the potential of PP2C genes for their genetic improvement. ZmPP2C2,
when overexpressed in N. benthamiana, showed tolerance to cold stress, but the
same gene provided susceptibility to drought and salinity in A. thaliana (Liu et al.
2009; Hu et al. 2010).

Another study revealed the potential of regulatory subunit 2A in modifying the
root system architecture (RSA) in response to low phosphate availability (Wang
et al. 2017). Z. mays overexpressing ZmPP2AA1 exhibited a profusely branched
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RSA with an increase in lateral branching, and this coincided with better phosphate
uptake under low Pi availability. Overexpression lines also displayed an increase in
grain production compared to the non-transgenic plants under low Pi (Wang et al.
2017). A transgenic approach utilizing protein phosphatases to modify cereals and
millets for abiotic stress tolerance has been minimal, and there is vast potential to
use these genes for future genetic improvement programs. In fact, there is no study
on millets in this zone, and considering the hardiness of millets to abiotic stresses,
it will be exciting to know the role played by phosphatases for providing such adapt-
ability to these stress-resistant crops and utilize the information gathered for their
enhancement. All the studies reported above have shown the superiority of trans-
genic plants over non-transgenic plants and the potential to utilize these genes for
future genetic improvements. This is the need of the hour with the human popula-
tion exceeding its threshold and land fertility deteriorating at an unprecedented pace.
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Chapter 14

Interplay of Protein Phosphatases

with Cytoskeleton Signaling in Response
to Stress Factors in Plants

Dariia O. Samofalova, Pavlo A. Karpov, Alexey V. Raevsky,
and Yaroslav B. Blume

14.1 Introduction

Plant stress implies a series of processes and states where growth and development
conditions are extremely different from the optimal ones. Biotic and abiotic stresses
can lead to growth defects, drop in yield or even death. Canonical abiotic stress fac-
tors include low or high soil moisture, extremely low or high temperatures, abnor-
mal light conditions, salinity, etc. At the same time, biotic factors are the result of
unwarranted interference of vast group of organisms, such as different types of
pathogens, pests, and weeds (Mathé et al. 2019).

The numerous data indicate that plant responses to stress involve a wide range of
molecular mechanisms, such as changes in regulatory networks and gene expression
or in work of their reaction products (Lichtenthaler 1996; Kranner et al. 2010; Mosa
etal. 2017). In the end of the past century, it was demonstrated that changes in protein
phosphorylation state are strongly associated with all the abovementioned factors and
extracellular signals (Ho 2015; Mathé et al. 2019). Self-incompatibility (Goring et al.
1993), initiation of mitosis (Li and Roux 1992; Duerr et al. 1993), isoprenoid biosyn-
thesis (MacKintosh et al. 1992), cytoplasmic streaming (Tominga et al. 1987;
McCurdy and Harmon 1992), sucrose-phosphate synthase activity (Huber and Huber
1991), MSERK1 (Duerr et al. 1993), and phosphoenolpyruvate carboxylase activity
(Bakrim et al. 1992) are the examples of regulation of cellular responses involving
different protein kinases and protein phosphatases (Ling 2015; Mathé et al. 2019).

Now there is no doubt that, along with gene regulation, the role of reversible
protein phosphorylation in the stress response is indispensable (M4thé et al. 2019).
Nonetheless, the study of plant protein phosphatase features and functions is over-
due, as opposed to their functional antagonists—protein kinases. Perhaps the reason
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lies in more pronounced structural differences between plant and animal phospha-
tases (Samofalova et al. 2015, 2019). Historically, mammalian protein phosphatases
were classified by their substrate specificity as serine/threonine (Ser/Thr), tyrosine
(PTPs), and dual-specificity phosphatases (DSPs) (Méthé et al. 2019; Samofalova
et al. 2015, 2019). Further, based on a sequence homology, spatial structure, and
substrate specificity, protein phosphatases were divided into these three groups.
Now, plant protein phosphatases can be grouped into four evolutionarily distant
families: PPP (phosphoprotein phosphatase), PPM/PP2C (Mg?*- or Mn?**-dependent
protein phosphatase/protein phosphatase 2C), PTP (phosphotyrosine phosphatase),
and aspartate-dependent phosphatase families (Uhrig et al. 2013). PPP and PPM/
PP2C families are responsible for dephosphorylation of serine and threonine resi-
dues, and it is considered that the evolutionarily highly conserved PPPs engaged in
about 80% of total protein dephosphorylation in eukaryotes (Moorhead et al. 2009;
Lillo et al. 2014). Plant members of the PPP family can be divided into eight sub-
families: PP1 (protein phosphatase type 1), PP2A (protein phosphatase 2A), PP4,
PP5, PP6, PP7, SLP (Shewanella-like protein) phosphatase and PPKL (protein
phosphatase with kelch-like repeat domains) (Uhrig et al. 2013). The third super-
family comprises the group of tyrosine phosphatases and includes three classes:
class 1 (classical PTPs: receptor, non-receptor and dual tyrosine phosphatases
(DSPs)—DSPsI, MAPKP, PTEN, myotubularins, mRNA capping, etc.), class 2
(represented by yeast like dual-specificity phosphatases CDC25(s)), and class 3
(represented by low-molecular-weight protein tyrosine phosphatases (LMWPTPs)).
The fourth and the smallest group of protein phosphatases is represented by two
families of aspartate-specific protein phosphatases: FCP/SCP-like (F-cell produc-
tion/small CTD carboxy-terminal domain phosphatases) and HADs (haloacid deha-
logenases). The catalytic subunits of these protein phosphatases are characterized
by a conserved DXDXT/V motif located in the N-terminal part of the molecule
(Table 14.1, Fig. 14.1).

Such heterogeneity of protein phosphatases increasingly leads to the conclusion
that, in contrast to protein kinases with a common evolutionary origin, the groups of
plant protein phosphatases originate from different ancestral sequences. In particu-
lar, this is confirmed by the significant differences in their spatial structures and
mechanisms of action (Samofalova et al. 2015).

14.2 The Role of Plant Protein Phosphatases in Stress

Mammalian and plant stress signal transduction pathways start with a signal percep-
tion, followed by the activation of protein phosphorylation cascades involving pro-
tein kinases and phosphatases, that finally targets proteins involved in cellular
protection or transcription factors controlling sets of stress-regulated genes (Tamura
et al. 2002; Fujita et al. 20006; Pais et al. 2009). Essentially, protein phosphatases are
a complex family represented by hundreds of enzymes acting as a multicomponent
system of several quite conserved catalytic subunits combined with different types
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Table 14.1 Plant protein phosphatases from Arabidopsis thaliana (Samofalova et al. 2015)

Indicators (min-max) of
Swiss- sequence similarity
Number of Prot Number of closest Simil. | Gap
Class type/isoform | status human homologue | Ident. (%) | (%) (%)
Ser/Thr protein phosphatases of the phosphoprotein phosphatase family
PP1 12 + 2 45-84 62-93 1 0-4.9
PP2A 7 + 2 81-82 89-94 |0
PP4/PPX 3 + 1 39-84 45-92 1 0.4-
48
PP5 2 + 1 38-63 49-78 | 0-36
PP6 2 + 1 73 86 0.4
PP7 3 + 2 21-31 40-46 | 6-11
BSL 3 + 2 46-47 62-64 4.9
BSU 1 + 1 44 64 5.9
Mg?*/Mn**-dependent protein phosphatase family
PP2C 80 -+ 24 12-45 127-59 |4-38
Protein tyrosine phosphatase superfamily
PTPs I 2 + 2 17-37 31-52 | 5-20
(classic)
DSPs I (DSPs) | 9 + 6 16-44 33-65 | 0.6—
14
PTEN 10 + 5 19-44 30-63 | 0-31
Myotub-PP 2 - 1 35-36 44-45 |28
mRNA 3 - 1 32-35 51-53 189
capping
PTPs I 1 + 1 22.2 37.6 8.5
(Cdc25)
PTPs 11T 9 - 1 12-39 19-52 |5-73
(LMWPTP)
Asp-specific protein phosphatases
FCP/FCP-like |23 + 4 23-58 37-79 | 0-17
HAD3 3 — 1 33-35 49-53 | 14-18

of regulating subunits (Peti et al. 2013). Mainly, variability of regulatory subunits
determines specificity, selectivity, and cell localization of protein phosphatases
(Virshup and Shenolikar 2009). Most of them participate in sensing and signaling
mechanisms replying pathogen infections, stress signaling, plasma membrane sen-
sor systems drawn into intracellular signaling networks, cell death, metabolic
responses, primary metabolism, stress induction of secondary metabolism, and hor-
monal signaling (Durian et al. 2016). In contrast to stress-activated protein kinases,
protein phosphatases are acting separately and usually not combined in joint groups
due to the nature of stress factor. According to experimental data, the role of plant
protein phosphatases (Figs. 14.2 and 14.3) in stress is commonly associated with
tyrosine protein phosphatases—DSPsI (ABA regulation, abiotic stress, MKPs, gene
expression and microtubule regulation, abiotic and biotic stress, necrotrophic fungal



264

Tyrosine-PP class 1

o
—-—
classic and dual i B
—==

phosphatases

2

D. O. Samofalova et al.

Serine-threonine-PP.

-
<

T
o5
e

S a8

S e W o 2%

g e
e, e

- o e e
S, g
ves,
2oa Preg,
X 25 sorm, gorins Troh A8
_'W-mﬂ"e'PP“’;j;igr;;;g : LMWPC domain @
.. ;}ﬁ’v‘ﬁ% g Metallophos domain [l
o catalytic PTP domain g
o0 e i

w%n,,,;% Y :5,‘,.;, ot catalytic DSPs domain =@

catalytic RHOD domain [l

Tyrosine-PP ¢

classes 2,3 &
—-—

—a—

Mg*/Mn*-PP

oo M“f‘ﬁ"

Fias v

catalytic PTPLA domain [
catalytic CTDs domain @)
catalytic PP2Ac domain <>
catalytic PP2C-SIG domain <@
catalytic PP2Cc domain <>

o

.

B e

18 EE3ce amamy

oSS oo MO
e

e
2 g

o
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consolidates serine/threonine protein phosphatases; (3) clade 3 consolidates tyrosine protein phos-
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Fig. 14.2 Protein kinases and protein phosphatases of stress-activated protein kinase (SAPK) sig-
naling pathways in mammals (based on Tamura et al. 2002). Abbreviated names of protein kinases:
TAKI1, mitogen-activated protein kinase 7 (MAP 3K7); MEKK, MAP kinase (or MAP 3K); MLK,
mixed lineage kinase; ASKI1, apoptosis signal-regulating kinase 1; MKK?7, dual-specificity
mitogen-activated protein kinase 7; MKK4, mitogen-activated protein kinase 4; MKK3, mitogen-
activated protein kinase 3; MKKG6, mitogen-activated protein kinase 6; JNK, c-Jun N-terminal
kinase; p38, mitogen-activated protein kinases. Abbreviated names of protein phosphatases:
PPC2f-1, protein phosphatase 2Cf; PP2Ca-2, protein phosphatase 2Co; MKP-2, mitogen-
activated protein kinase phosphatase 2; MKP-6, dual-specificity phosphatase 14 (DUSP14); PP2A,
Ser/Thr protein phosphatase 2A; MKP-1, mitogen-activated protein kinase phosphatase 1; MKP-4,
dual-specificity protein phosphatase (DUSP9); MKP-5, dual-specificity phosphatase 10 (DUSP10);
DUSPS, dual-specificity phosphatase 8 (DUSP8); PP2Ca-2, protein phosphatase 2Ca-2; Wipl/
PPMI1D, 2C family serine/threonine phosphatase; HePTP/LC-PTP, leukocyte tyrosine phospha-
tase; PTP-SL/STEP, protein tyrosine phosphatases.

or biotrophic bacterial pathogen)—and Ser/Thr protein phosphatases of types 1, 2A
and 2C combined with different regulating subunits. The type of regulating subunit
is usually determined by the type of biotic stress factor (Durian et al. 2016;
Rahikainen et al. 2016).

During the infectious cycle of Leishmania, its alternative morphological forms
are represented with either extracellular flagellated promastigote or intracellular
pathogenic amastigote. In general, Leishmania differentiation is triggered by
changes in environmental cues, mainly pH and temperature; after that, extracellular
signals are translated into stage-specific gene expression by a cascade of reversible
protein phosphorylation regulated by protein kinases and phosphatases. Though
protein kinases have been actively studied as potential anti-parasitic drug targets,
some results indicate the importance of PP5 in regulation of parasite-stress and
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WRKY DNA-binding protein 33; TFs, transcription factors; ROS, reactive oxygen species; SA,
ribosomal protein (RPSA, LBP, LRP, p40, 67LR, ICAS, lamR, 37LRP, LAMBR, LAMRI, LRP/
LR, LBP/p40, and NEM/1CHD4); AOX, alternative oxidase; CAT2, catalase 2; GSTF2, glutathione
S-transferase PHI 2; SAHH, S-adenosylhomocysteine hydrolase; TGG1, thioglucoside glucohydro-
lase 1; HOLI, harmless to ozone layer protein 1; ACS2/6, 1-aminocyclopropane-1-carboxylate syn-
thase 2; ACC, ox 1-aminocyclopropane-1-carboxylic oxidase 2; MPK3 and MPK6, mitogen-activated
protein kinases; RPM1, NB-ARC domain-containing disease resistance protein; RPS4, disease
resistance protein; IBRS, indole-3-butyric acid-response 5; SNCI1, TIR-NBS-LRR class disease
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adaptation during differentiation, making this protein an attractive potential target
for therapeutic intervention (Norris-Mullins et al. 2018).

High expression of PP2C (SjPtc1) was identified in Schistosoma japonicum, and
SjPTCI1 expression reversed the sensitivity of yeast ptc1 null mutants towards H,0O,,
ZnCl,, cisplatin, and rapamycin. SjPtcl in S. japonicum may take part in the regula-
tion of cellular responses to oxidative stress, DNA damage, and the TOR (target of
rapamycin) signaling pathway (Lu et al. 2018). Eukaryotic PP2Cs are involved in
manifold cellular processes. At the same time, their functions in filamentous fungi
remain almost unknown. Botrytis cinerea have four PP2C-like genes, named
BcPTC1, BcPTC3, BcPTCS, and BcPTC6. BePtc3, but not BePtcl, negatively reg-
ulates phosphorylation of BcSak1 (the homologue of S. cerevisiae Hogl) in B. cine-
rea, although both BcPTC1 and BcPTC3 were able to rescue the growth defects in
yeast PTC1 deletion mutant under various stress conditions (Yang et al. 2013a).
Also, expression contol at the promoter level is crucial for adaptive responses to salt
stress in the yeast genome (Mizuno et al. 2018; Fu et al. 2018).

It was demonstrated that calcineurin (PP2B) and CchA are required to modulate
cellular calcium levels and synergistically coordinate calcium influx under salt
stress. The member of TRPC family of vacuolar Ca?* channels, YvcA, was proven
to compensate for calcineurin-CchA in fungal salt stress adaption (Wang et al. 2016;
Park et al. 2016; Chow et al. 2017; Lahiri et al. 2014). Parasite-specific elF2a
kinases and phosphatases are also required for proper developmental transitions and
adaptation to cellular stresses during life cycle. Apicomplexan-induced inhibition of
elF2a kinases may interfere in parasite translational control and lay the basis for
development of new therapies against malaria and toxoplasmosis (Zhang et al. 2013).

The causative agent of African trypanosomiasis in human and domestic animals,
Trypanosoma brucei, adapts in various environments during their digenetic life
cycle. Heat shock protein 90 (Hsp90) is an important participant for survival of the
parasite. Artificial induction of TbPP5 overproduction reduces the growth inhibitory
effect of GA (geldanamycin), while knockdown of TbPP5 reduces cell growth more
in the presence of GA, as compared to parental control. However, depletion of
TbPP5 did not prevent the increase in Hsp90 level during GA treatment. Together,

<
<

Fig. 14.3 (continued) resistance protein; CHS3, TIR-NB-LRR resistance protein; SGT1b, phos-
phatase-like protein; HSP90, heat shock protein 90. Part B: MASP1, microtubule-associated stress
protein 1; EGR, clade E growth-regulating protein; ABI1, protein phosphatase 2C family protein 1;
OST]1, protein kinase superfamily protein; ICE1, inducer of CBF expression 1, an upstream tran-
scription factor; BTF3, basal transcription factor 3; CBFs, transcriptional activators; CORs, cold-
regulated polypeptides; DsPTP1, dual-specificity protein phosphatase 1; NCED3,
nine-cis-epoxycarotenoid dioxygenase 3 gene; ABI1, ABI3, ABIS, abscisic acid insensitive 1, 3 and
5 genes; MPK1, mitogen-activated protein kinase 1; MPK3 and MPK6, mitogen-activated protein
kinases; OsMPK1, OsMPK3 and OsMPK6, mitogen-activated protein kinases of Oryza sativa;
NtMPK1, mitogen-activated protein kinase 1 of Nicotiana tabacum; WIPK, wound-induced protein
kinase; SIPK, salicylic acid-induced protein kinase; JA, jasmonic acid; ET, ethylene; PR1, patho-
genesis-related protein 1; PI-II, probable transcription factors; CaM, calmodulin; MKP1, mitogen-
activated protein kinase phosphatase 1; MPK18, mitogen-activated protein kinase 18
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this suggests maintaining TbPP5 as positive regulator of trypanosomal Hsp90 under
proteotoxic stresses (Jones et al. 2008).

In Candida albicans, the main stress protection is closely associated with treha-
lose biosynthetic pathway. In particular, it concerns the cellular response to oxida-
tive stress and resistance to phagocytosis. TPS2-dependent defense mechanism
encodes trehalose-6P phosphatase and causes a pleiotropic defective phenotype of
C. albicans, maintaining cell wall integrity and the ability to form chlamydospores
(Martinez-Esparza et al. 2009). At the same time, yeast homologue ScPFA-DSP1
(plant and fungi atypical DSPs) from S. cerevisiae is involved in response to caf-
feine and rapamycin stresses (Roma-Mateo et al. 2011).

Another mechanism, which is critical for the regulation of stress responses in
fungi, is associated with calcium signaling via calmodulin and calcineurin. These
functions of calmodulin and calcineurin are conserved among pathogenic fungi and
model saprophytic fungi, but the mechanisms of action have diverged (Kraus and
Heitman 2003).

It is noteworthy that PP2A are also required for nuclear accumulation of Msn2p
and response to heat, osmotic, nitrogen (not glucose), and starvation stresses in
Saccharomyces cerevisiae. PP2A and Tor kinase pathway transduce stress and
nitrogen starvation signals to Msn2p. Finally, Msn2p localization is unaffected by
conditional loss of 14-3-3 protein function, ruling out the possibility that 14-3-3
proteins act as a scaffold to sequester Msn2p in the cytoplasm (Santhanam et al.
2004). It was demonstrated that complete activation of PP2A-Cdc55 complex under
environmental stress response is mediated by the transcription factors Msn2 and
Msn4. It was established that PP2A-Cdc55 complex is not involved in cytosolic
stress signal transduction. At the same time, PP2A-Cdc55 participates in a specific
intranuclear mechanism regulating nuclear accumulation of Msn2 and Msn4, as
well as chromatin association in response to stress (Reiter et al. 2013). At the same
time, in C. albicans, the phosphatases of another homological type, PP4, act as a
negative regulator of DNA damage-induced filamentation and virulence (Feng
et al. 2017).

It was demonstrated that functions of PTPs in filamentous fungi B. cinerea are
different from those in S. cerevisiae. So, BcPtpA and BcPtpB play important roles
in the regulation of vegetative development, virulence and adaptation to oxidative,
osmotic, and cell wall damage stresses in B. cinerea (Yang et al. 2013a, b).

It is known that fungal mitogen-activated protein kinases (MAPKs) are directly
involved in stresses response and developmental processes. Since the precise regu-
lation of MAPKs is fundamental for cell physiology, fungi bear dual-specificity
phosphatases (DUSPs) that act as MAP kinase phosphatases (MKPs). Fungi offer a
model to gain insight into the regulatory mechanisms that control MKPs and couple
oxidative stress with substrate recognition (Gonzélez-Rubio et al. 2019).

One more unique fungal “stress phosphatases” is protein phosphatases Z. This
group is closely associated with resistance to high salt concentrations, cell wall
integrity, cell cycle regulation, and oxidative stress in fungi. In Aspergillus fumiga-
tus, it was shown that PHZA is under control of the transcription factor Skn7 and is
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involved in the control of the oxidative stress. Accordingly, the AphzA mutant
showed a defect in virulence in an experimental model of corneal infection in
immunocompetent animals and impact on susceptibility of cell wall for drugs
(Muszkieta et al. 2014).

14.3 Dephosphorylation of Serine and Threonine Residues
in Plant Stress Response

Biotic stress factors are the major threat to the plant health and can significantly
decrease crop productivity through impairing the physiological functions. To resist
the wide range of pathogens and insect herbivores, plants deploy converging signal-
ing pathways. The counteracting activities of protein kinases and phosphatases form
basic mechanisms that recognize the stress factor and determine appropriate defen-
sive measures. Epistasis analysis of nine PP1 members from A. thaliana revealed
their role in defense activation of topp4-1-dependent (Ser/Thr-protein phosphatase
PP1 isozyme 4) non-race-specific disease resistancel, phytoalexin deficient 4, and
the salicylic acid pathways. Mutations on PP1 orthologues in tomato TOPPI,
TOPP4, TOPPS5, TOPP6, TOPP7, TOPPS8, and TOPP9 confirmed their role in plant
defense response against Pseudomonas syringae pv. tomato (Pst) DC3000 and
expression of defense genes. Also, it was demonstrated that TOPPs interact with
mitogen-activated protein kinases MPK3, MPK4, and MPK6 and affect MAPK-
mediated downstream defense pathway (Qin et al. 2014; Liu et al. 2020).

Recent studies identified protein phosphatase 2A (PP2A) as a central and univer-
sal component of plant response to stress (Rahikainen et al. 2016). Genetic, pro-
teomic, and metabolomic approaches revealed a versatile nature of PP2A. It was
demonstrated that PP2A essentially impacts on the plant immunity via receptor and
organelle signaling, regulates gene expression, participates in metabolic pathways,
and contributes to cell death signaling. In turn, different subunits of this complex
enzyme mediate post-translational regulation of numerous metabolic pathways and
signaling components (Durian et al. 2016). Awotunde et al. (2003) demonstrated the
interaction between intact holoenzyme of PP2A and tubulin in etiolated maize seed-
lings at the stage of intensive cell elongation. They also have proved the association
of PP2A and HDAI14 (histone deacetylase 14), which in turn can deacetylate
a-tubulin and promote interplay between protein phosphorylation and acetylation.
It was found that DA 14, ELP3 (contractor of HDA14), and the PP2AA-subunits A1,
A2 and A3 are all located both in nucleus and cytosol. For example, in A. thaliana,
HDA 14 is associated with PP2A and enriches in the microtubule fraction along with
the putative histone acetyltransferase ELP3 (Tran et al. 2012).

Also, it was shown that protein phosphatase 2A (PP2A) regulates the dynamics
of the cortical microtubules in Arabidopsis, through interaction with TONNEAU2
(TON2)/FASS and direct dephosphorylation of a-tubulin (Zhang 2008; Kirik et al.
2012). It was demonstrated that in vivo TON2 mainly interacts with the PP2AC
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subfamily II isoforms, PP2AC-3 and PP2AC-4. Virus-induced gene silencing of
PP2AC subfamily II causes several defects in plant development, whereas silencing
of subfamily I causes no visible phenotype changes. Silencing of PP2AC subfamily
II causes cell shape defects in the leaf epidermis and decreases the density of corti-
cal MT arrays in Arabidopsis. It was demonstrated that upon removal of inorganic
impurities, PP2AC subfamily II dephosphorylates a-tubulin. That suggests involve-
ment of plant PP2AC in regulation of cortical MT under normal and salt stress
conditions (Yoon et al. 2018). At the same time, a transverse microtubule array in
TON 2-15 mutants did not reorient in response to light exposure. This indicates the
role of TON2 in array reorientations and its effect on dynamics of such reorganiza-
tions (Kirik et al. 2012).

Bhaskara et al. (2017) found that three Growth-Regulating (EGR) type 2C pro-
tein phosphatases target the cytoskeleton, plasma membrane-associated proteins,
and act as negative growth regulators during drought. Phosphoproteomic analysis
identified putative targets of these PP2Cs, including a new MT binding protein that
accumulated during low w,, stress and promoted MT stability and growth in a
phosphorylation-specific manner. Namely, microtubule-associated stress protein 1
(MASP1) overexpression enhanced growth, in vivo MT stability, and recovery of
microtubule organization during drought acclimation. It was detected in vivo that
MASPI1 functions depend on phosphorylation of a single serine residue. The EGR-
MASPI1 system selectively regulates microtubule recovery and stability to adjusting
cell and plant growth. PP2C protein phosphatases were identified as important regu-
lators of MT organization and stabilizing factors of continued plant growth during
drought stress (Bhaskara et al. 2017).

It was found out that reversible protein phosphorylation is extremely important
for drought and abscisic acid (ABA) signaling (Jenks and Wood 2009). Abscisic
acid is an essential phytohormone that contributes to growth, development, and
responses to drought stress, salinity, or pathogens (Yoshida et al. 2002; Hirayama
and Shinozaki 2007). In Populus trichocarpa and Arabidopsis, HABI and HABI5
were identified as PP2C protein phosphatases, regulating ABA signaling (Umezawa
etal. 2010; Wang et al. 2015; Bhaskara et al. 2017). It was found that the interacting
ensemble of HABI, HAB3, HAB12, and HABI5 in Populus is the most highly
expressed genes under non-stress conditions. At the same time, these plant PP2C
genes demonstrate different expression under different drought treatments. The
expression of HABI through HAB3 was unchanged during downregulated response
to drought, while all other HAB genes were weakly to strongly upregulated. It was
reported that HAB2, HAB12, HAB13, and HAB14 interact with the mitogen-
activated protein kinase 7 (PtrMPK7). Beyond the canonical ABA signaling, the
role of PP2Cs in coordination of plant growth and development under the influence
of environment conditions was predicted (Jenks and Wood 2009; Rigoulot
et al. 2019).

Also, it was detected that activity of numerous plant PP2Cs is regulated by inter-
action with pyrabactin resistant-like/regulatory component of abscisic acid recep-
tors (PYL/RCAR) (Cutler et al. 2010; Melcher et al. 2010; Fuchs et al. 2014). Later,
it was established that interaction with PYLs is specific only for 9 of all 80 PP2Cs
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encoded in Arabidopsis genome (Fuchs et al. 2014; Sugimoto et al. 2014). For the
major part of plant PP2Cs, such interactions have not been detected and their physi-
ological function remains unknown (Bhaskara et al. 2017).

It was demonstrated recently that Highly ABA-Induced 1 (HAI1) protein phos-
phatase 2C plays an important role in restriction of plant growth under low-water
potential stress. Protein phosphatase HAII controls expression of jasmonic acid,
auxin-related genes, SHOOTMERISTEMLESS genes, and some other regulators of
development. It was demonstrated that HAIl-dependent phosphorylation of
AT-Hook-Like10 (AHL10) on Ser314 determinate its function and localization. It
indicates that HAI1-AHL10 signaling coordinates plant growth in stress and defense
responses (Wong et al. 2019).

14.4 Dephosphorylation of Tyrosine Residues and Its Role
in Plant Stress Response

Initially it was reported that phosphorylation more often occurs on Ser and Thr resi-
dues whereas Tyr phosphorylation accounts for only 0.05% (Hunter and Sefton
1980). Later, phosphoproteomics studies based on more accurate detection of phos-
phopeptides have shown that phosphorylation on Ser, Thr, and Tyr residues occurs
at aratio of 88:11:1 (Olsen et al. 2006). Thus, it appears that Tyr phosphorylation is
minor as compared to Ser and Thr. Nevertheless, Tyr phosphorylation plays a cru-
cial role in regulation of many cellular processes in eukaryotic cells, such as cell
division, growth, and differentiation (Yemets et al. 2008; Hunter 2009; Sheremet
et al. 2012). Very few studies have tried to elucidate the involvement of Tyr phos-
phorylation in plant cells. This is due to the lack of typical PTK genes in plants and
also to the fact that PTP genes have been identified in the genome of Arabidopsis
(Luan 2002). Sensitive proteomic approaches have, however, confirmed the exis-
tence of protein Tyr phosphorylation in plants (Ghelis 2011).

During the first decade of the century, several studies demonstrated that phos-
phorylation of tyrosine (Tyr) in plants considerably contributes to microtubule
depolymerization and stress response (Blume et al. 2008a; Yemets et al. 2008;
Sheremet et al. 2012). Furthermore, inhibition of PTKs in Arabidopsis altered root
hair growth and development, probably as a result of their significant influences on
MT organization in root hairs (Yemets et al. 2008; Sheremet et al. 2012). Inhibition
of PTPs resulted in intense induction of root hair development and growth and
caused a significant shortening of the root elongation zone. In Arabidopsis, it also
led to changes in MT orientation from transverse to longitudinal in epidermis and
cortex cells of the elongation and differentiation zones of the root (Yemets
et al. 2008).

It was reported that Tyr phosphorylation is closely related to the abiotic stress
responses (Ghelis 2011). In Arachis hypogaea, a PTK gene expression and its activ-
ity are induced by cold and salt stress tolerance mechanisms (Rudrabhatla and
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Rajasekharan 2002). Cold, heat, and salt stresses induce high levels of gene expres-
sion of 14 DsPTK genes and downregulate three DsPTK genes (Rudrabhatla et al.
2006). The sole member of canonical PTP in Arabidopsis, AtPTP1, was upregulated
by salt and downregulated by cold treatment (Xu et al. 1998; Fordham-Skelton et al.
1999). Finally, it has been shown that MAPK phosphatase 1 (MKP1) is a DsPTP
that participates to the response to salt stress. It was predicted based on expression
profiling of wild-type vs. mkpI mutant lines and increased resistance to salinity of
mkpl in mutant plants (Ulm et al. 2001).

In a number of investigations, it was found that during a water stress, transpira-
tional loss of water is reduced as stomata were closing in response to ABA. The
involvement of PTKs and PTPs in the signaling pathway was illustrated on the rela-
tion between treatment with specific inhibitors and subsequent stomatal closure (Shi
et al. 2005; MacRobbie 2002; Ghelis et al. 2008). The phs-3 mutation in a DsPTP
gene causes a deregulation of the ABA-dependent stomatal closure (Quettier et al.
2006). Perception of water deficit gives rise to increases in internal ABA concentra-
tions. Involvement of Tyr phosphorylation has been observed in ABA signaling as
the DsPTP PHS1 is a negative regulator of ABA signal transduction pathway
whereas IBRS, another DsPTP, has been shown to regulate positively this pathway
(Monroe-Augustus et al. 2003; Quettier et al. 2006).

On the other hand, Tyr phosphorylation controls both the oxidative stress toler-
ance and the response to genotoxic stress. Reactive oxygen species are produced
during the normal operation of respiratory and photosynthetic electron transport.
They are toxic for the plant as they induce the production of highly destructive spe-
cies. Plants have elaborated mechanisms to minimize the action of these com-
pounds. AtDsPTP2, also called MKP2, has been shown to regulate positively the
physiological responses to oxidative stress generated during ozone treatment (Lee
and Ellis 2007). The mkp2 mutant plants inhibit hypersensitivity to oxidative stress
induced by methyl viologen during germination, confirming the role of this DsPTP
as a positive regulator (Lumbreras et al. 2010). DsPTP1 was the first dual-specificity
protein phosphatase from higher plants shown to inactivate MAPK (MPK4) in vitro
(Gupta et al. 1998; Opdenakker et al. 2012; Jiang et al. 2018). Besides the stress of
increased light intensity, plants are subjected to stress from the ultraviolet (UV)
wavelengths in incident irradiation. UV-C is the most damaging factor as it modifies
DNA and proteins. Plants use both restorative and repair mechanisms to counter this
stress. Screens for UV-sensitive mutants in Arabidopsis led to the identification of
the DsPTP MKP1 as essential for UV resistance that interacts with a group of stress-
activated MAPK3, MAPK4, and MAPK6 (Ulm et al. 2002; Seo et al. 2007). The
Arabidopsis mkpl mutant, which is resistant to elevated salinity, is also hypersensi-
tive to UV radiation (Ulm et al. 2001, 2002; Ghelis 2011).

In general, MAPK phosphatases play an integrative role in plants responding to
diverse environmental stimuli. /n vitro and/or in vivo studies have shown that MKPs
physically interact with MAPKs and/or regulate their activation. Besides, it has
been indicated that DsPTP1 inactivates a MPK4 in vitro (Gupta et al. 1998). MKP1
interacts with MPK3, MPK4, and MPKG6 both in vitro and in vivo and deactivates
MPKG6 in protoplast-based assays (Ulm et al. 2002; Bartels et al. 2009). MKP2,
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which interacts with MPK3 and MPKG6 both in vitro and in vivo, is able to dephos-
phorylate phospho-MPK3 and phospho-MPKG6 in vitro (Lee and Ellis 2007). IBRS,
a MPK12 interacting partner, has been shown to dephosphorylate and thus deacti-
vate in vitro and in vivo MPK12 (Lee et al. 2009). Walia et al. (2009) demonstrated
that PHS1 interacts with Arabidopsis MPK12 and MPK18 in a yeast two-hybrid
interaction assay, and recombinant PHS 1 dephosphorylates the activated MPK18 in
vitro (Walia et al. 2009). In general, all these studies proved the central role of
MAPK signaling cascades in regulation of multiple cellular responses in eukaryotes
and the role of protein phosphatases as the main negative regulators of MAPK sig-
naling. Among these, dual-specificity (Ser/Thr and Tyr) phosphatases (DSPs),
which belong to a subfamily of the tyrosine phosphatases (PTPs), catalyzed the
dephosphorylation both on pSer/pThr and on pTyr residues, located in the activation
loops of different MAPK members (Keyse and Emslie 1992; Alessiet al. 1993; Sun
et al. 1993; Ward et al. 1994; Jiang et al. 2018). In general, from 22 plant DSPs
identified in Arabidopsis, experimental evidence of direct interaction and dephos-
phorylation of different MAPKSs has been outlined only for 5 of them (Gupta et al.
1998; Ulm et al. 2001, 2002; Lee and Ellis 2007; Kerk et al. 2008; Lee et al. 2009;
Walia et al. 2009). All DSPs are closely associated with regulation of plant growth
and development. MAP kinase phosphatase IBRS is a positive regulator of auxin
responses, indicating a role for MKPs as negative coordinators of plant growth and
development. Another vitally important area where MKPs have been shown to
affect plant growth and development is the control of the dynamics and organization
of microtubules, in which PHS1 has been implicated to play an essential role (Jiang
et al. 2018). Also, it was demonstrated that PHS1 is involved in controlling of flow-
ering time in Arabidopsis (Jaeger et al. 2006). MKP1 has also been shown to be
involved in controlling the cell fate transition during stomata development
(Tamnanloo et al. 2018).

In general, DSP MAPK phosphatases are central hubs integrating biotic and abi-
otic stress (Jiang et al. 2018). In Arabidopsis, several DSP-type phosphatases have
been implicated in regulating pathogen-associated responses and resistance. MAPK
PHOSPHATASE 1 (MKP1) is an important negative regulator of plant immunity. In
short, MAPK PHOSPHATASE 2 (MKP2) dephosphorylates phospho-MPK3 and
phospho-MPKG6 in vitro, possessing distinct functions in regulation of different
pathogen impacts (Lee and Ellis 2007; Lumbreras et al. 2010). MKPs also contrib-
ute to the regulation of several resistance (R) proteins. IBR5 plays a positive role in
regulating R protein CHS3 involved in controlling disease resistance mediated by R
proteins RPM1 and RPS4 (Liu et al. 2015a, b). According to Bartels et al. (2010),
MKP1 plays an important role in plant growth homeostasis by repressing SNCI1-
mediated stress signaling (Bartels et al. 2010). In addition to the resistance against
pathogen infections, MKPs also constitute important components regulating multi-
ple abiotic stresses, genotoxic stress, osmotic/drought stress, and salinity stresses
(Jiang et al. 2018). Finally, MKP1I, as a positive regulator of genotoxic stress sur-
vival, has been identified to be a negative regulator of salinity resistance, as demon-
strated by the fact that loss of MKP1 increased resistance to salt stress (Ulm et al.
2002). Despite little sequence homology (49% identity), MKP1 and TMKP1 seem
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to act in an antagonistic manner to regulate salt stress responses, which might be
explained by distinct subcellular localization and differential catalytic regulation by
Ca? (Lee et al. 2008; Bartels et al. 2009; Zaidi et al. 2010; Ghorbel et al. 2015). In
response to tissue wounding, plant MKPs have been reported to be general negative
regulators (Katou et al. 2007). There is also increasing evidence highlighting the
importance of MKPs in osmotic stress signaling pathways (Kiiltz and Burg 1998;
Jiang et al. 2018). Liu et al. (2015a, b) demonstrated that Arabidopsis PTP1 function
as a negative regulator in response to osmotic stress during seed germination and
seedling establishment (Liu et al. 2015a, b). Fujita et al. (2013) demonstrated that
PHSI is closely associated with a salt/osmotic stress-induced depolymerization of
cortical microtubules (Fujita et al. 2013). Their research illustrated that tubulin
kinase activity was suppressed by the phosphatase activity of PHS1 under normal
growth conditions. At the same time, upon osmotic stress, such suppression was
relieved, leading to the phosphorylation on Thr349 residue of a-tubulin, contribut-
ing to the formation of polymerization-inefficient tubulins (Fujita et al. 2013).

Zhou et al. (2017) demonstrated that Arabidopsis homologues of E3-histone
monoubiquitination 1 (HUB1/H2Bubl) and 2 (HUB2/H2Bubl) play an important
regulatory role in response to salt stress. At the same time, it was demonstrated that
H2Bubl regulates salt stress-induced MT depolymerization and the PTP-MPK3/
MPKG6 signaling. In this way, PTPs modulate integrating signaling by regulation of
MT stability and plant salt stress tolerance (Zhou et al. 2017).

Recently, the effect of high temperatures on plant immunity was linked with
dependence between high-temperature resistance and PTP signaling (Zhu et al.
2010; Hua 2013). SUPPRESSOR OF nprl-1, CONSTITUTIVE 1 (SNC1) is the
first identified R gene mediating high temperature inhibition of resistance (Yang and
Hua 2004), which is negatively regulated by BONZAI1 (BON1) (Zhu et al. 2010).
At 22 °C, the bonl-1 loss-of-function mutation activates SNC1, which induces con-
stitutive salicylic acid (SA)-mediated defense responses and inhibits plant growth.
At the same time, at 28 °C the nuclear accumulation of SNCI is reduced by high
temperature, which may inhibit the activity of this protein and suppress the defense
responses (Zhu et al. 2010). Besides BON1, other negative regulators of SNC1 have
been identified, such as MAP KINASE PHOSPHATASE 1 (MKP1) and others (Zou
et al. 2014; Gou et al. 2012; Yaish 2017).

Another example of the role of tyrosine-dependent dephosphorylation is pre-
sented by the plasma membrane-localized clade E growth-regulating 2 phosphatase.
EGR?2 interacts with OST1 (open stomata 1/SNF1-Related protein kinase 2.6) and
inhibits its activity under normal conditions. Normally, EGR2 is N-myristoylated
by N-myristoyltransferase NMT1 at 22 °C, predetermining its interaction with
OSTI. Moreover, myristoylation is required for EGR2 function in plant freezing
tolerance. Under cold stress, the interaction of EGR2 and NMT1 is attenuated, lead-
ing to the suppression of EGR2 myristoylation in plants. Therefore, mutations of
EGRs cause plant tolerance to freezing, whereas overexpression of EGR2 exhibits
decrease in freezing tolerance (Ding et al. 2015, 2019).
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14.5 The Role of Protein Phosphatases
in Cytoskeleton Regulation

Cytoskeleton coordinates basic physiological processes such as cell division, growth
and differentiation, cell inner/outer motility, vesicle transport, cell support and scaf-
folding, polymer crosslinking, and membrane anchorage (BaluSka et al. 2003;
Foster et al. 2003; Klyachko 2005; Gonzalez-Quevedo et al. 2005; Soda et al. 2016).
These integrated signaling networks undergo structural changes in plant responses
to the internal and external cues and play a role of a trigger for stress tolerance/
resistance to various abiotic (photoperiod, mechanical stimuli, temperature changes,
etc.) (Nick 2008, 2013) and biotic (infection with viral, bacterial, or fungal patho-
gens) stresses (Schmelzer 2002; Takemoto and Hardham 2004; Kobayashi and
Kobayashi 2007; Soda et al. 2016). The orientation of microtubules (MTs) and actin
filaments (AFs) along the shoot/root main axis (transverse, oblique, longitudinal,
randomized) and their organization (bundled, relaxed, loose, stabilized, fragmented,
depolymerized) vary during cell division, elongation, and differentiation. Tissue
“growth status,” developmental stage, and progress in stress responses are reflected
in MT orientation (Duckett and Lloyd 1994; Blume et al. 2016).

The expression of different isoforms and various post-translational modifications
of microtubular and microfilament proteins are the basis of functional specialization
and adaptation of these cytoskeletal structures (Janke 2014; Soda et al. 2016; Blume
et al. 2016). These two factors underlie the functional heterogeneity in tubulin and
actin cytoskeletons and were named “tubulin code” and “actin code,” respectively
(Janke 2014; Gadadhar et al. 2017; Blume et al. 2016; Vedula and Kashina 2018).
Along with a number of other types of post-translational modifications, reversible
phosphorylation is one of the predetermining factors of specialization and adapta-
tion of these cytoskeleton structures, including the responses to the different types
of stress (Gimona 2008; Blume et al. 2016; Soda et al. 2016). Thus, among the huge
variety of plant protein kinases and plant protein phosphatases, there is a small and
coordinated group of enzymes directly related to MT and AF functionalization
(Karpov et al. 2010a, b; Karpov et al. 2014; Samofalova et al. 2019).

There is a certain relation between microtubule functioning and activity of Ser/
Thr-specific protein phosphatases PP1, PP2A/PP2B, PP4 (PPX) and PP6 PP7
(Awotunde et al. 2003; Farkas et al. 2007; Moorhead et al. 2007; Blume et al. 2008a,
b). Some results of in vitro testing demonstrate that protein phosphatases PP1,
PP2A, and PP4 are able to directly dephosphorylate o-, -, and y-tubulins. At the
same time, PP6 and PP7 regulate mitosis and cell cycle, but their role in direct inter-
action with tubulin is not clear (Kumar et al. 2004; Bollen et al. 2009; De Wulf et al.
2009; Zeng et al. 2010). Particular attention must be paid to a group of classical and
dual-specificity tyrosine phosphatases (PTP1B, CDC25, PTPHI1, PTRNI11,
PTRNI13, PTP14, DSP-DEP1, DSP7, DSP14B) (Yang and Tonks 1991; Alonso
et al. 2004; Cho et al. 2004, 2005; (Lindqvist et al. 2005; Liu et al. 2012; Trush et al.
2014). It has been shown that CDC25a and CDC25b activate cyclin-dependent pro-
tein kinases, which in turn control progression of mitosis. PTP1B promotes cell



276 D. O. Samofalova et al.

proliferation, and PTPN11 (SHP2) is supporting stability of chromosome organiza-
tion (Baldin et al. 1997; Lindqvist et al. 2005; Liu et al. 2012; Trush et al. 2014).
However, despite the obvious colocalization of the abovementioned protein phos-
phatases with tubulins, their individual functions, as well as their direct contribution
in plant “tubulin code,” remain controversial (Tournebize et al. 1997; Cho et al.
2005; Sines et al. 2007; Wang et al. 2010,).

After all, the A. thaliana phosphatome was studied analyzing the literature data
with subsequent profile search. From this data, the Ser/Thr-specific group (PP1,
PP2A, PP4, PP6, PP7), classical non-receptor tyrosine (PTPN1, PTPN3, PTPNI1,
PTPN13, PTPRIJ), and dual protein phosphatases (CDC25, DUSP7, DSP14) are
associated with dephosphorylation of the MTs of higher plants (Samofalova et al.
2015) (Table 14.2). In particular, this set of protein phosphatases was predicted as
potentially capable of dephosphorylating of a-, -, and y-tubulin.

Also, the respective groups were determined in dicotyledons (Nicotiana taba-
cum, Medicago sativa) and monocotyledons (Oryza sativa, Zea mays, Triticum aes-
tivum). In total, 151 plant protein phosphatases that potentially participate in the
MT regulation were analyzed (Samofalova et al. 2019). Our results confirmed ear-
lier conclusions about the differences in phosphatomes of different families of
Magnoliophyta (Samofalova et al. 2019). For example, search results in databases
of sequence homology and keywords revealed the absence of PP4-type phosphatase
homologues from Medicago sativa (Samofalova et al. 2019).

For the reconstruction of the spatial structure, some plant MT protein phospha-
tases, closest homologues with the experimentally resolved spatial structure, were
studied, and thus the significant conservation of the Ser/Thr-specific PP of plant and
animal origin was confirmed. It was determined that for these types of plant PPs, the

Table 14.2 Plant MT protein phosphatases

Organism (UniProtKB numbers of PPs)

A. thaliana ‘N. tabacum ‘ O. sativa ‘M. sativa | Z. mays |T. aestivum

Ident. Homologues PPs (%)
Type of PPs 95-63 94-81 80-78 94-65 94-76
PP1 + + + + + +
PP2A + + + + + +
PP4/PPX + + + — + +
PP6 + + + - + +
PP7 + - + - + +
PTPNI1/PTP1B + - + - + +
PTPN3/PTPHI1 + - + - + +
PTPN11/PTP2C |+ - + - + +
PTPNI13/PTP14 |+ - + - + +
PTPRJ/D-DEP1 |+ - + - + +
CDC25 + - + — + +
DUSP7/DSP7 + + + - + +
DSP14 + + + - + +
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type of folding (alpha+beta) was identical to their homologues from animals. It has
been shown that despite the high level of heterogeneity of the primary structure, the
physical and chemical properties of the protein phosphatases PP1, PP2, and PP4
coincide by the main indicators at the level of the entire group (Samofalova et al.
2019). At the same time, for all studied catalytic subunits PP1, PP2, and PP4, the
characteristic conservation of the C-terminal region was confirmed, and the unique
a-structure of the catalytic domain was found, typical for the entire group of serine/
threonine-specific PPs. After the reconstruction of the spatial structure of plant pro-
tein phosphatases PP1, PP2A, and PP4, the comparison of the topology of their
functional motifs, such as the binding sites of ATP (for ATP-Mg-dependent form),
the site of interaction with the cofactors (metal ions) as well as the regions respon-
sible for binding of inhibitors of the corresponding PPs, was carried out. Difference
in globular patterns of plant protein phosphatases was observed only for individual
amino acids of loop domains. In particular, histidine, which forms the active site of
PP and is responsible for ATP binding in most plant PP1, has the conformation dis-
tinct from the marker PP1 from A. thaliana (Samofalova et al. 2011). However, it
should be noted that this does not cause a significant violation of the binding site
structure. The analysis of amino acids directly responsible for inhibitors binding
revealed only replacements of individual residues: For example, Val instead of Ile in
143 position in PP1 from A. thaliana and Z. mays. In the case of PP4 from Nicotiana
tabacum, there is tryptophan instead of Phe279, and in PP4 from 7. aestivum, the
residue of Arg109 is replaced with Ser (Samofalova et al. 2015, 2019).

The comparison results of the complete amino acid sequences of potential ser-
ine/threonine PPs (PP1, PP2A, PP4, PP6, PP7) imply a sufficiently high level of
sequence identity—within the range of 76-95%. At the same time, an analysis of a
group of non-receptor tyrosine phosphatases (PTPN1, PTPN3, PTPN11, PTPN13,
PTPRIJ) and dual-specificity PP homologues (CDC25, DUSP7, DSP14) revealed a
much lower level of identity of plant homologues, ranging from 10 to 35% when
compared only to their catalytic domains, high frequency of gaps and lack of experi-
mental evidence of enzyme activity (Fig. 14.4). However, due to the low level of
sequence similarity and insufficient structural data, the analysis and reconstruction
of the spatial structures was impossible for PP6, PP7, PTPN1, PTPN3, PTPNI11,
PTPN13, PTPRJ, and CDC25.

The next stage of the study of binding mechanisms of inhibitors with plant pro-
tein phosphatases included the analysis of chemical databases. Finally, 231 inhibi-
tors of Ser/Thr-specific protein phosphatases with proven biological activity were
selected. The aforementioned sample was used as a control. Based on the 2D finger-
prints and Tanimoto and Tversky indices (with the threshold of similarity 85%),
1105 compounds from PubChem, ChREMBL, and ZINK databases were selected for
the test set. Among the test set, only 11 substances had biochemical confirmation of
activity and the described mechanism of ligand-protein interaction, namely, the
interaction of PP1 and PP2A protein phosphatases with okadaic acid and microcys-
tin-LR; PP1 with microcystin-LA, calyculin A, nodularin, and tautomycin; PP2A
with dinophysistoxins; and PP5 with cantharidin and endothall.
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Fig. 14.4 Results of an NJ-clustering of potential plant homologues and annotated sequences of
protein phosphatases associated with cytoskeleton regulation based on catalytic domain sequences
of Tyr (a) and Ser/Thr (b) protein phosphatases

Subsequently, this information was used in the reconstruction and analysis of the
interaction of these inhibitors with plant PPs. This stage included the profiling of the
physical and chemical properties of complexes, the analysis of the ligand and protein
interaction, to assess the existence of alternative targets for inhibitors in plants. It has
been shown that the interaction of inhibitors with protein phosphatases occurs with the
participation of 1-18 functionally significant water molecules. The exceptions were
microcystins (LR and LA) that interact covalently with PP2A, as well as cantharidin
and endothall that form coordination bonds with the active site metal ion in PP5,
whereas in case of their absence during docking, they intercalate into molecules of
protein phosphatases PP1, PP2A, and PP4. Based on the results of the comparison of
PDB complexes of protein phosphatase PP1 with okadaic acid, microcystin-LR and
LA, calyculin A, tautomycin, nodularin, and motuporin, such residues as Arg96,
Tyr221, Tyr272, Val223, Asn224, and His225 were identified as the key amino acids
for the binding site formation. In the case of protein phosphatase PP2A, which interacts
with okadaic acid, microcystin-LR and dinophysistoxin of the types 1 and 2, the respec-
tive residues Arg89, Tyr272, Arg214, Ala216, Asn217, and His218 were determined.
While for complexes of protein phosphatase type 5 with cantharidin and endothall, the
conservative residues are Arg275, Tyrd51, Arg400, Val402, Asn303, and His304.
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Fig. 14.4 (continued)

The implementation of the mentioned stages allowed us to work out the most
convenient algorithm for the reconstruction of plant protein phosphatase complexes
with potential inhibitors. Thus, by analyzing the results of molecular docking in the
PP site and verification of the resulting complexes, we produced several assump-
tions. Unlike the derivatives of dinophysistoxins type 1 and 2, okadaic acid has a
higher overall affinity for plant PPs. Regarding the different mode of action, the
more significant indicators of binding affinity are typical to protein phosphatase
PP2A than to protein phosphatases PP1 and PP4. Calyculin, which is similar to
okadaic acid, ranks second in the range of evaluation functions of docking and also
has a greater selectivity against protein phosphatase PP2A than to protein phospha-
tase PP1. Thus, compared to the standard protocol and molecular docking of calycu-
lin and protein phosphatase PP4, the docking on the surface of protein phosphatase
PP1 and further tests using the molecular dynamics method required parameter
adjustment. Tautomycin has a little bit lower score of the docking evaluation func-
tion. However, it, in contrast to the first two leaders, has a greater selectivity to
protein phosphatase PP1 than to protein phosphatases PP2A and PP4, which is com-
pletely in line with the literature data. It should be noted that, according to the pro-
file analysis, okadaic acid, calyculin and tautomycin, which are selective inhibitors
of protein phosphatases PP1 and PP2A, are also capable of inhibiting the activity of
plant protein phosphatases PP3, PP5, and PP6. This is also confirmed by analysis of
docking results and available literature data. Nodularin and motuporin, being con-
servative PP1 protein phosphatase inhibitors in plant cells, may decrease the activity
of the protein phosphatase PP2A, to which they have greater selectivity than to
protein phosphatases PP1 and PP4. Moreover, it has been found, by comparing the
binding sites of protein phosphatase inhibitors, using profile techniques, that the
inhibitors can suppress the activity of protein phosphatases PP5 and PP6. Concerning
cantharidin and endothall, according to the profile analysis, it was assumed that they
have low specificity and may act on almost all plant serine/threonine-specific pro-
tein phosphatases except the protein phosphatase PP7. However, these observations
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were derived and formulated by means of molecular modeling methods. We assume
that derivatives of cantharidin reduce the activity of the protein phosphatase PP2A,
which is in line with the literature data.

Thus, a group of plant protein phosphatases associated with the regulation of the
structure and functions of microtubules was selected, and structural features of their
interaction with specific inhibitors were determined. The obtained data improve the
understanding of mechanisms that determine the selectivity of existing inhibitors to
plant protein phosphatases and are important for the subsequent rational design of
compounds with high affinity for these molecular targets and allow optimizing the
process of their development.

14.6 Conclusion

As a result, many studies clearly demonstrate the key role of protein phosphatases
in the response to stress. Despite the importance of protein phosphatases in stress
responses that remain unknown, recent advances in their functional analysis revealed
that they are key components of stress signal transduction pathways, balancing the
action of protein kinases. In but unlike antagonists, in plant cell, protein phospha-
tases are acting separately and usually not combined in broad groups divided by the
type of a stress factor (biotic or abiotic). According to experimental data, the role of
plant phosphatases in stress is commonly associated with tyrosine protein phospha-
tases—PTP1, DSPsI, MKPs (Alonso et al. 2004; Awotunde et al. 2003; Bakrim
et al. 1992; Bartels et al. 2009)—and Ser/Thr protein phosphatases of types PP1 (all
isoforms), PP2 (A1, A2, A3) and PP2C (all isoforms) combined with different regu-
lating subunits. The participation of the certain subunit is usually determined by the
type of biotic stress factor. All these types of protein phosphatases were present in
most of the studied plants, such as A. thaliana, N. tabacum, M. sativa, O. sativa,
Z. mays, and T. aestivum, and had unique structures and functions, which is a con-
sequence of the data from molecular phylogenetics and structural bioinformatics.
First and foremost, it relates to the protein phosphatases involved in mitotic pro-
cesses included in most signaling pathways and is associated with cytoskeleton
regulation.
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Chapter 15 )
Protein Phosphatase Mediated Responses
in Plant Host-Pathogen Interactions

Check for
updates

Anjan Barman and Suvendra Kumar Ray

15.1 Prologue

Autotrophic green plants are generally self-sufficient organisms, which lead a com-
plete sessile life (Li and Cui 2014; Z4adnikova et al. 2015). Owing to their inherent
ability of synthesizing and storing energy-rich biomolecules, they attract variety of
heterotrophs (that include prokaryotic microbes, protozoans as well as metazoans).
Inability to move and nutrient richness do pose some disadvantages as it makes
plants readily vulnerable to both abiotic and biotic agents (Raghavendra et al. 2010;
Macho and Zipfel 2014). To sustain and grow amidst clueless vulnerabilities posed
by altered environmental perturbations, biotic interventions, etc. necessitate prolific
tenacity and endurance. Propitiously, plants have been bestowed with abilities to
sense and respond to these cues elegantly and thrive with much resilience. Presence
of efficient but complicated cascades of evolutionarily conserved signaling net-
works involving specialized molecular arsenals that remain active both on surface
and inside the cell is the primary basis of plant’s competence (Jones and Dangl
2006; Dodds and Rathjen 2010; Schwessinger and Ronald 2012).

Apart from other opposing factors, negative biotic interventions (e.g., due to
pathogens, parasites, herbivores) pose significant threat to plant’s survivability and
productivity (Maron and Crone 2006; Maron and Kauffman 2006; Brown and
Hovmgller 2002; Mordecai 2011). For instance, microbial pathogens comprising of
viruses, bacteria, fungi, and nematodes affect plant health significantly (Williamson
and Gleason 2003; Berger et al. 2007; Scholthof et al. 2011; Dean et al. 2012;
Mansfield et al. 2012; Boyd et al. 2013; Malcolm et al. 2013). The extent of distress
caused by pathogens is, however, resultant of plant’s inherent capacity (conferred
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by plant’s innate immunity) to circumvent the former’s assault (Veronese et al.
2003; de Wit 2007; Dodds and Rathjen 2010). In a way, it’s similar to “tug-of-war”
episodes between the pathogen and the plant’s defense ploys where victory may be
on either side (Boller and He 2009). Plants explicitly lack a circulatory immune
system comprising of specialized cells to fend themselves, which is unlike in higher
eukaryotic organisms, e.g., mammals (Macho and Zipfel 2014; Couto and Zipfel
2016). Nevertheless, adroit innate immune responses initiating at their cell surfaces
significantly guard plants from numerous invading pathogens (Dodds and Rathjen
2010). Interestingly, we have just begun to unravel fragments of such a dexterous
mechanism awake in plant’s defense.

Innate immune responses are clearly eloquent signaling networks that initiate at
plant’s cell surfaces (Faulkner and Robatzek 2012; Macho and Zipfel 2014; Mithoe
and Menke 2018). These responses may proceed via two distinct branches, i.e.,
PAMP (pathogen-associated molecular patterns)-triggered immunity (PTI) and
effector-triggered immunity (ETI), depending on the nature of pathogenic elicitor/
factors involved (Muthamilarasan and Prasad 2013; Thomma et al. 2011; Macho
and Zipfel 2014). At the initial phases, PAMP (or MAMP) and effector-mediated
elicitations are said to have distinct differences (Jones and Dangl 2006; Tsuda and
Katagiri 2010; Zhang et al. 2010; Peng et al. 2018); however, this dichotomy may
not be so rigid due to considerable resemblances in both (Thomma et al. 2011; Peng
et al. 2018; Adachi and Tsuda 2019; Kadota et al. 2019). Importantly, downstream
events of PTI and ETI do converge at some points resulting in identical defense
responses (Navarro et al. 2004; Peng et al. 2018; Kadota et al. 2019). The signals of
pathogenic origin are perceived by host of receptor molecules, called pattern recog-
nition receptors (PRRs), spanning the plant cell membranes, which have an extra-
cellular domain and a transmembrane domain and may have an inner cytoplasmic
domain (Macho and Zipfel 2014; Saijo et al. 2018). Extracellular domain of the
receptors can recognize specific conserved molecular patterns present on microbial
cell surfaces (called microbe-associated molecular patterns, MAMPs or PAMPs)
(Felix et al. 1993, 1999; Newman et al. 1995; Meyer et al. 2001; Kunze et al. 2004;
Gust et al. 2007; Miya et al. 2007) or fragmented components of pathogenic origin,
pathogen-driven wounds of the plant itself (also called damage-associated molecu-
lar patterns) (Matzinger 2002; Boller and Felix 2009). Extracellular domains of the
receptors can transmit recognition signals through cytoplasmic domains or through
other transitional mediators into interior of the cell (Zipfel 2009; Monaghan and
Zipfel 2012). Cytoplasmic domains of PRRs are generally associated with kinase
functions as they phosphorylate target sites on signal transducer molecules down-
stream, before immunogenic responses emanate (Becraft 2002; Monaghan and
Zipfel 2012). All PRRs may not possess a kinase domain; PRRs with associated
cytoplasmic kinase domains are called Receptor-Like Kinases (RLKs), and those
lacking a kinase domain are referred to as Receptor-Like Proteins (RLPs) (Couto
and Zipfel 2016; Boutrot and Zipfel 2017). RLPs are said to rely on RLKSs for intra-
cellular signaling as they are devoid of own kinase domains (Tor et al. 2009).

Phosphorylation events mediated by protein kinases (PKs) are indispensable for
triggering plant immune responses along with several other physiological processes
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in plants (Luan 1998; Becraft 2002; Tena et al. 2011; Xu and Zhang 2015). PKs
generally phosphorylate hydroxyl groups on different amino acids in downstream
signal proteins, although some PKs may need to undergo autophosphorylations for
their own activation (Johnson et al. 1996). PKs associated with PRRs of plants and
animals are largely members of non-RD kinase family which may not require auto-
phosphorylation for their activation (Dardick and Ronald 2006). RD refers to amino
acids arginine (R) and aspartate (D), respectively. Notably, depending on the pres-
ence or absence of arginine residue before conserved aspartate group in their cata-
lytic groove, PKs are categorized into RD and non-RD types, respectively. Findings
indicate arginine residue preceding aspartate, facilitate proper phosphotransfer
(Dardick and Ronald 2006). In eukaryotes, serine, threonine and tyrosine residues
are preferred targets of PK aided phosphorylations (Luan 2003; Jha et al. 2017).
PKs are classified according to specific amino acid(s) residues they phosphorylate,
i.e., serine/threonine kinases (add phosphates at serine and threonine groups), tyro-
sine kinases (add phosphates at tyrosine residues), and dual-specificity kinases
(phosphorylate at both serine/threonine and tyrosine moieties) (Luan 2003; Jha
et al. 2017). During PRR stimulation by PAMP/effectors, activated kinases phos-
phorylate at specific sites of signal relay proteins, thereby inducing downstream
signaling events (Chinchilla et al. 2007; Zipfel 2009; Roux et al. 2011). This may
follow recruitment of cellular responses releasing defense-related compounds, anti-
microbials for arresting pathogenic progression, with concomitant inhibition of
plant growth, sometimes leading to programmed cell death (Luan 1998; Taguchi
et al. 2003; Chinchilla et al. 2007; Naito et al. 2008; Park et al. 2008). The arrest of
plant growth and cell death is explained by the fact that there is significant overlap
amidst the signaling machinery involved in defense as well as many physiological
responses, and as such continued inappropriate trigger of defense responses can
lead to deleterious consequences (Lang and Mansell 2007; Park et al. 2008;
Segonzac et al. 2014). Occasionally, over-intensification of such defense responses
may induce characteristic hypersensitive reactions (HR) in plants, manifested by
irreversible regressive changes in cellular integrity (Morel and Dangl 1997; Coll
et al. 2011; Schwessinger et al. 2011; Camagna and Takemoto 2018). In this con-
text, it is extremely important that during defense responses, kinase-mediated phos-
phorylations are strictly regulated (Park et al. 2008; Virshup and Shenolikar 2009;
Segonzac et al. 2014; Couto et al. 2016; Withers and Dong 2017).

Removal of phosphate moieties is an important means for regulation of kinase-
activated immune triggers (Keyse 2000; Liu et al. 2007; Park et al. 2008). A class of
enzymes, called protein phosphatases (PPs), performs dephosphorylation of signal
relay proteins and hence regulates kinase activities, thus interrupting immune sig-
naling in plants (Gémez-Gémez et al. 2001; Couto et al. 2016; Rahikainen et al.
2016; Shubchynskyy et al. 2017). Protein phosphatases are prevalent across all
domains of life (Luan 1998; Keyse 2000; Kennelly 2002; Shi 2009) and possess
intrinsic capacity to counteract kinase functions by dephosphorylating at specific
target sites (Luan 2003; Bartels et al. 2010; Uhrig et al. 2013). Protein phosphatase
functions are recognized as crucial for regulation of several signaling cascades
involved in physiological as well as developmental pathways in living organisms
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(Shi 2009; Virshup and Shenolikar 2009; Chen et al. 2017). Their pivotal roles in
regulation of plant innate immune responses have been reinforced by several reports
in recent times (Gémez-Goémez et al. 2001; Park et al. 2008; Segonzac et al. 2014;
Shubchynskyy et al. 2017; Liu et al. 2018).

Plant protein phosphatases (plant PPs) being an inbuilt regulatory component
play decisive role in culmination of plant immune responses stimulated by protein
kinases (Schweighofer and Meskiene 2015). The precision with which kinase activ-
ities are impeded by plant PPs decides duration of immune reaction and hence
degree of injuries caused to the plant tissues (Park et al. 2008; Segonzac et al. 2014).
Inactivation of PRR signaling in the absence of relevant elicitors is another impor-
tant task carried out by plant PPs (Couto et al. 2016; Liu et al. 2018). Plant PP func-
tions in turn may be regulated by certain known or unknown plant metabolites
during immune responses. For instance, signaling cascades of abscisic acid, jas-
monic acid and salicylic acid were shown to influence specific phosphatase activi-
ties in different plants earlier (Kenton et al. 1999; Lorenzo et al. 2001; Wang et al.
2012) indicating intriguing crosstalks. Comprehensive studies have revealed high
specificity of phosphatases for substrate recognition (Schweighofer and Meskiene
2015) which might explain for their precise regulatory role. Further, inhibitions or
defects in PP activities have manifested conspicuous effects on plant’s defense as
well as survivability (Luan 1998; Park et al. 2008; Wang et al. 2012). Considering
these, relevance of plant PPs in plant defense programming impels for a close glance.

Reported studies on phytopathogenic microbe interaction with plant hosts have
highlighted decisive role of plant PPs in immune signaling. Few notable illustra-
tions are representative Arabidopsis thaliana PPs involved in the former’s defense
responses against Pseudomonas syringae (Couto et al. 2016; Shubchynskyy et al.
2017), Botrytis cinerea (Schweighofer et al. 2007), Golovinomyces spp. (Wang
et al. 2012), and Heterodera schachtii (Sidonskaya et al. 2016); Oryza sativa PP
responding to Xanthomonas oryzae (Park et al. 2008); etc. In the same manner,
protein phosphatase (PP) equivalents in pathogenic microbes may play crucial role
in aiding their successful interaction with respective host (Underwood et al. 2007;
Jiang et al. 2011; Macho et al. 2014; Liu et al. 2016; Yang et al. 2018). Instances of
pathogenic PP equivalents targeting plant immune signaling network have been evi-
dent from different studies (Espinosa et al. 2003; Macho et al. 2014). The intriguing
interplay between components of pathogen origin and plant immune complexes
with necessary involvement of PPs highlights a sophisticated control mechanism of
plant immune system. Further, surfacing innovations like PPs in both host and
pathogen reinstate dynamic paradigms in these interaction processes, providing
new grounds for scientific explorations.

In view of emerging significances of plant PPs, in this chapter, we focus our
discussion on important features of known plant protein phosphatases with a pri-
mary emphasis on their roles in the plant-microbial pathogen interaction course. We
are also stating about PP equivalents in few known pathogen species and citing our
present understandings on involvement of these PP equivalents in plant host-
pathogen communications.
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15.2 Protein Phosphatases in Plant

Reversible phosphorylation events are central to numerous cellular signal transduc-
tion processes including immune signaling in plants. PKs and PPs are indispensable
facets of these processes. Genome sequencing initiatives have afforded significant
details of protein kinases (Kinome) as well as PPs in several plant species (Krupa
et al. 2006; Rudrabhatla et al. 2006; Wang et al. 2007; Schweighofer and Meskiene
2015). In Arabidopsis thaliana itself, nearly 112 genes encode PPs, whereas for
PKs, there are above 1000 genes (Kerk et al. 2002; Wang et al. 2003). There appears
distinct variation amidst numbers of kinases as against phosphatases in plants as in
case of other eukaryotes (Wang et al. 2007; Shi 2009; Smoly et al. 2017). Also, PPs
have been found to be far more diverse in terms of structural resemblances, catalytic
properties, substrate specificities, etc. than that of PKs (Luan 2003).

15.2.1 Types, Key Features

PPs are classified into three major families according to target amino acid moieties
they dephosphorylate: serine/threonine-specific phosphoprotein phosphatase
[removes phosphates from Ser/Thr residues], phosphotyrosine phosphatase (PTP)
[removes phosphates from Tyr residues], and dual-specificity phosphatase (DSP)
[removes phosphates from Ser/Thr and Tyr residues] (Luan 2003; Schweighofer
and Meskiene 2015). Further categorization of PPs into subfamilies can be on the
basis of occurrence of peculiar regulatory and functional domains or accessory reg-
ulatory subunits associated with their catalytic sites (Luan 2003). In fact, the numer-
ous regulators that associate with these enzymes also serve as crucial determinants
for their subcellular localization, substrate specificity, and alteration of phosphatase
activity (Virshup and Shenolikar 2009).

The Protein Ser/Thr Phosphatase (PSP) group of enzymes include three broad
categories, namely, phospho protein phosphatases (PPP), metal-dependent phos-
phatases (PPM), and aspartate-based phosphatases (FCP and SCP) (Uhrig et al.
2013; Schulman 2014). The members of PPP group harbor a common catalytic
domain (about 280 residues) although their noncatalytic N- and C-termini may
manifest marked diversity. Further, they can form diverse kinds of holoenzymes by
associating with different regulatory subunits (Barford et al. 1998). PPP family
embraces protein phosphatase 1 (PP1), PP2A, PP2B (also called calcineurin), PP4,
PP5, PP6, and PP7 (Shi 2009). The metal-dependent phosphatase (PPM) group
includes those members depending on divalent cations (e.g., Ca?*, Mg?*, Mn?*, etc.)
for their activities (Luan 2003). PP2C and pyruvate dehydrogenase phosphatase are
representatives of PPM family as they require manganese/magnesium ions
(Mn?*Mg?*) for their functioning (Shi 2009). Historically, PSPs were classified as
per their substrate specificities and pharmacological properties into two types,
namely, Type I phosphatase (PP1) and Type 2 phosphatase (PP2) (Luan 2003). PP1



294 A.Barman and S. K. Ray

targets beta subunit of phosphorylase kinase, whereas PP2 prefers alpha subunit of
their target enzymes. PP2 type further comprises members which may require diva-
lent cations for their functions (like the PPM type) (Luan 2003). Aspartate-based
phosphatases (FCP and SCP) are found to have only a single target site—the
C-terminal domain of RNA polymerase II, which carries tandem repeats of a serine-
rich heptapeptide (Shi 2009). FCP and SCP group of phosphatases are called nuclear
localized PPs having crucial role in RNA polymerase II recycling during transcrip-
tion processes, and their mutations have been often associated with survivability
defects in cells (Archambault et al. 1998; Cho et al. 2001; Moorhead et al. 2007).
They were characterized initially in animal cells, and their homologues are antici-
pated to occur in plant cells too (Cho et al. 2001). The mechanisms of dephosphory-
lation in PPP and PPM types have common features which markedly differ from
aspartate-based phosphatases (Shi 2009).

Phosphotyrosine phosphatases (PTPs) were initially considered to be limited
to animal kingdom, where they serve diverse functions (Luan 2003). The first plant
PTP (AtPTP1) to be characterized was in Arabidopsis back in 1998 (Xu et al. 1998).
Following that, vital functions of PTPs in plants have been critically realized (Luan
etal. 2001; Shankar et al. 2015). Based on selectivity for amino acid residues, PTPs
can be assorted into two distinct groups: tyrosine-specific PTPs and dual-specificity
PTPs (DsPTPs). Tyrosine-specific PTP dephosphorylates only tyrosine residues
but not phosphoserine/threonine, whereas the DsPTPs remove phosphate from both
(Stone and Dixon 1994; Tonks and Neel 1996). PTPs harbor a preserved catalytic
domain in their active site consisting of [H/VCX;sRS/T] as signature motif (Shankar
et al. 2015). Cysteine in this domain has active role in the reaction path (Zhang
1998). Tyrosine-specific PTPs embrace receptor-like PTPs and intracellular PTPs of
which only the latter is reported from plants (Luan et al. 2001). PTPs are further
grouped into four clusters, on the grounds of amino acid residues present in their
catalytic domains, as type 1, 2, and 3 (cysteine-based) PTPs and Asp-based phos-
phatases (Neel and Tonks 1997; Alonso et al. 2004). In terms of protein sequence
content, DsPTPs share modest homology with Tyr-specific PTP but possess the
common CX;R motif in their catalytic site [V/IHCXAGXGRS/T] (Onoda et al.
1989). Members of DsPTPs include MKP, PTEN cluster of phosphatases in plants
(Luan et al. 2001). Genome-wide studies across different plant species however
indicate lower number of tyrosine-specific PTPs than DsPTPs (Shankar et al. 2015).
One of the indications might be DsPTPs are more specific than tyrosine-specific
PTPs or tyrosine-specific PTPs may have very limited targets.

While all the three PPs are important for cellular dynamics, PSPs particularly
seem to dominate in most dephosphorylation events in Arabidopsis (Wang et al.
2007), rice (Singh et al. 2010), and maize (Wei and Pan 2014), which might prob-
ably be the case for plants as a whole. Arabidopsis genome has 92 PSPs (off 112 PPs
in total), rice contains 107 PSPs (out of 132 PPs in total), and maize genome repre-
sents 130 PSPs out of 159 total PPs altogether. Interestingly, in human (Liberti et al.
2013) and mouse (Forrest et al. 2003) genomes, PTPs predominate in contrast
to PSPs.
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15.2.2 Functional Attributes

PPs regulate key cellular processes principally via reversal of phosphorylations car-
ried out by numerous PKs in animal as well as plant cells. Their crucial role in
growth, development, differentiation, defense, and stress management across living
organisms is palpable from a myriad of research descriptions. Since phosphorylation-
dephosphorylation cycles form heart of most biochemical reactions within cell, sig-
nificance of PPs can be precisely envisaged. The fundamental processes of cell such
as chromosomal DNA replication, transcription, translation, DNA repair, etc. rely
on functions of specific PPs. For instance, chromosomal DNA replication essen-
tially requires PP2A activity during initiation stages (Lin et al. 1998). Likewise,
involvement of PP1 (a PSP) during RNA polymerase II-driven transcription
(Washington et al. 2002), regulation of protein translation and cell growth by
PPMI1G (another member of PSP) (Liu et al. 2013) and PP2A engagement in DNA
repair dictated by replication stress (Feng et al. 2009) are few examples among
many. For an extensive description on functions of animal PPs, a number of litera-
tures are available (Millward et al. 1999; Barr et al. 2011; Chen et al. 2017). In
plants, apart from fundamental processes, regulatory role of PPs in cell division and
differentiation, photosynthesis, hormonal signaling, growth, metabolism, etc. has
been well established (Schweighofer and Meskiene 2015). Besides these, PPs play
critical role in the regulation of plant’s responses to stress brought about by abiotic
as well as biotic factors. Regarding PP-mediated abiotic stress management in
plants, some excellent reviews may be referred (Bartels and Sunkar 2005; Pais et al.
2009). Corresponding to plant’s responses towards negative biotic interventions,
exquisite mechanisms for regulation of plant immune signaling have become gradu-
ally obvious from several notable findings (Gémez-Gdémez et al. 2001; Park et al.
2008; Segonzac et al. 2014; Shubchynskyy et al. 2017; Liu et al. 2018). These esti-
mations indicate PP’s negative regulatory role in plant immune reactions towards
phytopathogens which, on the contrary, remarkably alleviate host damages. Some
members of PSP family were earlier shown to impede immune responses in several
plant species, e.g., Glycine max, Solanum tuberosum, Solanum lycopersicum,
Nicotiana tabacum, etc., when pathogenic stress was absent; it eventually prevented
redundant immune signaling in these hosts (Paifs et al. 2009). A range of PP2A
members downregulates fungal component-induced immune responses in
S. tuberosum, S. lycopersicum, and Helianthus annuus by desensitizing phosphory-
lation cascades as a protective measure for the host (Pais et al. 2009). Xbl5, a
PP2C-type phosphatase in rice, keeps a check on defense responses induced by a
serious bacterial pathogen in rice (Park et al. 2008) about which we are elaborating
in the following section. Importantly, PP2C group of enzymes are said to constitute
the largest group of PSP cluster executing a myriad of signal regulations in plants
(Kerk et al. 2008; Singh et al. 2010). The A. thaliana MKP2, a DsPTP-type phos-
phatase, exhibits differential mode of immune signal regulation in response to a
biotrophic and a necrotrophic pathogen, respectively (Lumbreras et al. 2010), which
further suggests inherent flexibility in functions of PPs.
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New reports on plant PP functions have been quite frequent, thanks to the
advancements in the genomics as well as phosphoproteomics research. The next
section of this chapter illustrates plant PPs specifically involved in plant immune
function regulations against a variety of phytopathogenic microbes.

15.3 Response of Plant Protein Phosphatases (PPs) Towards
Varied Pathogens

Plant RLKs and RLPs located at the cell surfaces play prominent role in activating
immune responses via phosphorylation(s) at target components as and when patho-
gen derived PAMPs or MAMPs are encountered. The activated signal cascades lead
to a set of cellular responses for dampening pathogen progression. A host of inhibi-
tory substances that are dispensed out for the purpose can however injure host cells/
tissues in the vicinity if immune triggers continue for long duration unchecked
(Lang and Mansell 2007). Since PKs can’t reverse phosphorylations, therefore PPs
must act to diffuse immune triggers.

Dephosphorylation is also essential for regenerating active RLKs/RLPs to pre-
pare for next set of immune signaling at cell surfaces. Although PPs’ function
opposes that of PKs, the former maintain a proper balance of the immune response
threshold necessary for pathogen inhibition while also restoring safety of host cells/
tissues. This section takes into account of some known plant PPs (as appears in
Table 15.1) and their roles in regulating host defense responses to different micro-
bial pathogens.

15.3.1 Plant PPs Responding Towards Bacterial Pathogens

Several treacherous bacterial pathogens are known to negatively impact plant’s
health and survivability. Evolutionarily, selection and maintenance of resistance
genes by plants to combat most pathogenic invasion has been in continuum. The
sophisticated innovations in plant innate immune system are an outcome of such a
gradual process. Here are few illustrations of bacterial phytopathogens whose elici-
tations of plant immune signals are known to be precisely regulated by PPs.
Rod-shaped, Gram-negative bacterium Xanthomonas oryzae pv. oryzae (Xo0) is
the causal agent of lethal bacterial leaf blight (BLB) disease in rice. Rice resistance
to Xoo is known to be conferred by the xa2/ gene in rice that encodes a cell surface
localized RLK engaged in the downstream defense signaling processes (Song et al.
1995). The cytoplasmic kinase of Xa21 is a ser/thr kinase (Song et al. 1995) that is
predicted to phosphorylate at serine/threonine residues of downstream relay pro-
teins. At the membrane, Xa21 associates with XB24 (called Xa21 binding protein
24) protein (Chen et al. 2010). XB24 generally ensures Xa2l inactive state by
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assisting in autophosphorylation of serine and threonine residue(s) on Xa21 (Chen
et al. 2010). When Xoo is sensed, association of XA21 kinase and XB24 is relieved
leading to Xa2l activation (Chen et al. 2010). Xa21 activation relays a series of
downstream processes culminating in vigorous resistance response. Recently, a
tyrosine-sulfated protein (RaxX) of Xoo origin was identified that might be one of
the ligand activating Xa21-mediated defense responses in rice (Pruitt et al. 2015).
The Xa21-mediated trigger is finally dampened by a PP called Xbl15 (Park et al.
2008) [an illustration appears in Fig. 15.1]. Xb15 (the Xa2l binding protein 15)
belongs to PP2C cluster of PSP, which requires metal ion (Mg*") for their activities
(Park et al. 2008). It is plasma membrane localized as is Xa21 and both are said to
interact there (Park et al. 2008). Interestingly, Xb15 requires a specific binding site
at Xa21 juxtamembrane (JM) domain that carries a serine residue at 697" position
(Park et al. 2008). Binding of Xb15 to Xa21 via JM domain didn’t inhibit latter’s
kinase activity, and probably dephosphorylations at other sites might be required
(Park et al. 2008). Park and associates (2008) eventually proved requirement of
Xb15 in termination of Xa21-mediated defense responses against Xoo. Their study

Xoo elicitor & Xoo elicitor
OsSERK2 e.g. RaxX e.g. RaxX

Plasma membrane

& 0
‘ XB24

Downstream
defence ®
Sk signaling i
Signaling
arrested

Symbolic denotations:

® : Suppression of signaling
o : Phosphate molecule

Fig. 15.1 Schematic representation of O. sativa PP2C-type Protein Phosphatase, XB 15 regulating
XA2I (atypical RLK)-mediated immune responses towards pathogenic Xoo strains; redrawn after
Macho and Zipfel (2014), with some modifications. The well-known rice RLK, XA21 along with
co-receptor OsSERK?2 forms the PRR complex that senses Xoo PAMPs at the cell surface.
Activated PRRs subsequently initiate intracellular defense signaling cascades, e.g., PTI in its
downstream. XB24, an ATPase which generally remains bound to XA21, detaches from XA21
upon PRR activation (Chen et al. 2010). XB15 phosphatase next interacts with the activated XA21
and dephosphorylates it, thereby halting XA21-mediated defense signaling (Park et al. 2008). All
these interactions are said to occur in the plasma membrane (Park et al. 2008)
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also indicated significance of Xbl5 function in negatively regulating cell death in
O. sativa during Xa21-triggered immunity.

Xb15 has significant similarity with Arabidopsis PP2C members, namely, POL,
PLLA4, and PLL5 (Park et al. 2008). However, the role of these Arabidopsis PP2Cs
(Song and Clark 2005; basically in plant organ development) seems distinctly dif-
ferent from that of Xb15 (Park et al. 2008) suggesting occurrence of peculiar func-
tions even within highly similar PP2C representatives.

Pseudomonas syringae, the rod-shaped Gram-negative bacterium, infects almost
all economically important crop plant species. It is said to be most usual phyto-
pathogen and has more than 60 pathovars constituting the P. syringae species com-
plex (Xin et al. 2018). In the model plant A. thaliana, a set of virulence experiments
with P. syringae pv. tomato strain DC3000 (Pto DC3000) gave insight into the role
of AP2C1 (a PP2C phosphatase) in downregulation of defense response to Pto
DC3000 (Shubchynskyy et al. 2017). Upon treatment with elfl8 and flg22
(MAMPs), induction of MAPK or MPK (mitogen-activated protein kinase) activity
was much pronounced in A. thaliana ap2cl mutant line (Shubchynskyy et al. 2017).
In fact, out of MPK3, MPK4, and MPK6 members, MPK6 was maximally activated
in the absence of functional AP2C1 (Shubchynskyy et al. 2017) suggesting high
affinity of AP2C1 for MPK6. Additionally, ap2c/ mutation resulted in enhanced
callose deposition in response to Pto DC3000 (Shubchynskyy et al. 2017). This may
imply that AP2C1 phosphatase might be regulating Pfo-induced callose formation
in A. thaliana through a yet uncovered mechanism. MAPK cascades are vital in
plant stress responses and development. They form crucial arsenals in plant’s innate
immunity (Lumbreras et al. 2010). In general, MAPK signal cascade follows a
series of activation, where MAPK kinase kinases (MAPKKKSs) activate MAPK
kinases (MAPKKSs), which in turn activate MAPKSs (Bigeard and Hirt 2018). Some
MAPKSs are thought to regulate nuclear gene expression via transcription factors
during cell’s specific defense responses (Andreasson et al. 2005; Yoo et al. 2008;
Bigeard and Hirt 2018). For instance, MPK4 (one of the Arabidopsis MAPKSs) acti-
vates the WRKY nuclear transcription factors WRKY25 and WRKY 33 via stimula-
tion of an intermediate substrate MKSI1, in response to pathogenic elicitations
(Andreasson et al. 2005). Likewise, A. thaliana MAPKs MPK3/MPKG6 regulate
ERF6 transcription factor-mediated gene expression while positively effecting plant
immunity against fungal pathogen B. cinerea (Meng et al. 2013). PSPs, which gen-
erally dephosphorylate (and thus regulate) MAPKSs, incorporate PP2A and PP2C
group of phosphatases (Alessi et al. 1995).

In an earlier study, MKP1 (MAP kinase phosphatase 1) in A. thaliana was shown
to negatively regulate MPKG6 activation in response to Pto DC3000 (Bartels et al.
2009). MKP1 is a member of DsPTP phosphatase cluster (Bartels et al. 2009). Apart
from some PSPs, PTPs and DsPTPs too can negatively regulate MAPKs (Kondoh
and Nishida 2007). Generally, MKPs regulate MAPKSs via dephosphorylations at
both phosphothreonine and phosphotyrosine residues concurrently within the
MAPK TXY (Thr-Xaa-Tyr) activation motif, thereby thwarting downstream signal-
ing cascades (Patterson et al. 2009). In their study, Bartels et al. (2009) observed
that mutation of mkpl gene in the A. thaliana Columbia (Col) accession caused
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growth defects and uninterrupted immune signaling in response to Pro DC3000.
Further, increased level of pathogenesis-related (PR) gene expression along with
compounds like salicylic acid and camalexin followed by enhanced resistance to
Pto DC3000 observed in the same experiments demonstrated conspicuous regula-
tory role of MKP1 (Bartels et al. 2009). Their work also highlighted cooperative
antagonistic function of Protein Tyrosine Phosphatase 1 (PTP1; a member of PTP)
along with MKPI1 towards Arabidopsis MPKG6, although PTP1 alone may not be
sufficient to repress MPKG6 signaling (Bartels et al. 2009). MKP1 was again investi-
gated for its competence to diminish Pto DC3000 PAMP-induced defense responses
in A. thaliana Wassilewskija (Ws) accession (Anderson et al. 2011). Genetic analy-
ses revealed that MKP1 was more specifically antagonizing activation of MPK6 by
Pto DC3000 PAMP than that of an earlier predicted MAP kinase, MPK3 (Anderson
et al. 2011). The study also established predominant role of MPK6 in the host’s
resistance response to P. syringae when mkpl was mutated (Anderson et al. 2011).
Independent studies have thus unveiled A. thaliana MPK6 to be the common sub-
strate for PSP as well as DsPTP phosphatases although their mechanisms of regula-
tion are distinct. In a seminal work (Anderson et al. 2014) involving metabolic
profiling of mkpl mutant versus wild-type A. thaliana, intact MKP1 activity was
correlated with the ability of A. thaliana to induce type III secretion system-medi-
ated Pto DC3000 virulence in contrast to mkpl mutant line. This uncovered yet
another intriguing role of PPs in regulating resistance response of plant towards
pathogen.

Delving into molecular detail of immunogenic elicitations owing to P. syringae
has provided some crucial information. P. syringae PAMPs induce PRR complex
FLS2/BAKI1 or EFR/BAKI1 (as well as others) on cell surface during its interaction
with A. thaliana (Chinchilla et al. 2007; Heese et al. 2007; Schulze et al. 2010;
Schwessinger et al. 2011; Roux et al. 2011; Sun et al. 2013). In the absence of elici-
tors, PRRs also associate with a receptor-like cytoplasmic kinase (RLCK), BIK1, in
the cytoplasm along with other signaling proteins (Lu et al. 2010; Zhang et al.
2010). BIK1 (Botrytis-Induced Kinasel), which is a member of serine/threonine
kinase family, associates with PRRs and plays a critical role in defense signaling
(like PTT) against a variety of pathogens in A. thaliana (Lu et al. 2010; Zhang et al.
2010; Laluk et al. 2011; Couto et al. 2016). Post PAMP perception, PRR-BAK1
complex phosphorylates BIK1 leading to its release (Lu et al. 2010; Zhang et al.
2010). Activated BIK1 next phosphorylates proteins involved in the cascade of
immediate PTI responses such as reactive oxygen species (ROS) liberation to
restrict pathogenic progression (Kadota et al. 2014; Li et al. 2014). Regulation of
the immune triggers due to BIKI has been found to be under strict control of a
plasma membrane-localized PP2C-type phosphatase, PP2C38, in A. thaliana
(Couto et al. 2016). PP2C38 dephosphorylates BIK1 and inhibits its downstream
signal relay, thereby putting a halt on PAMP-induced ROS burst (Couto et al. 2016)
[as depicted in Fig. 15.2]. As per findings of Couto and associates (2016), PP2C38
remains linked to BIK1 (in plasma membrane) until it (PP2C38) is phosphorylated
at its 77" serine residue by BIK1 (upon stimulated via PAMP-induced PRR-BAKI1
complex), finally releasing activated BIK1 from association. Their work also



302 A. Barman and S. K. Ray

+PAMP . .
P Reactive Oxygen Species (ROS)
o= -B. Tl
FLS2 BAK1
Kinase domains
PP2C38 a

ksuu_ “ /
I_l l - molecules/pathways

® Cytoplasm

Nucleus

Activation of nuclear transcription
of specific genes

B

Symbolic denotations:
——4 :Inhibition via dephosphorylation
= = % :Includes multiple steps, some may be unknown
) :Suppression of signaling

Fig. 15.2 Schematic representation of plant protein phosphatase-mediated regulation of immune
signaling elicited by bacterial PAMP such as flagellin. In the event of flagellin perception (e.g.,
P. syringae f1g22), stimulated PRR complex (FLS2/BAKI) in turn activates cytoplasmic RLCK,
BIK1, via phosphorylation (Couto et al. 2016). Prior to PAMP perception, a PP2C phosphatase,
PP2C38 is said to maintain dephosphorylation status of BIK1 and thus inhibit defense signaling
downstream. Upon PAMP perception, PP2C38 dissociates from BIK1, allowing BIK1 to trigger
subsequent defense responses like generation of ROS via activation of membrane-localized
NADPH oxidase, RBOHD (Couto et al. 2016; Zipfel and Oldroyd 2017). Flagellin is also reported
to activate MAPK kinase pathway via BAK1 (Heese et al. 2007), although the appropriate link
between events of MAPK pathway and upstream PRR dynamics is still elusive (Yan et al. 2018).
Activated MAPKSs can induce subsequent defense responses via activation of nuclear transcription
factors to promote expression of defense-related genes. In connection with findings of Bartels et al.
(2009), MKP1, a PTP-type phosphatase, can be predicted to dampen MAPK signaling via its
phosphatase-mediated functions. The figure has been redrawn from Zipfel and Oldroyd (2017),
with added modifications. Findings of Bartels et al. (2009), Heese et al. (2007), and Yan et al.
(2018) have significantly inspired the modifications incorporated
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indicated that PP2C38 inhibits BIK1 trigger (by remaining bound to it) in the
absence of threshold elicitations by PAMPs, thus maintaining basal resistance in
A. thaliana. Akin to BIK1, at the upstream of PRR signaling, BAKI (the RLK that
forms PRR complex with variety of PRRs like FLS2, EFR, PEPRs, etc.) is also
under the control of a different protein phosphatase, PP2A (Segonzac et al. 2014).
PP2A associates with BAK1 and negatively regulates its phosphostatus in the
absence of PAMP elicitations, thus regulating basal resistance response (Segonzac
et al. 2014). Once PRR complex (along with BAK1) perceives P. syringae PAMPs
and gets triggered, PP2A phosphatase functions undergo suppression allowing
BAKI to initiate signaling cascades downstream through phosphorylation of BIK1
and so on. Interestingly, unlike PP2C38, PP2A remains constitutively bound to
BAKI1 during PRR signaling downstream, without affecting BAK1 kinase function
(Segonzac et al. 2014). PP2A enzymes are generally trimeric and comprise variants
of all the constituent subunits, i.e., C (catalytic), A (scaffold), and B (regulatory
subunit) (Trotta et al. 2011). PP2A in Arabidopsis consists subunit A1, the regula-
tory B subunits B’n/C and the catalytic subunit C4, respectively (Segonzac et al.
2014). Segonzac and associates (2014) generated Arabidopsis lines carrying mutants
of pp2a-c4 and pp2a-al and found enhanced resistance of these mutant lines
towards Pro DC3000 demonstrating critical role of specific subunits in the defense
responses against the pathogen.

Unlike the plant PPs discussed above, WIN2, a PP2C member belonging to
A. thaliana, was demonstrated to positively regulate host resistance responses
against Pto DC3000/hopW -1 strain (P. syringae strain expressing hopW1-1 effec-
tor) infection (Lee et al. 2007). Interestingly, P. syringae strains expressing func-
tional hopW1-1 were found to have restricted host range with respect to certain
accessions of A. thaliana. Yeast two-hybrid screening has manifested interaction of
WIN2 and hopW -1 effector, and it is predicted that hopW 1-1 may be regulated via
dephosphorylation mechanism carried out by WIN2. Another protein WIN3 (which
is not a phosphatase) was also referred to assist in the resistance response against
Pto DC3000/hopW 1-1. The resistance due to WIN2 further correlated with eleva-
tion of salicylic acid (SA) level in the host pointing towards some role of WIN2 in
SA synthesis process (Lee et al. 2007). Further, disabling WIN2 expression via
RNA interference resulted in diminished resistance of Arabidopsis towards
HopW1-1 effector-mediated induction (Lee et al. 2007). Although precise mecha-
nism of WIN2 and HopW 1 interplay remains to be investigated fully, WIN2 repre-
sents a suitable illustration of a plant PP regulating functions of a specific pathogenic
effector.

An Arabidopsis PP2C-type phosphatase (PIA1) was reported to specifically rec-
ognize a P. syringae (DC3000)T3E molecule AvrRpml and induce NB-LRR
(nucleotide-binding leucine-rich receptor) protein RPM1 for subsequent signaling
downstream (Widjaja et al. 2008). However, Pto DC3000 strain secreting another
T3E AvrB escaped PIA1 recognition. PIA1 was shown to be negatively regulating
AvrRpml-induced defense responses in the host, indicating that PIA1 might be
negatively controlling RPM1-mediated immune responses which may unanimously
benefit Pro DC3000 (AvrRmp1) strains for proliferation within host (Widjaja et al.
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2008). pial mutation was demonstrated to enhance host resistance towards Pro
DC3000 (AvrRmpl), while AvrRmpl-stimulated expression of pathogenesis-
related genes was reduced (Widjaja et al. 2008). PIA1 thus displays differential
mode of immune regulation relying on the kind of P. syringae effectors, further
illustrating its specialized functionality.

Immune responses in Arabidopsis towards bacterial wilt pathogen, Ralstonia
solanacearum (GMI1000), were shown to involve regulatory function of the MKP2
phosphatase (a DsPTP member) (Lumbreras et al. 2010). mkp2 mutant Arabidopsis
displayed delayed wilt symptom development in response to GMI1000 infection,
suggestive of negative regulatory role of MKP2 in the pathogen-induced defense
signaling (Lumbreras et al. 2010). Further, out of MPK3 and MPK6 members in the
MAPK cascade elicited by the pathogen, MKP2 interacts with MPK3 specifically
during GMI1000 infection and regulates HR (Lumbreras et al. 2010). A differential
mode of MKP2 regulation in response to another necrotrophic pathogen was
reported, in the same work of these authors (Lumbreras et al. 2010).

In solanaceous crop tomato, a variant of FLS2 pattern recognition receptor, FLS3
was found to recognize another epitope of P. syringae flagellin called figlI-28 (Cai
etal. 2011; Clarke et al. 2013; Hind et al. 2016). FLS3 associates with and depends
on BAKI1 (tomato orthologue) for downstream immune signal transduction in simi-
lar way as FLS2 does, although distinct players may engage in signaling events at
some points (Hind et al. 2016). It can be predicted that tomato PP2A orthologue
might be regulating BAK1 in tomato in an analogous way (Segonzac et al. 2014) in
response to P. syringae MAMP elicitations.

Interestingly, BAK1 as an RLK serves as a co-receptor (in fact as the central
kinase) of several PRRs across different plant species and assists in perception of
varied PAMPs of phytopathogenic bacteria, finally triggering immune responses
like PTT downstream (Yasuda et al. 2017). BAK1 regulation in these cases also can
be thought of to be via phosphatases like PP2A (Segonzac et al. 2014) in simi-
lar manner.

The A. thaliana FLS2 receptor (a PRR with cytoplasmic Ser/Thr kinase domain)
that senses bacterial flagellin MAMP flg-22 and initiates immune signaling down-
stream is reported to be negatively regulated by KAPP (Kinase Associated Protein
Phosphatase), a member of PP2C phosphatase cluster (Stone et al. 1994; Gémez-
Goémez et al. 2001). KAPP remains bound to kinase domain of FLS2, maintaining
dephosphorylated status of the latter in the absence of flagellin MAMP elicitor
(Gémez-Goémez et al. 2001). Overexpression of KAPP was correlated with reduced
flagellin perception by FLS2, a condition resembling fIs2 null mutation in
Arabidopsis (Gomez-Gdémez et al. 2001).

The causative agent of destructive “black rot” disease, Xanthomonas campestris
pv. campestris (Xcc), usually infects most cruciferous vegetables including A. thali-
ana (Meyer et al. 2005; Akimoto-Tomiyama et al. 2018). Recently, the role of two
chloroplast-localized PP2C-type representatives (belonging to subgroup K) has
been correlated with regulation of Xcc-mediated virulence in Arabidopsis (Akimoto-
Tomiyama et al. 2018). The Arabidopsis PP2C subgroup K orthologues, AtPP2C62
and AtPP2C26, were shown to negatively regulate immune responses towards Xcc
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infection. In fact, AtPP2C62 and AtPP2C26 double mutant Arabidopsis lines sig-
nificantly prevented pathogenic proliferation in the host revealing the role of these
PP2Cs in Arabidopsis immunity (Akimoto-Tomiyama et al. 2018). Further investi-
gation suggested that both these PP2Cs respond when Xcc’s type III secretion sys-
tem (TTSS) was intact. Growth of Xcc TTSS mutants were not affected in the PP2C
mutant Arabidopsis host fostering possibility of PP2Cs being target of some Xcc
T3E (TTSS released effector) executing intriguing counter-defense tactic.
Additionally, PR1 gene activation and expression in the PP2C-disabled host in
response to Xccs (carrying intact TTSS as well as lacking TTSS) indicated precise
regulation of initial defense responses by these PP2Cs in Arabidopsis (Akimoto-
Tomiyama et al. 2018).

15.3.2 Plant PPs Responding Towards Fungal Pathogens

Of all known phytopathogens, fungal pathogens are said to impact plants most pro-
fusely leading to considerable losses in plant productivity (Knogge 1996). In fact all
the flowering plants of the planet can be infected by fungal pathogens (Knogge
1996). Pathogenic fungi have evolved refined arsenals to evade physical barriers
while intruding plant tissues (Ferreira et al. 2006; Rodriguez-Moreno et al. 2018).
Likewise, plant hosts have developed defense strategies to counteract pathogenic
infringements by employing cascades of armories which can be triggered and regu-
lated as and when necessary (Hammond-Kosack and Jones 1996; Ferreira et al.
2006). Plant PPs being an important part of defense contingent play decisive role in
regulating plant immune triggers against fungal pathogen perception like we have
mentioned above for bacterial pathogens.

Botrytis cinerea commonly referred to as gray mold is a necrotrophic ascomy-
cete infesting up on more than 200 plant species (Dean et al. 2012). B. cinerea may
preferentially induce programmed cell death in the host prior to infection (van
Baarlen et al. 2007). In A. thaliana, MAPK signaling cascade is triggered, once
upstream PRRs perceive DAMPs such as oligogalacturonides (OGs; polysaccha-
rides released by fungal polygalacturonases acting on plant cell wall) (Hahn et al.
1981; Ridley et al. 2001; Ferrari et al. 2007). Importantly, release of OGs during
B. cinerea infection in Arabidopsis and other hosts is also reported (Poinssot et al.
2003; Zhang et al. 2014). Activation of MAPK members down the lane via series of
phosphorylations finally leads to stimulation of PTI-related events which may
accompany ROS release, ion fluxes, induction of defense-related genes, accumula-
tion of antimicrobials, etc. as described in various studies involving DAMP-
mediated elicitations in different plants (Davis et al. 1986; Mathieu et al. 1991;
Thain et al. 1995; Galletti et al. 2008, 2011; Ferrari et al. 2013). Among the partici-
pating MAPKs, MPK6 was found to contribute greatly towards immune signaling
(Galletti et al. 2011). Arabidopsis AP2C1 phosphatase (a PP2C member) was found
to negatively regulate MPKG6 activity along with MPK4 (Schweighofer et al. 2007).
A physical association between AP2C1 and MAPKSs (in fact AP2C1/MPK4 and
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AP2C1/MPKO6) indicated possibilities of direct regulation by AP2C1 (Schweighofer
et al. 2007). AP2C1 suppresses resistance to B. cinerea-induced immune response
supported by the fact that in ap2c] mutant background, B. cinerea proliferation was
highly inhibited as against in wild-type Arabidopsis (Schweighofer et al. 2007).
MAPK activities were highly pronounced in the absence of functional AP2CI,
whereas ap2cl expression level was elevated post B. cinerea infection (Schweighofer
et al. 2007). Since MAPKs are multitasking signaling machineries involved in
numerous cellular functions, a tight control of MAPK immune signaling via phos-
phatases like AP2C1 might be inevitable to make them available for other tasks.

In one study, pp2a-b’y (gene encoding PP2A-B’y) mutant A. thaliana was dem-
onstrated to be more susceptible to B. cinerea infection as compared to wild-type
plant (Trotta et al. 2011). PP2A being hetero-trimeric, its regulatory subunit B has
been found to be highly variable. The A and C subunits associating with distinct B
subunits are thought to confer substrate specificity to PP2A and also dictate its sub-
cellular localization (Goldberg 1999). Probably, combinations of these variable sub-
units in different ways endow diversity as well as specificity in PP2A for regulating
versatile signaling cascades (Trotta et al. 2011). Notably, B’y is a subfamily of
B-regulatory subunit, and along with PP2A holoenzyme, it has been implicated in
negative regulation of untimely death and inappropriate immune responses in
Arabidopsis (Trotta et al. 2011).

In response to B. cinerea, a DsPTP member of Arabidopsis, MKP2 was demon-
strated to regulate defense responses in host (Lumbreras et al. 2010). Interestingly,
mkp2 mutant Arabidopsis host displayed enhanced susceptibility towards necrotro-
phic B. cinerea infection (Lumbreras et al. 2010). This is in contrast to the response
manifested by the same MKP2 phosphatase towards a biotrophic bacterial pathogen
communicated in the same report (Lumbreras et al. 2010). MKP2 selectively inter-
acted with MPK6 member during HR reaction elicited by B. cinerea infection
(Lumbreras et al. 2010). MKP2 is a classic example of plant PP possessing inherent
potential to differentially regulate variable pathogen-induced defense responses
in host.

Another notable fungal pathogen Cladosporium fulvum is responsible for tomato
leaf mould disease and generally affects the foliage tissues. Sometimes, stems,
flowers and petals may be also infested by this biotrophic fungus (Butler and Jones
1949; Jones et al. 1997). In several occasions, Nicotiana benthamiana plant has
been recruited for C. fulvum and tomato “gene to gene” interaction studies by tran-
sient expression methodologies in the wild-type or virus-induced mutant host (Van
der Hoorn et al. 1999; He et al. 2004; Gabriels et al. 2007; Chakrabarti et al. 2009).
In one instance, immune function of PP2A catalytic subunit PP2Ac in N. benthami-
ana could be ascertained by studying host response towards fungal pathogen C. ful-
vum in the PP2Ac orthologue mutant background (He et al. 2004). Generally, two
subfamilies of PP2Ac subunits have been recognized, namely, I and II (He et al.
2004). In the work of He et al. (2004), the subfamily I PP2Ac silencing was achieved
using a Potato virus X (PVX) vector construct. Researchers co-expressed an effec-
tor Avr9 (from C. fulvum) along with cf9 [the known resistance gene of tomato
(R-gene)] in the leaf tissues of N. benthamiana carrying mutation in PP2Ac
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orthologue and distinctly observed strong, rapid HR (hypersensitivity response)
accompanied by full disintegration of infiltrated leaf areas (He et al. 2004). A mech-
anistic role of PP2Ac in the regulation of HR phenotype during effector-R gene
interaction is thus highlighted by this study. Additionally, PVX-induced PP2Ac
mutation in N. benthamiana was observed to cause localized cell death as well as
elevated expression of PR genes, even in the absence of other pathogenic invasion,
suggesting pivotal immunoregulatory role of PP2Ac in the normal plant (He
et al. 2004).

The causal agent of sharp eyespot disease in wheat (Triticum aestivum) is a lethal
necrotrophic fungus known as Rhizoctonia cerealis, which has worldwide distribu-
tion (Chen et al. 2008; Hamada et al. 2011; Lemaficzyk and Kwasna, 2013). The
catalytic subunits of wheat PP2A orthologue, namely, TaPP2Ac-4B and
TaPP2Ac-4D, were recently correlated with regulation of defense functions against
R. cerealis pathogen (Zhu et al. 2018). Both TaPP2Ac-4B and TaPP2Ac-4D cata-
lytic subunits were determined to be members of subfamily II type. Expression
levels of both these subunits were found to be elevated in response to R. cerealis in
a susceptible wheat cultivar “Wenmai 6’ as against the resistant cultivar line
‘CI12633’. Barley stripe mosaic virus (BSMV)-based gene silencing of TaPP2Ac-4B
and TaPP2Ac-4D subunits in the host manifested enhanced resistance of wheat
plant towards R. cerealis infection. A marked increment in the expression levels of
some PR genes as well as ROS-quenching enzymes in TaPP2Ac-mutant wheat
plants indicated appreciable antagonistic role of TaPP2Ac-4B and TaPP2Ac-4D
subunits during PTI-related responses against R. cerealis infection (Zhu et al. 2018).

Chitin being cell wall constituent of all pathogenic fungi, in general, serves as a
primordial elicitor (PAMP or MAMP) of plant immune signaling by activating
RLKSs (Kaku et al. 2006; Sanchez-Vallet et al. 2015). In the event of fungal chitin
perception, a study revealed that the phosphorylation cycle that regulates chitin
elicitor receptor kinase 1 (CERKI; an RLK)-mediated immune signaling in
Arabidopsis required crucial function of a predicted PSP called CIPP1 (CERKI-
interacting protein phosphatase 1) (Liu et al. 2018). The seminal work of Liu et al.
(2018) has highlighted a suitable mechanism for protein phosphatase-mediated
regulation of a chitin-induced RLK. The mechanism forwarded by Liu et al. (2018)
is as follows [as can be seen through Fig. 15.3]: CERK1 in unexcited state generally
undergoes autophosphorylation at its 428" Tyrosine residue and forms complex
with BIK1. On perceiving chitin, CERKI1 is triggered and activates BIK1 next by
phosphorylating it and releasing it from the complex. Along with BIK1, stimulated
CERKI is also said to induce MAPKs for subsequent immune responses down-
stream. On the other hand, triggered CERKI is also thought to deploy CIPP1 for
removing phosphate at 428" Tyrosine residue which ultimately dampens CERK1
stimulation. Dephosphorylated CERK1 detaches from CIPPI, and consequently
CERKI-triggered immune responses are inhibited. CIPP1 phosphatase activity thus
interrupts continued immune signaling due to CERK1, and subsequent damages to
host are prevented. Meanwhile, CERK1 can again autophosphorylate itself at Tyr**
and participate readily in the next cycle of chitin-induced immune signaling.
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Fig. 15.3 Schematic showing how the PSP-type phosphatase, CIPP1 (belonging to A. thaliana),
dampens chitin (fungal MAMP)-elicited immune trigger via a chitin specific RLK, CERK1 (Liu
etal. 2018). The scheme of the CIPP1 function follows like this: (1) The unexcited state of CERK1,
a RLK (in A. thaliana cell membrane), in the absence of chitin MAMP; CIPP1 (the CERKI-
interacting protein phosphatase 1; a PSP phosphatase) and BIK1 (a RLCK) remains unbound to
CERKI at this state. (2) CERK1 undergoes autophosphorylation at its 428" Tyrosine residue and
forms complex with BIK1. (3) On sensing chitin, triggered CERK1 phosphorylates BIK1 and
activates it; activated BIK1 then detaches from CERKI. (4) Stimulated CERK1 as well as BIK1
may further induce MAPKSs for subsequent defense responses downstream. (5)Triggered CERK1
is said to deploy CIPP1 for dephosphorylating its 428" Tyrosine residue which ultimately dimin-
ishes CERK1 stimulation. Dephosphorylated CERK1 then detaches from CIPP1 and consequently
CERK1-triggered immune responses are halted (adapted from Liu et al. 2018)

Inrespect of defense response towards powdery mildew pathogen, Golovinomyces
spp., one study (Wang et al. 2012) assessed interaction of an atypical Arabidopsis
resistance factor RPW8.2 with the PP2C member PAPP2C (phytochrome-associated
protein phosphatase type 2C) in yeast and in planta. RNA interference-mediated
downregulation of papp2c¢ in RPW8.2 active Arabidopsis background manifested
prominent HR-induced cell death (Wang et al. 2012) indicative of PAPP2C immune
regulatory function. Investigators (Wang et al. 2012) concluded PAPP2C’s role as a
negative regulator of SA (salicylic acid)-mediated defense responses against the
powdery mildew disease agent through association with RPW8.2 in some way, yet
to be understood fully.

Utilization of protein phosphatase inhibitors has been another imperative
approach for studying regulatory role of phosphostatus during signal transductions
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(Weiser and Shenolikar 2003). Several key information regarding roles of PPs, e.g.,
during defense responses, have been elucidated using PP inhibitors (Felix et al.
1994; MacKintosh et al. 1994; Agrawal et al. 2000; Rakwal et al. 2008; Bajsa et al.
2011). For instance, in one study, soybean (Glycine max L.) cotyledons were sub-
jected to treatment with a glucoside derivative obtained from the soybean pathogen
Phytophthora megasperma f. sp. glycinea, which induced synthesis of some
defense-related compounds (belonging to isoflavonoid group) as an initial host
defense response (MacKintosh et al. 1994). It needs to mention that P. megasperma
f. sp. glycinea causes root and stem rot of soybean and preferably attacks soybean
plants in the water-logging field conditions (Hahn et al. 1985).

MacKintosh et al. (1994) could monitor production of similar isoflavonoid com-
pounds in soybean cotyledons, when the cotyledons were initially cut and then
treated with specific protein phosphatase inhibitors (PPIs). Use of specific PPIs
(e.g., okadaic acid, acanthifolicin, etc.) indicated inhibition of PP1 and PP2A phos-
phatases (MacKintosh et al. 1994). Importantly, these PPIs were active inducers of
isoflavonoid production too. An abrupt rise in alkalinization (may be a result of
ionic flux) due to PPI treatment as against lowered alkalinity when kinase inhibitor
was used suggested some regulatory role of protein phosphatases (MacKintosh
et al. 1994). Further, sustained PPI treatment led to expression of particular defense-
related proteins [like phenylalanine ammonia-lyase (PAL)], whereas application of
kinase inhibitor diminished their expression, pointing towards PP-mediated regula-
tion of defense responses (MacKintosh et al. 1994). This further implicate predict-
able role of PP1 and PP2A phosphatases in the regulation of defense response
against P. megasperma in soybean.

15.3.3 Plant PPs Responding Towards Other
Known Pathogens

Apart from bacterial and fungal pathogens, other eukaryotic microbial pathogens do
impact plant health immensely rendering considerable economic losses. For exam-
ple, parasitic nematodes as agricultural pathogen affect growth, survivability as well
as productivity of diverse plant species (Abad et al. 2008; Lin et al. 2016). As an
illustration, obligate biotrophic nematode Meloidogyne spp. infects over 3000 plant
species from varied plant families worldwide and causes characteristic root-knot
disease (Caboni et al. 2012). Likewise, cyst-forming nematodes representing the
genera Heterodera and Globodera, respectively, also parasitize and negatively
affect health of numerous plants (Williamson and Gleason 2003). Plant immune
mechanisms can moreover recognize parasitic nematode insults through latter’s
characteristic nematode-associated molecular patterns (NAMPs) like in case of
various microbial pathogens (such as PAMPs/MAMPs) (Manosalva et al. 2015;
Choi and Klessig 2016). In fact, parasitic nematodes from several taxonomic groups
exudes certain small molecules known as “ascarosides,” which serve as potent
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elicitors of plant defense responses involving MAMP-triggered immunity and vari-
ous downstream signaling pathways (Manosalva et al. 2015). The ascaroside-
induced immune triggers in variety of plants are said to render them resistant to
varied microbial pathogens including nematode infections (Manosalva et al. 2015).
Apart from that, parasitic nematode penetration into plants during infection may
release DAMPS, which in turn can stimulate PTI-like defense responses in the latter
(Holbein et al. 2016). Importantly, activation of both PTIT and ETI branches of
immunity can be stimulated by parasitic nematode infestation in plant host. In fact,
modulation in the ETI branch of immunity during nematode infection has been
studied much extensively, although reports on specific cell surface-based PRRs rec-
ognizing NAMPs are rare (Holbein et al. 2016; Sidonskaya et al. 2016). Induction
of hypersensitive responses (HR) as well as PCDs (programmed cell death) by para-
sitic nematodes has also been indicated in different studies (Melillo et al. 2006;
Leonetti 2018; Matuszkiewicz et al. 2018). However, it needs mention that reports
on protein phosphatase-mediated regulation of nematode-induced resistance
responses in the plant hosts are quite meager (Holbein et al. 2016).

A recent study made by Sidonskaya et al. (2016) has enlightened the role of a
protein phosphatase in the Arabidopsis defense response against the parasitic cyst
nematode Heterodera schachtii. Pathogenic sugar beet cyst nematode H. schachtii
(HS) can generally parasitize upon plant species belonging to Brassicaceae as well
as Chenopodiaceae, including A. thaliana (Sijmons et al. 1991). Juvenile stages of
HS penetrates entire root region of hosts manipulating its peculiar stylet (Wyss
1992; Goellner et al. 2001) and thereby reaches inside of the plant causing signifi-
cant damages to host tissues in its path (Sidonskaya et al. 2016). The characteristic
initial syncytial cell (ISC) within host where HS attaches serves as the early feeding
site of the nematode before its subsequent developmental stages resume (Wyss
1992; Wyss and Grundler 1992; Wyss and Zunke 1986). In the entire course of
infection and migration of HS inside the plant host, the high degree of mechanical
injuries afflicted to host tissues with liberation of host cell damaging secretory prod-
ucts (like cellulases or other cell wall degrading enzymes/factors) by HS is said to
trigger plant immune signaling significantly which may involve specific RLPs,
MAPK cascades, etc. (Sidonskaya et al. 2016). In their study, Sidonskaya and asso-
ciates (2016) witnessed transient but distinct expression levels of MAPKs, i.e.,
MPK3/MPKG®6, in A. thaliana root epidermal cells when stimulated by artificial
wounding; cellulase treatment in the same cells resulted in the distinct expression of
MPKG6 kinases. This is suggestive of probable events ensuing out of HS-mediated
wounding as well as secreted products of HS in A. thaliana. Arabidopsis MAPK
phosphatase AP2C1 (a PP2C member) has been correlated with negative regulation
of HS triggered MAPKs- MPK3 and MPKG6 in the same study made by these
authors. The same group reported that mutant ap2cl A. thaliana lines, while
responding to HS infection, manifested elevated levels of MPK3 and MPK6 expres-
sions. This accompanied enhanced resistance to HS infections followed by drop in
the progression of both syncytia and nematode developments in the ap2c/ mutant
Arabidopsis. Interestingly, their study has further indicated decisive role of
AP2CI in the negative regulation of plant defense during initial phases of HS
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infection as development of HS-induced syncytia was markedly inhibited in the
ap2cl mutant Arabidopsis which eventually affected nematode development.
Importantly, the evidence relating to activation of specific MAPKs in the Arabidopsis
defense response to HS infection process has also been revealed through their work.

Other than the MAPK-AP2C1 partners, no such distinct PK-plant PP collabora-
tions have been reported for plant immune function regulations against nematode.
However, in a couple of occasions, some coordination of either PK or plant PPs in
response to nematode infection has been appreciated. For instance, in A. thaliana,
peroxisome localized PP2A phosphatase comprising B’ subunit manifested ele-
vated expression level in response to infection with root-knot nematode pathogen
Meloidogyne incognita (Kataya et al. 2015). Whether PP2A-B’0 subunit had direct
or indirect role in regulation of host immune responses against M. incognita is not
clear, nor it is known regarding specific RLPs/RLKs involved in the nematode
recognition.

In one instance, the role of Arabidopsis orthologues for co-receptor BAKI in
tomato (i.e., SISERK3A and SISERK3B) defense response towards M. incognita
infection was ascertained by VIGS (Virus-Induced Gene Silencing) using tobacco
rattle virus (TRV)-based vectors (Peng and Kaloshian 2014). Silencing of both
SISERK3A and SISERK3B in tomato resulted in enhanced susceptibility of the host
towards M. incognita infection (Peng and Kaloshian 2014) suggesting that tomato
BAKI orthologue might be an intermediary kinase component in the defense sig-
naling pathway. A corresponding PP for regulation of defense responses to M. incog-
nita has not been found out yet.

A recent study has identified an Arabidopsis RLK designated as NILR1 to be
specifically responsive to both parasitic nematodes HS and M. incognita (Mendy
et al. 2017). Further, dependence of NILR1 on BAK1 co-receptor for PTI signaling
downstream was revealed in the same study. Authors have found Arabidopsis lines
carrying mutation in nilrl to be highly susceptible to both HS and M. incognita
infections (Mendy et al. 2017). However, no PP counterparts have yet been estab-
lished with respect to role in regulation of NILR1-mediated immune signaling.

In addition to agents cited above, few unicellular protozoan species are recog-
nized to negatively impact health of several plant species (Camargo et al. 1990;
Dollet 1994; Camargo 1999; Santos et al. 2007). As opposed to that, significant
beneficial effects of rhizospheric protozoan species towards plants have also been
ascertained (Bonkowski 2003). In respect of protozoa-aided pathogenicity in plants,
a diverse bunch of trypanosomatids specialized in infecting plants is known and
constitutes the group Phytomonas (Jaskowska et al. 2015). Three species of
Phytomonas are designated plant agonizers: e.g., Phytomonas staheli, which causes
fatal wilt of coconut palm (Cocos nucifera) and sudden and slow wilt of oil palm
(Elaeis guineensis); P. leptovasorum which infects coffee plants; and P. francai
which causes empty root syndrome in cassava (Manihot esculenta) (Parthasarathy
et al. 1976; Di Lucca et al. 2013). P. staheli and P. leptovasorum are said to reside
in the phloem tissues of the host (Stahel 1931;Parthasarathy et al. 1976). In recent
documentations, P. francai has been listed as not so lethal parasite and thus hardly
may pose threat to food security (Jaskowska et al. 2015). However, clear
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understandings on various aspects relating to these phytomonads in terms of their
mode of infection, adaptation to host, induction of host defense signals, etc. are still
inadequate (Jaskowska et al. 2015). In this context, direct or indirect involvement of
plant PPs in the regulation of immune responses towards phytomonads is yet to be
unveiled. Whether phytomonad-conserved molecular patterns can equally serve as
PAMPs or MAPMs still remains to be confirmed.

15.4 Pathogenic Protein Phosphatases Involved in Virulence

A number of plant protein phosphatases, though not exhaustive, like Xb15, PP2C38,
PP2A homologues, etc. have been associated with regulation of plant immune func-
tions induced by various types of microbial pathogens. Nevertheless, these enzymes
have a significant host-protective function. In the same manner, plant pathogenic
microbes too possess protein phosphatase equivalents executing diverse functions
in them. PPs regulate essential cellular processes including growth, proliferation,
metabolism as well as cell survivability in microbes too. Readers may refer some of
the literatures for host of PP functions in microbes (Dickman and Yarden 1999;
Lammers and Lavi 2007; Cutler et al. 2010; Arifio et al. 2011; Du et al. 2013; Chen
et al. 2016). A number of animal pathogenic microbes rely on specific PP functions
for their pathogenicity in target hosts (Chen et al. 2016). Likewise, protein phospha-
tases of plant pathogenic microbes have also been implicated in their virulence
functions within specific hosts (Du et al. 2013; Liu et al. 2016). However, it needs
mention that pathogenic microbes recruit a variety of virulence factors including
T3Es, type 2 secretion system released proteins as well as several others targeting
host defense (Abramovitch et al. 2006), although only some of those may have been
fully characterized and demonstrated to have PP-related function. Bypassing the
detailed illustration of PP types in plant pathogenic microbes, here we emphasize on
some of the distinct PPs of phytopathogenic origin that have been shown to have
crucial role in virulence function of the former. Extensive outlines on plant patho-
gen origin PP types and their role in other functions can be found elsewhere
(Kennelly 1998, 2001, 2002; Deutscher and Saier 2005; Standish and Morona 2014).

15.4.1 Examples of Bacterial PPs Required for Virulence

Xanthomonas gardneri (Xg), which causes bacterial spot disease of pepper,
expresses the T3E protein AvrBs7. AvrBs7 is known to be recognized by corre-
sponding host dominant resistance gene product, Bs7, that initiates resistance
response outcomes like HR. Potnis and associates (2012) in their study found
AvrBs7 of Xg to contain a putative protein tyrosine phosphatase (PTP) active site
domain which was essentially required for its cognition by host [Capsicum annuum
cv. Early Calwonder (ECW)]-encoded Bs7. Mutation of the cysteine residue (at
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265" position) to serine in the PTP domain of AvrBs7 resulted in abrogation of HR
responses, indicating PTP domain to be crucial for host recognition via Bs7 for
downstream defense signaling (Potnis et al. 2012). Another species of Xanthomonas,
X. euvesicatoria (Xe), responsible for bacterial spot disease in pepper as well as
tomato (Potnis et al. 2012; Kyeon et al. 2016), which expresses AvrBsl.1 (a Xe
secreted T3E) is also recognized by the common host resistance protein Bs7 (Potnis
et al. 2012). Interestingly, AvrBs1.1 and AvrBs7 both possess a consensus PTP
domain with important role in virulence mechanism of Xe and Xg, respectively.
Importantly, alteration in the ten amino acid sequence of AvrBs1.1 catalytic domain
eliminated induction of HR suggesting distinct recognition site on AVrBsl.1 and
AvrBs7, respectively, for Bs7 (Potnis et al. 2012). Likewise, other xanthomonads
comprising Xcc strains 33,913, 8004 and B100 are known to produce AvrBsl.1
effector proteins (also referred to as XopH in recent classification; White et al.
2009) that share PTP domains essential for virulence in respective hosts (Potnis
et al. 2012).

Genome of P. syringae pv. tomato DC3000 (Pto DC3000) encodes a T3E pro-
tein, HopPtoD2, that was determined to possess a PTP domain within (Bretz et al.
2003). HopPtoD2 was shown to be translocated into A. thaliana cells by TTSS
machinery of Pro DC3000 during infection process. Mutation in the PTP domain of
HopPtoD2 was found to significantly diminish Pfo DC3000-mediated virulence in
Arabidopsis (Bretz et al. 2003) entailing worth of PTP domain in this T3E. HopPtoD2
later also renamed HopAO1 (Underwood et al. 2007) was shown to suppress HR in
certain non-plant hosts when expressed ectopically (Bretz et al. 2003; Espinosa
et al. 2003). Arabidopsis plant expressing HopAO1 (with intact PTP domain)
allowed TTSS mutant Pto DC3000 to proliferate remarkably in the transgenic plant
as compared to wild-type host (Underwood et al. 2007).

Constitutively expressed HopAO1 could further block flg22 (PAMP)-mediated
immune responses in transgenic Arabidopsis, permitting multiplication of Pto
DC3000 therein (Underwood et al. 2007). Further investigations on HopAO1 have
revealed a precise mechanism of its function. The Arabidopsis PRR, EF-Tu receptor
(EFR), is usually activated by elf18 (a PAMP) via addition of phosphoryl group at a
Tyrosine residue [situated at 836™ position] (Macho et al. 2014). Activated EFR
subsequently initiates downstream defense signaling towards Pto DC3000. In the
seminal work of Macho et al. (2014), HopAO1 was shown to suppress host immune
responses by minimizing EFR phosphorylation (Macho et al. 2014) probably
through its phosphatase activity [Fig. 15.4]. HopAOI certainly demonstrates an
intriguing armory which evolved in P. syringae to evade host defenses.

15.4.2 Examples of Fungal PPs Required for Virulence

The fungal pathogen for rice blast disease, Magnaporthe oryzae (Mo), expresses a
putative dual-specificity phosphatase (DsPTP), MoYVHI1, which has been impli-
cated in the vegetative growth and conidial production of Mo as well as in its
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Fig. 15.4 Mechanism of P. syringae type 3 effector HopOA1 (possessing PTP catalytic domain)
mediated suppression of plant cell immune responses. HopAO1 effector with tyrosine phosphatase
activity is introduced by P. syringae into plant cell via TTSS (Bretz et al. 2003; Underwood et al.
2007). HopAOI1 has been independently shown to inhibit RLKs FLS2 (that recognizes flagellin
(MAMP), e.g., flg22 peptide) and EFR (that recognizes bacterial elongation factor (MAMP), e.g.
elf18 peptide)-triggered signaling due to binding of respective MAMPs to them (Underwood et al.
2007; Macho et al. 2014). Inhibition of RLKs results in halting of subsequent PTI responses down-
stream. In some non-plant host species (like Nicotiana benthamiana), HopAO1 has been further
shown to negatively affect MAPK signaling cascades (Bretz et al. 2003; Espinosa et al. 2003).
Phosphatase function of HopAO1 is indeed a boon to P. syringae for restricting host defenses and
thus advantageous for its own proliferation. Abbreviations: TTSS, type 3 secretion system; T3E,
type 3 secreted effector; PTI, PAMP/MAMP triggered immunity

virulence mechanism (Liu et al. 2016). Mutation in MoY VH1 manifested defects in
fungal hyphae growth and reduced pathogenicity in rice plant along with other cel-
lular deficiencies in Mo (Liu et al. 2016). Liu and associates (2016) demonstrated
ROS scavenging role of MoY VH1, the counter-mechanism thought to be crucial for
successful establishment of Mo infection (Liu et al. 2016). A recent study has
revealed MoYVHI to be important for expression of several extracellular enzymes
in Mo, needed for altering host defense (Liu et al. 2018). The same study indicated
requisite of MoY VHI1 translocation to nucleus and its interaction with other factors
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for modulating ROS pathway (Liu et al. 2018). Likewise in an earlier study, the role
of MoPPG1 [which encodes the putative PP2A catalytic subunit (PP2Ac) in Mo]
could be associated with Mo virulence in rice plant host (Du et al. 2013). MoPPG1
mutation diminished penetrability of Mo into host and thus reduced its pathogenic-
ity (Du et al. 2013). Deletion of MoPPG]1 further resulted in defective vegetative
hyphal growth, conidiation as well as impaired expression levels of several Mo
pathogenicity effectors (Du et al. 2013) indicating significance of PP2Ac in the
blast pathogen.

Aspergillus flavus (Afl) is an opportunistic, saprophytic fungal pathogen of sev-
eral crops that produces mycotoxin aflatoxin (Klich 2007; Yang et al. 2018).
AfICDC14, a DSP-type phosphatase in Afl, has been connected with virulence func-
tion of this pathogen (Yang et al. 2018). Afl strains carrying AfICDC14 deletion were
compromised in growth and conidium morphology with associated reduction in
amylase activity (Yang et al. 2018). AfICDCI4 deletion mutant manifested viru-
lence deficiency, thus indicating requirement of AICDC14 phosphatase function in
Afl virulence (Yang et al. 2018).

The Fusarium head blight (FHB) disease agent of several cereal crops, Fusarium
graminearum (Fg), was shown to depend on PP2C phosphatase functions for its
virulence at least in two occasions (Jiang et al. 2010, 2011). The representative
PP2C members, namely, FgPtc1p and FgPtc3, were independently demonstrated to
be important for Fig pathogenicity functions (Jiang et al. 2010, 2011). FgPtclp dele-
tion resulted in delayed hyphal development as well as reduced virulence of the
pathogen in wheat plants (Jiang et al. 2010). In the same manner, mutation in FgPtc3
locus affected aerial hyphae development in the FHB pathogen and also obstructed
the ability of Fg to infect wheat flowering head, thereby minimizing Fg virulence
(Jiang et al. 2011).

15.5 Plant Protein Phosphatases as Targets
of Pathogen Maneuvering

Plant protein phosphatases being at the heart of immune regulatory network seem to
associate more often with respective PRRs, RLKs, RLCKs as well as intracellular
receptors like NB-LRRs. Therefore, responses of plant PPs towards pathogens
appear somewhat indirect. However, there are instances when pathogenic virulence
factors are reported to target or manipulate plant PPs to their advantage. We high-
light few of such known instances below.

TTSS-secreted T3Es belonging to AvrE family are virulence factors of some
notable phytopathogenic bacteria such as Pseudomonas, Pantoea, Ralstonia,
Erwinia, Dickeya, Pectobacterium, etc. (Jin et al. 2016). A yeast two-hybrid screen
revealed interaction of an AvrE effector WtsE, from the causal agent of Stewart’s
wilt in maize, Pantoea stewartii subsp. stewartii (Pss), with PP2A phosphatase of
maize plant host (Jin et al. 2016). More specifically, WtsE interacts with the B’ regu-
latory subunit of hetero-trimeric maize PP2A (Jin et al. 2016). Likewise, one more
AvrE family member, AvrE1 secreted by P. syringae DC3000 strain (Pto DC3000),
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was shown to interact with B’ regulatory subunit of Arabidopsis PP2A homologue
(Jin et al. 2016). Loss-of-function mutation in Arabidopsis PP2A homologue
impaired Pto DC3000 virulence in the host indicating requirement of PP2A protein
for pathogen’s advantage (Jin et al. 2016). Chemical inhibition of PP2A activities
further revealed halting of pathogenicity functions due to WtsE and AvrE1, respec-
tively (Jin et al. 2016). Another Pro DC3000-secreted T3E member, HopM1,
belonging to same AvrE family and sharing functional redundancy with AvrE1 was
also found to have impaired virulence in the PP2A mutant host background (Jin
et al. 2016). Interestingly, evolution of T3Es targeting plant PPs to get hold of its
hosts may indicate that pathogen virulence functions are evolving rapidly with
novel mechanisms to counteract plant host immune functions.

Dependence of Pfo DC3000 on Arabidopsis MAPK phosphatase 1 (MKP1) for
initial infection processes in A. thaliana was revealed from the work of Anderson
et al. (2014). Their study demonstrated requirement of intact MKP1 in the host for
induction of genes required for TTSS and release of effectors by Pro DC3000 lead-
ing to pathogenicity. Arabidopsis mkpl mutant lines were more resistant to Pto
DC3000, and TTSS induction in the pathogen was also impaired in the mutant host
(Anderson et al. 2014). Authors (Anderson et al. 2014) have connected some bioac-
tive chemical signaling mechanism which was diminished in the mkp/ mutant host
to be responsible for inactivation of TTSS induction that is otherwise functional in
the wild-type Arabidopsis expressing MKP1.

The late blight disease pathogen, Phytophthora infestans, was shown in a study
to rely on host protein phosphatase (PP1c) isoforms for its virulence in potato and
model plant N. benthamiana (Boevink et al. 2016). P. infestans-extruded effector
Pi04314 was demonstrated to specifically target PP1c isoforms and cause reposi-
tioning of PP1cs for the pathogen’s successful virulence establishment in the hosts.
Loss-of-function mutation in the pp/c isoforms significantly diminished virulence
function of P. infestans as well as pathogen colonization, suggesting critical depen-
dence of the pathogen on this type of host PP. The investigators further hypothesize
cooperative action of both Pi04314 and PP1c as a probable mechanism for progres-
sion of late blight disease (Boevink et al. 2016).

Plant pathogens have been known to manipulate host biochemical pathways such
as hormone (e.g., abscisic acid, jasmonic acid, etc.)-mediated signaling networks to
establish their pathogenicity. For instance, phytopathogenic Pfo DC3000 can induce
abscisic acid (ABA) signaling in its host (de Torres-Zabala et al. 2007). Pro DC3000
was also correlated with production of a phytotoxin coronatine which happens to be
a jasmonate analogue enabling the pathogen to activate jasmonic acid (JA) pathway
as well (Mine et al. 2017). Interestingly, ABA and JA pathways were shown to arrest
signaling of MAPKs, MPK3 and MPK6, which form essential components of
Arabidopsis defense response pathway (Mine et al. 2017). On the other hand, ABA
was found to activate a group of PP2C phosphatases (HAIl, HAI2, HAI3, ABI1
clade) (de Torres-Zabala et al. 2007; Mine et al. 2017), some of which were instru-
mental in negatively regulating both MPK3 and MPK6 (Mine et al. 2017)
[Fig. 15.5a]. In the absence of ABA/JA signaling in the host, Pto DC3000 could
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Fig. 15.5 Illustration of the mechanism through which P. syringae manipulates A. thaliana’s
ABA/JA signaling pathways to dampen host defense responses against the pathogen. (a) Generally,
when A. thaliana cells are under stimulation of own ABA and JA molecules, subsequent induction
of ABA/JA hormonal signaling pathways occurs within the cell. Interestingly, ABA and JA path-
ways are known to arrest signaling of MAPKs, MPK3 and MPK6 (which form important arsenals
of Arabidopsis defense response pathway), via recruitment of some PP2C-type phosphatases (that
may include HAI1, HAI2, HAI3, ABI1 clade) (de Torres-Zabala et al. 2007; Mine et al. 2017). (b)
In the absence of A. thaliana’s own ABA/JA molecules, P. syringae deploys its own ABA/JA ana-
logues and activates ABA/JA signaling within the host cell. Induction of ABA/JA signaling ulti-
mately serves the pathogen in achieving suppression of host defense responses via recruitment of
host PP2C phosphatase-mediated negative regulation of MAPKs, MPK3 and MPKG®, as above (de
Torres-Zabala et al. 2007; Mine et al. 2017)
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induce both ABA and JA cascades to achieve PP2C-mediated suppression of MAPK
defense signaling for its subsequent colonization and virulence in the host (Mine
et al. 2017) [Fig. 15.5b]. Loss-of-function mutation in PP2C members resulted in
elevated resistance in the host towards Pfo DC3000, indicating pathogen’s reliance
on the specific PP for virulence (de Torres-Zabala et al. 2007).

15.6 Conclusion

With gradual increase in the accumulating evidences, it can be perceived that pro-
tein phosphatases (PP) have significant importance in plant host-pathogen interac-
tion processes. Considering large repertoire of PKs and also diverse clusters of PPs
in plant genomes, studying specific PK-PP couples in immune functions necessi-
tates colossal efforts. In spite of several hurdles, genome-wide studies have, how-
ever, predicted homologues/orthologues of PKs as well as PPs in several plant
species. Since the demonstration of the first purified plant protein phosphatase in the
1980s (Lin et al. 1980), after almost four decades, the amount of progress made in
plant PP research has been encouraging, even though there is still a long way to go.
The advances in the genomics and allied disciplines have been assisting immensely
in this regard (Xing and Laroche 2011; Shazadee et al. 2019). Hopefully, in days to
come, it would be plausible to correlate specific PK-PP couples to particular set of
immune signaling targeted at distinct pathogens in most events of host-pathogen
interactions.

Plant PPs being structurally versatile and in some cases forming heteromeric
composites via combination of variable classes of subunits or domains make them
quite unpredictable in function. For example, how O. sativa PP2C member Xb15
distinctly functions from Arabidopsis PP2C repertoires like Poll, PLL4 and PLLS,
although they belong to the same family of PPs, can itself suggest the degree of
specificity and precision these regulatory proteins uphold (Park et al. 2008). In
occasions, alteration of a subunit would distinguish immune regulatory function of
plant PPs in response to specific but different pathogens (Trotta et al. 2011; Segonzac
et al. 2014).

Nonetheless, model plant Arabidopsis and its genome information as well as
some of the pathogenic model organisms like P. syringae, B. cinerea, and H. schachtii
have afforded paramount contributions towards understanding of plant immune
functions and their role in immune regulations. Several intriguing aspects relating to
plant PP functions have been realized progressively. Distinct role of PPs in both
plant and pathogenic agents has further accentuated significances of PPs during
host-pathogen communications. Interestingly, pathogenic effectors targeting plant
PPs have also been revealed. Some pathogenic effectors with expanded PP func-
tions have further intrigued researchers, for evolution of pathogenic counter-defense
mechanisms akin to this seems quite extravagant, although much remains to be
known in this regard.
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Complexity of host genomes followed by difficulties in executing genetic studies
such as gene silencing and gene knockout procedures due to apparent lack of suit-
able vectors/agents has considerably limited the extent of research to only model
hosts. Hopefully, in days to come, intensive research in this theme would ameliorate
these challenges to great extents.

Determination of pathogen PP equivalents and inventorying their roles in viru-
lence mechanisms in hosts would be rewarding in the near future while designing
suitable strategies to engineer virulence resistances in the hosts. Some of the plant
PPs are serving as susceptible markers by being targets of pathogenic effectors.
Engineering resistant isoforms/equivalents of such susceptible PPs from different
cultivars/species may be one of the strategies that could benefit agronomy immensely
in the near future. Albeit our discussion on PPs aligned primarily towards plant
host-pathogen interaction events only, a substantial understanding on PPs as a whole
will be indispensable to realize the intriguing signaling cascades regulated by them
or yet unknown mechanisms that regulate them. In days to come, it may be specu-
lated that PPs might serve as potential molecular tool for selecting superior cultivars
of plants species and hence contribute towards agronomy and plant breeding signifi-
cantly. We hope in the near future that continued explorations in regard to protein
phosphatase repertoires (that may be from both plant and pathogen) would surely
enrich our understandings on the complicated paradigms of plant-microbe interac-
tions, more in detail.
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Chapter 16
Role of Dual Specificity Phosphatase
in Stress and Starch Metabolism

Kanwaljeet Kaur, Manas Kumar Tripathy, and Girdhar K. Pandey

16.1 Introduction

All living organisms respond to adverse environment for their growth, reproduction,
and survival and carry out numerous cellular processes and chemical reactions.
Some of these are spontaneous, which release energy, and some are non-spontaneous,
which require energy in order to proceed.

In eukaryotic cells, one-third of cellular proteins contain covalently bound phos-
phates (phosphorylated) (Mustelin 2007). Dephosphorylation (Removal of phos-
phate group) of phosphorylated cellular proteins are catalyzed by enzymes known
as phosphatases. Protein phosphorylation is the most important and crucial post-
translational event first reported by Edwin Krebs and Edmond Fisher almost
60 years ago (Olsen et al. 2006; Krebs et al. 1958). A protein phosphatase is an
enzyme which removes a phosphate group from a phosphorylated amino acid resi-
due of its substrate protein and produces a phosphate group and a molecule with a
free hydroxyl group. During phosphorylation, kinases convert adenosine triphos-
phate (ATP) into adenosine diphosphate (ADP) or adenosine monophosphate
(AMP) and use energy obtained from this to transfer a phosphate group to the pro-
teins or other substrates. On the other hand, during dephosphorylation, phospha-
tases which function opposite to kinases release phosphate from phosphorylated
protein/substrate into a solution as a free phosphate (Pi) and release energy (Kerk
et al. 2002) (Fig. 16.1). Maintaining the balance between phosphorylation and
dephosphorylation mediated by kinases and phosphatases is necessary for energy
balance and also acts a biological switch in cellular processes (Smith and Walker
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Fig. 16.1 Mechanism of action of protein phosphatases and protein kinases: protein phosphatases
catalyze removal of a phosphate group from phosphorylated amino acid residue of its substrate
protein and produces a phosphate group and a molecule with a free hydroxyl group. During
dephosphorylation, phosphatases which function opposite to kinases release phosphate from a
phosphorylated enzyme into a solution as free ions and release energy. During phosphorylation,
kinases convert adenosine triphosphate (ATP) into adenosine diphosphate (ADP) or adenosine
monophosphate (AMP) and use energy obtained from this to transfer a phosphate group to the
enzyme

1996). The protein tyrosine kinases (PTKs) are well characterized as compared to
protein tyrosine phosphatases (PTPs), whereas emerging evidences suggest PTPs
regulate a variety of fundamental cellular processes such as cell growth, mitogene-
sis, metabolism, gene transcription, cell cycle control, and the immune response
(Dunn et al. 1996). Disruption of balance between kinase and phosphatase activities
may lead to an abnormal condition or diseased state (Lountos et al. 2011). During
the process of phosphorylation and dephosphorylation mediated by kinases and
phosphatases, many enzymes or regulators are activated and deactivated and act as
molecular switches to modulate the structures and functions of many cellular pro-
teins in prokaryotic and eukaryotic cells (Cheng et al. 2011; Singh and Pandey
2012; Singh et al. 2015; Ardito et al. 2017a, b; Bheri and Pandey 2019a, b).

The protein kinase structure, evolution, and function have been extensively
investigated in a number of eukaryotes, and most of the kinases have a conserved
functional domain. In contrast, protein phosphatases are less studied and displayed
a great degree of diversity and harbor different catalytically important signature
motifs and domains (Singh and Pandey 2012). During protein phosphorylation the
three-dimensional structure, activity, cellular localization, and the stability of a pro-
tein changed, which in turn acts as an “on-or-off” switch in numerous pathways
regulating growth, differentiation, and oncogenesis. In eukaryotes, more than 70%
of all the known proteins are reversibly phosphorylated, and hence, the importance
of reversible protein phosphorylation to cellular regulation cannot be overruled
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(Shankar et al. 2015; Singh et al. 2015; Bheri and Pandey 2019a, b). Based on the
amino acid residue dephosphorylated, plant protein phosphatases are broadly
categorized into serine/threonine (Ser/Thr) and tyrosine (Tyr) phosphatases. Further
the Ser/Thr phosphatases are categorized into two families: (i) phosphoprotein
phosphatases (PPPs) comprising PP1, PP2A, PP2B, and other distantly related
phosphatases (PP4, PP5, PP6, and PP7) and (ii) PPs requiring metal ion for catalysis
(PPMs), including PP2C and other Mg?*-dependent phosphatases (Lee et al. 2010;
Singh et al. 2010; Singh et al. 2015; Bheri and Pandey 2019a, b). However, PP2B,
which is a Ca’*-dependent phosphatase, also known as calcineurin A (CNA), has not
been identified so far in plants (Moorhead et al. 2007; Kerk et al. 2008; Singh et al.
2010). Protein tyrosine phosphatases (PTPs) characterized by a CX5R motif are
composed of two groups, namely, protein Tyr-specific phosphatases (PTPs), which
specifically act on phosphotyrosine, and dual specificity phosphatases (DSPs) which
dephosphorylate phosphotyrosine as well as phosphoserine/phosphothreonine
(Stone and Dixon 1994; Tonks and Neel 1996; Singh and Pandey 2012; Shankar
et al. 2015) (Fig. 16.2).

Here, we provide an overview of the dual specificity phosphatase classification,
structure, and functions and discuss their role in important processes such as in
stress and starch metabolism.

16.2 Classification of Protein Phosphatases

Protein phosphorylation is the most common posttranslational event, which regu-
lates many biological processes. It is reported that more than 30% of eukaryotic
proteins are present in a phosphorylated form and this phosphorylation takes place
most commonly on the hydroxyl group of Ser, Thr, and Tyr residues (Mailloux
2010). Nine amino acids (Tyr, Ser, Thr, Cys, Arg, Lys, Asp, Glu, and His) have been
found to be phosphorylated in living organisms, while three among these are pre-
dominantly reported in eukaryotic cells, i.e., Ser, Thr, and Tyr (Moorhead et al.
2009). The distribution of protein phosphorylation is approximately 86.4%, 11.8%,
and 1.8% on Ser, Thr, and Tyr, respectively, in eukaryotic cells (Olsen et al. 2006;
Shankar et al. 2015; Ardito et al. 2017a, b).

On the basis of substrate dephosphorylated, phosphatases are broadly divided
into two categories: Ser/Thr phosphatases and Tyr phosphatases. Phosphatases,
which dephosphorylate both Ser and Thr amino acid residues, are classified into
protein Ser/Thr phosphatases (PSTP); and phosphatases which dephosphorylate Tyr
residues are categorized into protein Tyr phosphatases (PTPs) (Ardito et al. 2017a,
b). Further PSTP is divided into three families:

1. Phosphoprotein phosphatases (PPPs): For several members of the PPP family,
the catalytic subunit associates with a great variety of regulatory subunits.
Representative members of the PPP family include protein phosphatases PP1,
PP2A, PP2B (commonly known as calcineurin), PP4, PP5, PP6, and PP7.
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Fig. 16.2 Classification of protein phosphatases. Protein phosphatases can be classified into two
groups on the basis of substrate specificity. (1) Ser/Thr phosphatases, which are further divided
into three classes. (a) PPPs (phosphoprotein phosphatases): which include PP1, PP2A, PP2B, PP4,
PPS5, PP6, and PP7. (b) PPMs (metal-dependent protein phosphatases): which include PP2C. (c)
Other distantly related proteins: which include FCP and SCP2. Tyr phosphatases are further
divided into four classes on the bases of amino acid sequence of their catalytic domain. (1) Class I
phosphatases, which include (A) Classical PTPs (these are further divided into two groups RPTPs
(transmembrane, receptor-like enzymes) and NRPTPs (the intracellular, nonreceptor PTPs)) and
(B) DSPs (dual specificity phosphatases) (these are further divided into (i) MAPKP (mitogen-
activated protein kinase phosphatase), (ii) slingshot, (iii) PRLs (phosphatases of regenerating
liver), (iv) atypical DSP, (v) CDC14, (vi) PTEN (phosphatase and tensin homologue deleted on
chromosome 10), and (vii) MTMs (myotubularins)). (2) Class II phosphatases, which include
LMWPTP low molecular weight PTPs. (3) Class 11l phosphatases, which include Cdc25 isoforms.
(4) Class 1V phosphatases are aspartic acid-based PTPs, which include EYA (Eyes Absents) phos-
phatase and HAD (Haloacid Dehalogenase) family of phosphatases in humans

2. Metal-dependent protein phosphatases (PPMs): Include protein phosphatases
dependent on manganese/magnesium ions (Mn**/Mg?*), such as PP2C and
pyruvate dehydrogenase phosphatase. In contrast to PPP, members of the PPM
family do not have regulatory subunits but contain additional domains and con-
served sequence motifs that may determine substrate specificity.

3. Aspartate-based phosphatases: Such as FCP (TFIIF-associating component of
RNA polymerase I CTD phosphatase) and SCP (small CTD phosphatase). FCP/
SCP uses an Asp-based catalysis mechanism. The only known substrate for FCP/
SCP is the C-terminal domain (CTD) of RNA polymerase II (Shi 2009; Singh
and Pandey 2015).
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The PTPs are characterized by their common signature motif CX;sR in the con-
served catalytic domain. It is thought that this motif and catalytic mechanism
evolved independently three times to yield three groups or classes of PTP (Kerk
et al. 2008; Moorhead et al. 2009). Based on the amino acid sequences of their cata-
lytic domain, PTPs are further divided into four families: class I, class II, class III,
and class IV.

1. Class I phosphatases have a common PTP domain structural fold and are one of
the largest groups of PTPs which are further divided into subfamilies. They con-
sist of two groups based on the domain architecture and the degree of homology
between catalytic domains. Classical PTPs (these are strictly specific for tyro-
sine) and dual specificity phosphatases (VH1-like and these are a diverse group
in terms of specificity).

(a) Classical PTPs (receptor and nonreceptor) are given this name as they
defined the PTPs and they all dephosphorylate tyrosine residues. These clas-
sical PTPs are further divided into two groups transmembrane, receptor-like
enzymes (RPTPs) and the intracellular, nonreceptor PTPs (NRPTPs).

(b) Dual specificity phosphatases (DSPs) are a much more diverse family of
intracellular proteins having a similar catalytic region but distinct noncata-
lytic regions and can be divided into several subgroups, which share less
sequence identity with each other. The DSPs are further divided into:

e MAPKP (mitogen-activated protein kinase phosphatase): These MAP
kinase phosphatases (MKPs) are characterized by dual phosphothreonine
and phosphotyrosine specificity and the presence of a CH, region and
other MAP kinase targeting motifs (Bordo and Bork 2002; Alonso et al.
2003).

e Slingshot: It has a minimal basic motif of classical PTPs with smaller
size (~150 amino acids) and contains a central twisted five-stranded
B-sheet surrounded by five or six helices on or beneath the p-sheet.
Structural variations occur at the N-terminus and the C-terminus of the
catalytic domain. In humans, three slingshots SSH1, SSH2, and SSH3
are known (Kim and Ryu 2012).

* PRLs (phosphatases of regenerating liver): There are three PRLs (PRL-
1, PRL-2, and PRL-3) present in human cells and very poorly known
(Mustelin 2007).

e Atypical DSP: Includes a number of poorly characterized enzymes that
lack specific MAP kinase targeting motifs and tend to be much smaller
enzymes. Examples of members are VHR, PIR, laforin, VHZ, and
STYX (Mustelin 2007).

e (CDCI4: 1t is involved in dephosphorylation of the Cdk activation loop
phospho-Thr and inactivation of cyclin-dependent kinases. It plays role
in cell division cycle. Some examples of members are CDC14A, KAP,
and PTP9Q22 (Visintin et al. 1998; Mustelin 2007; Moorhead et al.
2009).
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* PTEN (phosphatase and tensin homologue deleted on chromosome
10): It dephosphorylates 3" position of the inositol sugar of
phosphatidylinositol derivatives at the plasma membrane. In plants,
PTEN is required for pollen maturation following cell division.
AtPTENI1 encodes Arabidopsis PTEN 1, which shows similarity to a
tumor suppressing phosphatase in human (Phosphatase and tensin
homolog). Expresseing AtPTENT1 in pollen grains shows its require-
ment during pollen development (Zhang et al. 2011; Shankar et al.
2015). PTEN also dephosphorylates protein substrates including focal
adhesion kinase (FAK) and regulates MAPK pathways (Luan et al.
2001). In Drosophila and C. elegans, PTENs play important role in
development (Ogg and Ruvkun 1998; Huang et al. 1999).

e MTMs  (myotubularins):  These  primarily  dephosphorylate
phosphatidylinositol-3-phosphate on internal cell membranes (Wishart
and Dixon 2002).

2. Class II phosphatases are low molecular weight PTPs and are tyrosine specific.
Type-2 PTPs are frequently found in prokaryotes.

3. Class III phosphatases consist of lower molecular weight PTPs and Cdc25 iso-
forms and are thought to have evolved from a bacterial rhodanese-like enzyme
and a bacterial arsenate reductase, respectively. The third subgroup of PTPs
includes cell cycle regulators and shows specificity toward both Tyr and Thr resi-
dues. Type-3 PTPs are known to dephosphorylate cyclin-dependent kinases
(CDKs) causing an inhibition of cell cycle progression.

4. Class IV phosphatases are aspartic acid-based PTPs, which comprise a heteroge-
neous group of phosphatases, and can be either Ser or Tyr specific. Examples of
class I'V phosphatases are EYA (Eyes Absents) phosphatase and HAD (Haloacid
Dehalogenase) family of phosphatases in humans (Alonso et al. 2004a, b; Singh
and Pandey 2012; Shankar et al. 2015).

16.3 Dual Specificity Phosphatases

As there is always an exception to the rule, certain phosphatases which recognize
both phosphotyrosine and phosphothreonine/phosphoserine residues are known as
dual specificity phosphatases (DSPs) and are implicated as major modulators of
cellular signaling events via dephosphorylation (Meekins et al. 2016). Catalytic
domain of DSPs shows similarity with Tyr phosphatases but does not share any
similarity with catalytic domain of protein Ser/Thr phosphatases. In addition to
active-site signature motif (H/V)C(X)5R(S/T) of catalytic domain, animal DSPs
contain other domains like SH2 domains, PDZ domains, extracellular ligand-
binding domains, and others (Zhang 2002). Plant DSPs mainly consist of three con-
served domains, cTP (chloroplast transit peptide), DSP (dual specificity phosphatase)
catalytic domain, and CBD (carbohydrate-binding domain) (Shankar et al. 2015;
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Fig. 16.3 Schematic representation of the predicted domain architecture of dual specificity phos-
phatases. ¢TP chloroplast transit peptide, DSP dual specificity phosphatase catalytic domain, and
CBD carbohydrate-binding domain

Huang et al. 2019) (Fig. 16.3). DSPs can act on both phosphothreonine/phosphoser-
ine and phosphotyrosine and show limited sequence homology with PTPs, but still
these are categorized into PTPs because they share catalytic site signature motif
(H/V)C(X)5SR(S/T) and they follow a similar mechanism of catalysis for the dephos-
phorylation of their substrate.

Substrate specificity in tyrosine phosphatases is determined by the depth of its
catalytic site cleft. The active catalytic site cleft of DSPs is shallow having a depth
of 5.5 A, which enables its active site to accommodate both phosphotyrosine and
phosphothreonine/phosphoserine. Therefore, these are known as dual specificity as
they can dephosphorylate both phosphotyrosine and phosphoserine/threonine. In
case of tyrosine phosphatases, the active-site cleft is much deeper as compared to
DSPs, having a depth of around 10 A. Therefore, it selects exclusively phosphoty-
rosine to access the active catalytic site and dephosphorylate only phosphotyrosine
residues (Stewart et al. 1999; Luan et al. 2001).

DSPs are the most important regulators of a wide variety of protein kinases and
known to regulate the signaling cascade in plants, animals, and fungi (Kerk et al.
2006). In animals DSPs regulate MAPK pathways and also play a role in tumor sup-
pression, immune response, and many more similar processes. Role of DSPs has
been extensively studied in animal system, but in plant system, their role still need
to be explored.

16.3.1 Discovery and Structure of Dual Specificity
Phosphatase

The first dual specificity phosphatase discovered from yeast, an eukaryotic system,
is atypical phosphatase YVHI1, isolated from the Hl open reading frame of Vaccinia
virus. The YVH1 phosphatase displays a high evolutionary conservation with ortho-
logs present in species ranging from yeasts to humans.

The crystal structure of a human DSP, vaccinia HI-related phosphatase (VHR),
has a shallow active-site pocket which allows the hydrolysis of phosphorylated Ser,
Thr, or Tyr protein residues, whereas the deeper active site of PTPs restricts sub-
strate specificity to only phosphotyrosine (Yuvaniyama et al. 1996; Stewart et al.
1999; Luan et al. 2001). The structure of VHR consists of a single a + -type domain
of dimensions having a length, width, and height of 50 A, 40 A, and 32 A, respec-
tively. The loop between the f8-strand and a5-helix contains the consensus active-
site sequence His-Cys-X-X-Gly-X-X-Arg-(Ser or Thr) with the catalytic Cys!*
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thiol at its center (X is any amino acid). In the crystal structure, the active site was
bound by the competitive inhibitor. The oxygen atoms of sulfate form hydrogen
bonds to the main chain amides of the active-site loop and to the Arg130 side chain,
mimicking the corresponding interactions between the phosphate oxygens on a
phosphoprotein substrate (Yuvaniyama et al. 1996). A water molecule is not present
in the active site of the VHR structure and may be absent in other DSPs. Residues
Ser'® and Asp?? occupy the position of the water molecule in the VHR structure and
are conserved in other DSP sequences. Also, DSPs have a hydrophobic residue
(Phe'® in VHR) in a position corresponding to that of the Yersinia PTP GIn**
(Yuvaniyama et al. 1996).

Although there is no sequence similarity between PTPs and DSPs, catalytic
domain of both shares the same core structural features. Both contain catalytically
essential Cys and Arg residues. The central part consists of four-stranded parallel
B-sheet flanked by antiparallel B-sheets, surrounded by a-helices with four on one
side and two on the other side. A signature motif is present in the single loop at the
base of a catalytic site cleft of protein surrounded by four loops; three of them pro-
vide a residue necessary for catalysis and substrate specificity. The essential cyste-
ine is in the position for nucleophilic attack on an incoming phosphotyrosyl residue.
The remaining residues of the core motif function to increase the nucleophilicity of
the catalytic cysteine and to bind to and position the phosphate group. The arginyl
residue in the signature motif is particularly important for this process (Barford
et al. 1998; Luan et al. 2001).

16.3.2 Catalytic Mechanism

DSPs employ a similar catalytic mechanism as PTPs. Essential cysteine is present
in both PTPs and DSPs, which forms a covalent thiol-phosphate intermediate in the
active site. The previous report suggest that when replacing Cys with Ser, the VHR
is unable to dephosphorylate both phosphotyrosine and phosphoserine/threonine
residues (Denu and Dixon 1995).

Dephosphorylation mechanism of PTPs takes place in a two-step process. The
nucleophilic Cys, which is present in the active site, is specifically designed to bind
a negatively charged substrate and maintains the negative charge on thiolate group.
The first thiol group of active-site Cys residue attacks as a nucleophile and forms a
thiophosphoryl enzyme intermediate by covalent catalysis. During this process con-
served aspartic acid donates a proton and functions as a general acid to neutralize
the negative charge on leaving group. Release of Tyr/Ser/Thr follows the donation
of a proton by the aspartic acid acting as a general acid (Denu et al. 1996; Zhang
2002). Asp181, which behaves as a general acid during the formation of thiophos-
phoryl enzyme intermediate, acts as a general base during hydrolysis of formed
intermediate and releases a proton from attacking water molecule. This released
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Fig. 16.4 Catalytic mechanism of dual specificity phosphatases: dephosphorylation mechanism
takes place in two steps: (a) the first thiol group of active-site cysteine residue attacks as a nucleo-
phile and forms a thiophosphoryl enzyme intermediate by covalent catalysis. Conserved aspartic
acid in catalytic domain donates a proton and functions as a general acid to neutralize the negative
charge on leaving group, which results in the release of Ser/Thr and Tyr. (b) Asp, which behaves as
a general acid during the formation of thiophosphoryl enzyme intermediate, acts as a general base
during hydrolysis of formed intermediate and releases a proton from attacking water molecule.
This released proton in turn attacks the phospho-enzyme intermediate to eliminate phosphate and
regenerate active DSP enzyme

proton in turn attacks the phospho-enzyme intermediate to eliminate phosphate and
regenerate an active DSP enzyme (Zhang 2002) (Fig. 16.4). Laforin DSP is a com-
mon DSP in animals. Lafora disease is a rare, fatal autosomal recessive neurodegen-
erative disorder, which is characterized by the development of Lafora bodies in the
cytoplasm of the brain, liver, skin, kidney, and skeletal and cardiac muscle cells.
Defect in the EPM2A gene is a reason for the generation of this disease. The EPM2A
gene product contains an amino-terminal carbohydrate-binding domain (CBD), and
this CBD is critical for association with glycogen. The CBD domain localizes the
phosphatase to specific subcellular compartments that correspond to the expression
pattern of glycogen-processing enzyme, glycogen synthase. Mutations in the CBD
result in mislocalization of the phosphatase, and thereby the CBD targets laforin to
intracellular glycogen particles where it is likely to function. Thus, naturally occur-
ring mutations in the CBD of laforin result in progressive myoclonus epilepsy due
to mislocalization of phosphatase expression (Wang et al. 2002; Gentry et al. 2013).
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16.4 Roles of Dual Specificity Phosphatase

DSPs have been extensively studied in animals, but not much work has been carried
out in plants. The available literature suggests DSPs were involved in starch metab-
olism ROS homeostasis and abiotic and biotic stresses in plants (Fig. 16.5). In animals
they are involved in immune responses, and growth and development.

16.4.1 Roles of Dual Specificity Phosphatases in Plants
16.4.1.1 Role in Starch Metabolism

In plants, carbon fixed during photosynthesis is majorly stored in the form of starch.
This stored starch is mainly composed of two glucan polymers—amylopectin and
amylose (Meekins et al. 2016; Sokolov et al. 2006). Amylopectin, by far the major
component (70-90%), is a large molecule with a branched structure and is respon-
sible for the granular nature of starch. Amylose is minor component (10-30%),
essentially linear and synthesized within the matrix formed by amylopectin.
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Fig. 16.5 Roles of DSPs (dual specificity phosphatases) in plants. Roles of phosphatases are
mainly divided into four parts in plants: (1) starch metabolism, (2) ROS management, (3) abiotic
stress, and (4) biotic stress
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Depending on the source of starch, trace amounts of proteins, lipids, and ions are
also present in starch granule (Meekins et al. 2016; Ritte et al. 2002, 2006). Energy
produced during the day via photosynthesis is stored in the chloroplast in the form
of granular starch, which is further hydrolyzed by a combination of different
enzymes during the night or unavailability of photosynthetic carbon and exported to
different plant organs and tissues for their growth and development (Sokolov et al.
2006). In general, starch molecule is phosphorylated at C3 and C6 positions (Ritte
et al. 2002, 2006). For its degradation, removal of phosphate group from C3 and C6
positions is required. Arabidopsis starch excess protein 4 (SEX4) hydrolyzes the
phosphate from both the positions and helps in normal starch degradation (Niittylad
et al. 2006; Sokolov et al. 2006). Interestingly, SEX4 structurally and functionally
resembles Laforin enzyme of animals, which is required in normal glycogen metab-
olism and dysregulation which leads to a neurodegenerative disease called Lafora
disease (Gentry et al. 2013).

Bioinformatics analyses revealed there is another homologue of SEX4, LSF2
(like sex four 2) present in Arabidopsis. Carbohydrate-binding module present in
SEX4 is absent in LSF2 while it binds to starch and specifically hydrolyzes the
phosphate present at C3 position of starch molecule (Santelia et al. 2011). Later, it
has been established that SEX4 preferentially removes phosphate at the C6 position
while LSF2 removes phosphate mainly at the C3 position of glucose moieties
(Kotting et al. 2009; Hejazi et al. 2010; Santelia et al. 2011; Meekins et al. 2014). In
comparison to sex4 single mutant, sex4/sf2 double mutant has more severe starch
excess phenotype, impaired growth, and changes in the ratio of C3- and C6-bound
phosphate (Santelia et al. 2011). Ortholog of AtSEX4 in rice, i.e., OSSEX4, shows
an enhanced starch content in suspension culture cells, leaves, and rice straw of
knockdown lines as compared to wild type, whereas physical parameters of knock-
down lines are similar to wild type and no yield penalty was observed. 50% incre-
ment in bioethanol production was observed when straw from knockdown lines was
used for its production as compared to wild type (Huang et al. 2019).

Gentry et al. (2007) through bioinformatics screening found the kingdom
Plantae, which lacks laforin, possesses a protein with laforin-like properties called
starch excess protein 4 (SEX4). Mutations in the Arabidopsis thaliana SEX4 gene
result in a starch excess phenotype reminiscent of Lafora disease and Homo sapiens
laforin complements the sex4 phenotype, suggesting that laforin and SEX4 are
functional equivalents. The roles of starch phosphatases in potatoes were examined
by developing and characterizing transgenic lines repressed in transcription of
potato orthologs of SEX4 and LIKE SEX FOUR?2 (LSF2). The repression of either
SEX4 or LSF2 inhibited leaf starch degradation, whereas it had no effect on cold-
induced sweetening in tubers. Starch amounts were unchanged in the tubers, but the
amount of phosphate bound to the starch was significantly increased in transgenic
lines, with phosphate bound at the C6 position of the glucosyl units increased in
lines repressed in StSEX4 and C3 position in lines repressed in StLSF2 expression.
Transgenic lines also showed reduction in starch granule size and an alteration in
the constituent glucan chain lengths within the starch molecule, with no alteration
in granule morphology, whereas the physical properties of the starch were changed
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with increased swelling power due to an enhanced capacity for hydration (Samodien
et al. 2018).

16.4.1.2 Role in Reactive Oxygen Species Management and Abiotic
and Biotic Stresses

Role in Reactive Oxygen Species Management

Plants take up water and nutrients from the soil through their root hairs and are also
exposed to abiotic and biotic stresses such as limitation of water in soil (drought),
soil salinity, heavy metals, and numerous pathogens in the soil. Reactive oxygen
species (ROS) play critical roles in root growth and root hair development in plants
(Causin et al. 2012; Zhao et al. 2016). LSF2 regulated the root growth and development
by modulating the ROS homeostasis (Zhao et al. 2016). It has been established that
Isf2 mutants showed higher endogenous hydrogen peroxide, which leads to the inhi-
bition of root growth and root hair development. LSF2 is a dual specificity protein
phosphatase that displays high activity toward para-nitrophenyl phosphate (pNPP),
and it dephosphorylates glucan to provide access for amylases that release maltose
and glucose from starch in Arabidopsis (Meekins et al. 2015). Morphological study
showed LSF2 null-mutation (/sf2-1) leaves showed severity of curly dwarf symp-
tom under SA treatment. This suggests that LSF2 could improve the tolerance to
oxidative stresses in plants, which was correlated that in wild-type leaves under
oxidative stress conditions, LSF2 expression was upregulated. This report suggests
that LSF2 not only plays a role in the root development but also functions in main-
taining cellular ROS homeostasis in plants. Changes in redox are involved in con-
trolling plant growth and development, and ROS production is associated with root
development. NADPH oxidases and peroxidase have often been shown to be
responsible for the production of endogenous O,*— and H,0, in plants. When H,0,
levels are reduced in plants, increased production of O,*— is an important mecha-
nism that maintains ROS homeostasis (Tsukagoshi et al. 2010). In Isf2-/ mutant,
under oxidative stress conditions, the generation rate of O, was lower, and the
level of endogenous H,O, was higher. These changes are consistent with the changes
in Cu/Zn-SODs, CAT, and APX activity in the [sf2-/ mutant, which led to more
inhibition of root growth and less inhibition of root hair development under oxida-
tive stress conditions compared to wild-type plants. No significant difference in the
expression of the marker genes is involved in the regulation of root elongation, such
as SCNI, CPC, and PIN3, between wild type and /sf2-/ mutant. Furthermore, there
was less reduced expression of marker genes RHD6, which is involved in the regula-
tion of root hairs under less functional LSF2 under oxidative stress in Arabidopsis.
This is consistent with the reduced inhibition of root hair development in the /sf2-7
mutant compared with wild-type plants. In summary, LSF2 affects root develop-
ment through modulating ROS homeostasis in Arabidopsis. Also ROS when gener-
ated in low quantity functions as signal molecules in cells, but when generated in
large quantity, it became toxic to plants (Zhao et al. 2016).
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Abiotic Stress

Plants are constantly exposed to diverse environmental stimuli and need to respond
rapidly and effectively to these changes. DSP-MAPK phosphatases (MKPs) func-
tion as central hubs for integrating multiple abiotic and biotic stress signaling path-
ways (Jiang et al. 2018).

Earlier reports suggest MKPs play a role as an important component during mul-
tiple abiotic stresses, such as genotoxic stress, osmotic/drought stress, and salinity
stress (Jiang et al. 2018). Arabidopsis mkpl mutant shows hypersensitivity to vari-
ous genotoxic stresses (e.g., UV-C and ethyl methanesulfonate treatments), suggest-
ing that MKP1 plays essential roles in genotoxic stress relief and this regulation
appears to be inactivation of its interacting partner, MPK6 (Ulm et al. 2001, 2002).
Recently, it was found that MKP1 negatively regulates the UV-B-induced stomatal
closure whereas MPK6 positively regulates this process. Both aspects of regulation
involve modulating hydrogen peroxide (H,O,)-induced nitric oxide (NO) produc-
tion in guard cells (Li et al. 2017).

Loss-of-function of MKP1 increased plant tolerance to salt stress which suggests
MKP1 also acts as a negative regulator of salinity tolerance (Ulm et al. 2002),
whereas ectopic overexpression of the wheat ortholog TMKP1 in Arabidopsis mkp1
results in enhanced salt stress tolerance, indicating a positive role of TMKP1 in
regulating salt stress responses. The increase in salinity tolerance in TMKP1 trans-
genic seedlings was due to increased antioxidant enzyme activities and lower malo-
ndialdehyde (MDA), superoxide anion O,~, and H,0, levels (Zaidi et al. 2016). This
study suggests that, despite their significant homology, MKP1 and TMKPI seem to
act in an antagonistic manner to regulate salt stress responses. This might be due to
distinct subcellular localization and differential catalytic regulation by Ca®* (Jiang
et al. 2018).

Arabidopsis dual specificity phosphatase (At DsPTP1) acts as a negative regula-
tor in osmotic stress signaling in Arabidopsis seed germination and seedling estab-
lishment (Liu et al. 2015), whereas DsPTP1 positively regulates ABA accumulation
and ABA signaling in response to osmotic stress (Liu et al. 2015). Studies show that
null mutant dsptp! displayed less sensitivity to osmotic stress as shown by a higher
seed germination rate and longer root length in response to osmotic stress, along
with increased proline accumulation, reduced MDA content and ion leakage, and
enhanced antioxidant enzyme activity (Liu et al. 2015). The ABA accumulation in
dsptpl mutants decreased as compared to wild-type plants possibly by reducing the
expression of ABA-biosynthesis gene NCED3 and increasing the expression of
ABA-catabolism gene CYP707A4 under an osmotic stress condition. Consistently,
downregulation of DsPTP1 also suppressed the expression of positive regulators of
ABA signaling such as ABI3 and ABI5 while enhancing the expression of negative
regulator ABII (Liu et al. 2015).
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Biotic Stress

In Arabidopsis, several DSP-type phosphatases have been implicated in regulating
pathogen-associated responses and resistance. MAPK PHOSPHATASE 1 (MKP1)
is an important negative regulator of plant immunity. Diverse defense responses are
hyperinduced in the Arabidopsis mkpl null mutant following pathogen-associated
molecular pattern (PAMP) treatment, including activation of MPK6 and MPK3,
production of reactive oxygen species (ROS), accumulation of a subset of PAMP-
regulated transcripts, and inhibition of seedling growth (Anderson et al. 2011; Jiang
et al. 2017). Consistent with enhanced PAMP responses, the mkp/ mutant also dis-
plays enhanced resistance to the virulent pathogen Pseudomonas syringae pv.
tomato (Pto) DC3000 (Anderson et al. 2011). Similar to the results from Arabidopsis,
suppression of NtMKP1 in tobacco plants also resulted in elevated resistance against
multiple pathogens including a necrotrophic pathogen, Botrytis cinerea, and lepi-
dopteran herbivores, Mamestra brassicae, and Spodoptera litura (Oka et al. 2013).
Interestingly, enhanced resistance against DC3000 in Arabidopsis mkpl can be
explained by decreased abundance of specific extracellular plant metabolites that
DC3000 uses as signals to activate its virulence program (Anderson et al. 2014).
Thus, MKP1 seems to regulate a novel layer of immunity against pathogen infec-
tion. However, the molecular mechanisms by which MKP1 regulates the secretion
of extracellular plant metabolites need to be further explored; and the knowledge of
regulatory roles of metabolites on pathogen resistance can be applied to other patho-
gen species and crop species.

MAPK PHOSPHATASE 2 (MKP2) dephosphorylates phospho-MPK3 and
phospho-MPKG6 in vitro and has distinct functions in regulating different pathogen
interactions (Lee and Ellis 2007; Lumbreras et al. 2010). Plants lacking MKP2 have
enhanced resistance against Ralstonia solanacearum, a biotrophic pathogen,
whereas increased susceptibility to Botrytis cinerea, a necrotrophic pathogen
(Lumbreras et al. 2010). In addition, bimolecular fluorescence complementation
(BiFC) experiments have shown that MKP2 interacts with MPK3 and MPKG6 in vivo
and fungal elicitors decreased the MKP2-MPK3 association but increased the
MKP2-MPKG6 interaction (Lumbreras et al. 2010). In agreement with enhanced
MKP2-MPKG6 interactions, co-infiltration of MKP2 and MPKG6 into N. benthami-
ana leaves significantly reduced fungal elicitor-induced HR responses compared to
infiltration with MPKG6 alone. Interestingly, infiltration of MPK3 did not cause sig-
nificant effects in these assays (Lumbreras et al. 2010). These results suggest that
MKP2 exerts differential regulation on MPK3 and MPK6 during pathogen infection.

MKPs also contribute to the regulation of several resistance (R) proteins. IBRS
plays a positive role in regulating R protein CHS3, as evidenced by that mutation of
ibr5-7 suppresses the chilling-induced defense responses of chs3-7 (Liu et al. 2015).
Biochemical studies have shown that IBRS interacts with CHS3 through the TIR
domain of CHS3 in vivo and IBRS forms a complex with chaperone proteins HSP90
and SGT1b (suppressor of the G2 allele of skp!l) to stabilize CHS3 protein, thus
increasing the accumulation of CHS3 (Liu et al. 2015a). Similarly, an ibr5 mutant
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partially suppresses temperature-sensitive growth and autoimmune phenotypes
resulting from constitutive activation of R protein SNC1 (suppressor of nprl-1, con-
stitutive 1). IBRS interacts with and promotes the accumulation of SNC1 (Liu et al.
2015). Additionally, IBRS is also involved in controlling disease resistance medi-
ated by R proteins RPM1 and RPS4. The ibr5 mutants are more susceptible to
avirulent bacterial pathogens DC3000 (avrRpm1) and DC3000 (avrRps4) (Liu et al.
2015). MKP1 has also been shown to play important roles in regulating the plant
growth homeostasis by repressing inappropriate stress signaling mediated by SNC1.
When the Arabidopsis mkpl mutation was introgressed into the Columbia ecotype
from Wassilewskija, it showed weak dwarfism compared to wild-type plants under
standard growth conditions, and such dwarfing was caused by constitutive activa-
tion of SNC1-mediated responses (Bartels et al. 2009). These studies demonstrate
the roles of MKPs in regulating plant immunity against pathogen infection through
modulating multiple signaling layers in PTT and ETI.

16.4.2 Roles of Dual Specificity Phosphatases in Animals

Dual specificity phosphatases (DSPs) regulate the activity of mitogen-activated pro-
tein kinases (MAPKs). The three main MAPKs, extracellular signal-regulated
kinase (ERK), p38, and c-Jun N-terminal kinase (JNK), are found to be associated
with immune responses. They are activated in response to certain stimuli. Their
activation, intensity, and duration of activity determine the type of immune cell
response that is specifically regulated by DSPs. DSPs have been demonstrated to
have positive and negative control of immune responses such as sepsis, inflamma-
tory arthritis, and experimental autoimmune encephalomyelitis; this suggests that
targeting DUSPs can be a viable approach for an anti-inflammatory therapy (Jeffrey
et al. 2007). In addition to its role in innate immunity, these also affect adaptive
responses, as demonstrated by enhanced severity in a collagen-induced disease
model for arthritis in knockout animals (Salojin et al. 2006). Knockout studies also
suggest that DUSP1 protects mice from and endotoxin shock (Hammer et al. 2006).
Knock out lines of DUSP1/MKP-1, controls innate immune responses and sup-
presses endotoxic shock and produces more TNF-«, IL-6, and IL-10 than wild-type
(Zhao et al. 2006; Chi et al. 2006).

It has been shown that Duspl and Duspl0 null mice’s macrophages produce
more pro-inflammatory cytokines when exposed to LPS (Zhao et al. 2006; Zhang
et al. 2004).

In zebrafish, DUSP4 was found to be essential for early development and endo-
derm specifications as loss-of-function of DUS4 results in the loss of foregut and
pancreatic endoderm and necrosis of head tissues (Brown et al. 2008). DSP5, an
inducible ERK-specific MAP kinase phosphatase of mammals, specifically inter-
acts with extracellular signal-receptor kinase 2 (ERK-2) via a kinase interaction
motif (KIM) and inactivates it. It also functions as a nuclear anchor of ERK-2 in
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mammalian cells. Earlier study demonstrated that the expression of DUSP5 in
mammalian cell causes nuclear translocation and sequestration of inactive ERK-2
(Mandl et al. 2005). It has been also reported that they control angioblast popula-
tions in lateral plate mesoderm and are essential for vascular development (Pramanik
et al. 2009). In Drosophila, loss-of-function mutant study of DUSP6 established
that DUSP6 is important for photoreceptor cell differentiation, wing vein formation,
and oogenesis (Gomez et al. 2005). Overexpression of DUSPG6 in zebrafish results
in ventralization of the embryo suggesting that it has a role in pattern formation in
zebrafish (Tsang et al. 2004). Knockout studies established that they are involved in
developmental processes as knockout mice suffer from dwarfism, premature fusion
of cranial sutures (craniosynostoses), and defects in ear bones and otic capsules/
osseous (bony) labyrinth, leading to hearing loss (Li et al. 2007). DUSP6 was also
found to be a negative feedback modulator of FGF8 signaling in mammalian brain
isthmic organizer (Echevarria et al. 2005). Hepatocyte dual specificity phosphatase
9 (DUSPY) is known to protect against non-alcoholic fatty liver disease (NAFLD)
in mice by blocking apoptosis signal-regulating kinase 1 (ASK1) phosphorylation
and the subsequent activation of p38 and c-Jun NH2-terminal kinase signaling. It is
known to prevent NAFLD progression in mice, including lipid accumulation, glu-
cose metabolism disorder, inflammation, and liver fibrosis in an ASK1-dependent
manner (Ping et al., 2018). DUSP9/MKP-4 is also found to be essential for the
placental organogenesis in mice as Dusp9 null mice die in utero due to placental
insufficiency and failure of normal labyrinth development (Christie et al. 2005).

MPK3 inactivity leads to pancreatic and other tumor formation suggest that
MPK3 is involved in tumor suppression (Warmka et al. 2004; Furukawa et al. 2003)
and this mechanism was mediated by promoter hypermethylation (Xu et al. 2005)
or chromosomal loss (Furukawa et al. 1998, 2003). MKP-3 (named DMKP-3) is
also involved in Drosophila development (Kim et al. 2004). In zebrafish, MKP-3
controls Ras-MAPK signaling; Ras-MAPK downstream of the FGFR is important
for axial polarity during development (Tsang et al. 2004). Calcitriol is hormonally
active form of vitamin D, involved in inhibition of cancer. Calcitriol enhances
expression of mitogen-activated protein kinase phosphatase 5 (MKP5) works as
tumor suppressor by dephosphorylating and inactivating tumor promoter stress-
activated protein kinase p38. Authors reported calcitriol as potential contributor as
chemopreventive and therapeutic agent in prostate cancer (Krishnan et al. 2007).
p.38 activation and interleukin 6 (IL-6) downstream production are proinflamma-
tory, results in initiation and progression of prostate cancer. Prostate cell pretreat-
ment with 1,25D (1,25dihydroxyvitamin-D3), inhibits both UV- and tumor necrosis
factor A and stimulates IL-6 production in normal cells via p38 inhibition. MKP5
inactivates p38 and decreases IL-6 expression by 1,25D treatment in primary pros-
tatic cultures of normal and adenocarcinoma cell. These results conclude 1,25D
pretreatment decreases prostatic inflammation and helps in prostate cancer preven-
tion (Nonn et al. 2006).
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16.5 Conclusions and Future Prospects

This chapter summarizes the current knowledge of the role of DSP function through
multiple signaling pathways. DSP is involved in many aspects of plant physiology
such as starch metabolism, ROS homeostasis, as well as the adaptation to various
biotic and abiotic stresses for survival in adverse situations. Also, in animal system,
DSPs play crucial roles in innate immunity, growth, and development. As protein
phosphorylation is the most important and crucial posttranslational modification,
DSPs are important and indispensable components of different signaling pathways
in plant and animal cells. A detailed and thorough investigation of regulatory
mechanisms of DSP will provide insights into possible mechanisms that might
explain how the phosphatases assist in transducing specific signals to generate
diverse outputs or responses.

A better understanding of how plants coordinate and balance different signaling
pathways in response to diverse environmental stimuli could lead to more rationally
designed strategies for improving crop yield under changing environmental condi-
tions. Promising results such as gain-of-function and loss-of-function of DSPs
result in enhanced resistance to various biotic and abiotic stresses without compro-
mising plant growth. This suggests that it may be possible to produce crops with
elevated resistance against adverse environmental stresses. As an apparent phenom-
enon to initiate diverse signaling pathways, DSPs are important targets for modulat-
ing cross-talk to help overcome barriers for the improvement of plant resistance
against a variety of stresses and hence improving crop yield and quality.
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Chapter 17

Protein Tyrosine Phosphatases:
Implications in the Regulation of Stress
Responses in Plants

Malathi Bheri and Girdhar K. Pandey

17.1 Introduction: Tyrosine Phosphorylation Machinery
in Plants

Protein phosphorylation is a sine qua non of signaling pathways in prokaryotic and
eukaryotic systems (Miller 2012). Prokaryotes utilize phospho-histidine (His) sig-
naling, while eukaryotes utilize serine (Ser), threonine (Thr) and tyrosine (Tyr)
phosphorylation majorly in signaling pathways (Hunter 2014; Manning et al. 2002).
The phospho-Tyr signaling machinery of animal systems comprises of (a) protein
tyrosine kinases (PTKs), (b) protein tyrosine phosphatases (PTPs), and (c) modular
phospho-Tyr-binding domains, comparable to “writers,” “erasers,” and “readers,”
respectively (Lim and Pawson 2010; Pincus et al. 2008). The Tyr phosphorylation
levels are maintained by a fine balance between the functioning of the PTKs and
PTPs. PTKs phosphorylate the substrate proteins by transferring the y-phosphate
from adenosine triphosphate to Tyr residues, and PTPs dephosphorylate the phos-
phorylated proteins by removing the phosphate group(s) from phospho-Tyr resi-
dues. In contrast to phospho-Ser/Thr, phospho-Tyr is involved majorly in a
regulatory role rather than a structural one. The high turnover rate of PTPs results in
a short half-life of phospho-Tyr residues, which is overcome through an intramo-
lecular interaction or by binding to SH2 or PTP domains (Hunter 2014). Phospho-
Tyr residues make up for less than 0.1% of all phosphoresidues in mammalian cells.
Their detection is hindered at a high signal-to-noise ratio in the background of
crosstalk between different signaling molecules (Yoshimoto and Kuroda 2017).
The PTP superfamily comprises of the classical PTPs, the dual-specificity phos-
phatases (DsPTPs), the CDC25 and the low-molecular-weight PTPs (LWMPTPs)
families, based on their sequence, structure, and function (Fauman and Saper 1996).
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PTPs are Tyr-specific and DsPTPs dephosphorylate Ser and Thr residues, in addi-
tion to Tyr residues (Farkas et al. 2007). Cys-based PTPs are classified as type I, 11,
and IIT subfamilies. The type I subfamily includes classical Tyr-specific PTPs and
DsPTPs (Tonks 2013). Class I DsPTPs include MAP kinase phosphatases (MKPs),
phosphatase and tensin homologue deleted on chromose 10 (PTEN), phosphatases
of regenerating liver (PRL), CDCI14 phosphatases, slingshots, myotubularins
(MTMs), and atypical DsPTPs in animals (Moorhead et al. 2009). Type II PTPs
show Tyr- and Thr specificity and function in cell cycle regulation while type-III
PTPs include prokaryotic Tyr-specific LMWPTPs (Neel and Tonks 1997; Alonso
2004; Mustelin 2007). PTPs are also categorized as receptor-like as well as intracel-
lular PTPs, with the former possessing not more than two cytoplasmic catalytic
domains and the latter possessing a single catalytic domain (Stone and Dixon 1994).

Tyr phosphorylation is employed as a regulatory mechanism involved in intra-
and intercellular communication and coordination of cellular processes in animals
(Hunter 2014). Abnormalities in this process are known to be involved in the devel-
opment of inherited or acquired pathological conditions in humans (Alonso et al.
2004). Although PTKSs are not reported in yeast, Tyr phosphorylation occurs in
yeast, indicating that DSKs like MAPK kinases phosphorylate Tyr-containing pro-
teins (Barizza et al. 1999; Lindberg et al. 1992; Shiozaki and Russell 1995). It has
been reported in bacterial and archaeal species also, the genomes of which contain
genes encoding PTPs (Mustelin 2007). The process is involved in regulation of
processes like transcription, protein localization, nutrient perception, virulence, and
stress responses, in addition to capsule and lipopolysaccharide (LPS) biogenesis
(Getz et al. 2019). Tyr phosphorylation in bacteria and archaea as well as plants has
received less attention, and that may be a reason behind the limited information
available as compared to the mammalian systems (Ghelis et al. 2011; Getz et al.
2019). The identification of novel enzymes showing Tyr kinase function indicates
the involvement of Tyr phosphorylation in the cellular regulation (Getz et al. 2019).
Arabidopsis contains more proteins specifically phosphorylated on Tyr residues
than in case of yeast (Carpi et al. 2002). However, only a few PTPs are reported and
PTKs are still to be identified in plants (Kerk et al. 2008, 2002; Luan 2003; Shankar
et al. 2015).

The initial perception about Tyr phosphorylation being less common in plants as
compared to mammalian systems has been thwarted by the recent developments (de
la Fuente van Bentem and Hirt 2009; Luan 2002). Tyr kinase(s) and phospho-Tyr
proteins have been reported in higher plants like Arabidopsis (Barizza et al. 1999;
Carpi et al. 2002; Fordham-Skelton et al. 1999; Ndimba et al. 2003), rice (Singh
et al. 2010), pea (Fordham-Skelton et al. 1999; Torruella et al. 1986), soya bean
(Fordham-Skelton et al. 1999), tobacco (Suzuki and Shinshi 1995), coconut (Islas-
Flores et al. 1998), Mimosa pudica (Kameyama et al. 2000), Scots pine (Pinus syl-
vestris L.; Kovaleva et al. 2013), and peanut (Arachis hypogaea; Rudrabhatla and
Rajasekharan 2002).

The process of Tyr phosphorylation is carried out through dual-specificity kinase
(DSKs) in plants (Rudrabhatla et al. 2006). The existence of Tyr phosphorylation
machinery in plants is supported by the presence of Tyr-like kinases (TK-like
kinases; Martin et al. 2009), protein kinases (PKs) containing TK catalytic domains
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(Rudrabhatla et al. 2006), calcium-dependent protein kinase (CDPK/CPK)-related
PKs (CRKSs) showing TK activity (Nemoto et al. 2015) as well as proteins contain-
ing C2 phospho-Tyr-binding domain (Miranda-Saavedra and Barton 2007) and SH2
(src homology 2) domain (de la Fuente van Bentem and Hirt 2009; Williams and
Zvelebil 2004). PTPs regulate MAPK and hormonal signaling pathways, develop-
ment as well as stress responses in plants (Luan 2003; Shankar et al. 2015).

A total of 107 PTPs are reported in humans that include 38 classical PTPs (17
non-receptor and 21 receptor-like PTPs), 61 DsPTPs, 3 CDC25 DsPTPs, 4 Asp-
based PTPs, and a single LMW PTP (Alonso et al. 2004). Of these, 11 are inactive
and 16 utilize glycogen, mRNA, or phosphoinositide substrates (Ghelis 2011). In
contrast, fewer PTPs are identified in plants. Plants lack Tyr kinases and 67% of
plant protein phosphatases (PPs) exhibit Ser/Thr specificity, indicating their prefer-
ence for Ser/Thr phosphosites in comparison with human system (Wei and Pan
2014). Arabidopsis PTP: AtPTP1(Xu et al. 1998), and DsPTP: AtDsPTP1 (Gupta
et al. 1998) were the first plant PTPs to be identified. The AtDsPTP1 protein
sequence deduced from cDNA is 25-35% identical to eukaryotic DsPTPs with
highly conserved active site signature motif. It is among the smallest compared to
its counterparts from different organisms and possesses the phosphatase domains
only (Gupta et al. 1998). The LIKE SEX FOUR4 1 (LSF1), LIKE SEX FOUR2
(LSF2), and STARCH EXCESS4 (SEX4) contain a DsPTP domain and are involved
in starch degradation (Comparot-Moss et al. 2010; Gentry and Pace 2009; Santelia
et al. 2011; Silver et al. 2014). SEX4 and LSF2 glucan phosphatases are closely
related to Laforin, a phosphatase regulating glycogen metabolism in vertebrates and
few protozoa (Gentry and Pace 2009; Tagliabracci et al. 2007; Worby et al. 2006).
The glucan phosphatase characteristic motif, CCAGWYGR ({ = hydrophilic residue;
Y = long chain aliphatic), is based on the similarity of PTP-loop of SEX4, LSF2,
and Laforin (Meekins et al. 2015).

Kerk and co-workers (2008) predicted 150 genes encoding PPs in Arabidopsis
genome using human PP sequences as queries. These include 22 DsPTPs as well as
1 each of class I PTP and LMW-PTP. Similarly rice genome encodes 23 DsPTPs as
well as 1 each of PTP and LMW-PTP (Singh et al. 2010). Maize genome encodes
159 PPs, of which 29 are PTPs (Wei and Pan 2014). The PTP family does not show
an equal distribution of introns and includes ZmPP14 (LMWPTP), ZmPP47 (PTPL),
and ZmPP145 (CDC25; Wei and Pan 2014). A single class I PTP was predicted in
Oryza sativa, Populus trichocarpa as well as the green algae Chlamydomonas rein-
hardtii and Ostreococcus tauri. Single homologues of CDC14 and CDC25 were
identified in C. reinhardtii and O. tauri, respectively. C. reinhardtii and P. tricho-
carpa encode one and two homologues of LMWPTP, respectively. No homologues
of slingshots were identified in any of these species (Kerk et al. 2008). Plant and
algal CDC25s may be arsenate reductases as they form a separate clade with arse-
nate reductases, unlike human and yeast CDC25s. The N-terminal regulatory
domain characteristic of CDC25s is also absent. This along with the absence of
CDC14 in plants indicates that their involvement as cell cycle regulators may have
occurred after the divergence of plants from animals and yeast or may be lost during
early evolution in plants (Moorhead et al. 2009). The classification of PTPs found
in plants is shown in Fig. 17.1.
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Fig. 17.1 Classification of PTP superfamily in plants. PTPs include classical PTPs (PTPs), dual-
specificity phosphatases (DsPTPs), low-molecular-weight PTPs (LMWPTPs), and CDC25
phosphatases. The DsPTPs include CDC14 phosphatases, atypical DsPTPs, myotubularins
(MTMs), phosphatase and tensin homologue deleted in chromosome 10 (PTEN), and MAPK
phosphatases (MKPs)

17.2 Protein Tyrosine Phosphatase: Structure and Catalysis

The PTP superfamily has a highly conserved catalytic domain indicating a common
hydrolytic mechanism (Fauman and Saper 1996). The lack of sequence homology
with STPs and the unique three-dimensional structure of their catalytic
domains indicate an independent evolution of PTPs. The eukaryotic PTPs have a
signature -CX5R- motif in the catalytic domain: (V/)HCXAGXGR(S/T) (Cohen
2010; Kerk et al. 2008). PTPs have the ability to hydrolyse p-nitrophenyl phosphate
(pNPP) and do not require metal ions for functioning. They are sensitive to vana-
date, a PTP inhibitor, and insensitive to okadaic acid (OA), a potent inhibitor of Ser/
Thr phosphatases (STPs) (Fauman and Saper 1996). In accordance with this, the
Arabidopsis PTP, AtPTP1, is inhibited by vanadate, while inhibitors of STP like OA
do not inhibit AtPTP1 activity. The presence of divalent cations or EDTA does not
influence AtPTP1 activity significantly (Xu et al. 1998). However, PTP activity may
depend on cofactors, as in case of PTP1B, the hydrogen peroxide (H,O,)-induced
inactivation requires calcium in animals (Skorey et al. 1997).

PTPs may have evolved from a common ancestor of related DsPTPs, also
reported in most single-celled eukaryotes (Lim and Pawson 2010). The PTPs and
DsPTPs are related but show distinct catalytic domains. They have a common fold
and show homology in the catalytic motif HC(X)5R. The PTPs show highly similar
secondary and tertiary structure in the catalytic site, with the substrate specificity
being determined by sequences other than the catalytic domain (Luan 2000; Tonks
and Neel 1996). The PTP catalytic domain is composed of ~250 amino acid resi-
dues. It has a central parallel f-sheet which is flanked by a-helices, with the -CX5R
motif encompassed by a -loop-a-loop/phosphate-binding loop (P-loop; Ruddraraju
and Zhang 2017; Zhang 2002). The presence of conserved residues (Cys, Arg, Ser,
Thr, and Asp) in the P-loop of the PTPs, DSPs as well as LMWPTPs indicates a
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common catalytic mechanism (Shankar et al. 2015). The PTPs also contain the
WPD-, Q-, Lys-, and tyr(P) recognition loops (Brandao et al. 2010). The active site
of DsPTPs is shallower than classical PTPs, facilitating the dephosphorylation of
Tyr, Thr, or Ser residues (Dunn et al. 1996; Jia et al. 1995; Stewart et al. 1999;
Yuvaniyama et al. 1996). DsPTPs have undergone functional divergence enabling
them to target lipids and MTMs (Alonso et al. 2004).

The catalytic reaction involves two steps: (a) The catalytic Cys residue acts as a
nucleophile that accepts the PO; moiety from the phosphoresidues and forms a
phospho-Cys intermediate (Guan and Dixon 1991). (b) This is followed by a nucleo-
philic attack by a water molecule, transferring the PO; moiety to a water molecule
(Hengge et al. 1995). The Arg residue stabilizes the transition state through forma-
tion of hydrogen bonds. Asp acts as a general acid which donates a proton to the
oxygen of the leaving group (Hengge et al. 1995). It may also act as a general base,
by accepting a proton from the attacking water molecule. The His and the Ser/Thr
residues lower the pKa of the Cys residue, which stabilizes the negative charge on
the Cys residue, thus facilitating its removal and promoting the cleavage of the
phosphoenzyme intermediate (Denu and Dixon 1995). The nitrogen of the amide
groups in the phosphate-binding loop also stabilize the Cys residue (Fauman and
Saper 1996). A conserved Glutamine (Gln) is instrumental in the proper orientation
of the nucleophilic water molecule. Asp181, GIn262, and Arg221 are involved in
PTP1B-mediated catalysis. The phosphoenzyme intermediate formation and hydro-
lysis also involve binding of the guanidinium side chain of the Arg221 with the
penta-coordinated transition states (Liang et al. 2007). The Cys265 and Asp234
conserved residues are involved in the catalytic activity of AtPTP1 phosphatase (Xu
et al. 1998). The AtPTP1 and Tyr-specific PTPs from other organisms show high
homology in structural domains including the 263-271 residues in the active site,
charged residues between 90—104 position and the WPD motif (Xu et al. 1998).

The intracellular redox state and the extracellular ligand-induced reactive oxy-
gen species (ROS) generation can result in oxidation of PTPs (Fig. 17.2). The cata-
lytic Cys residue has an SH group, existing in the thiolate state (S~; Peters et al.
1998). The PTP oxidation converts active site thiolates to sulfenic acid (-SOH),
with further oxidation resulting in the formation of sulfinic (SO,H) or sulfonic acid
(SOsH) derivatives. Oxidation to sulfenic acid inhibits the PTP activity due to the
inability of Cys residue to act as a phosphate acceptor and is reversible, with further
oxidation resulting in irreversible modification (Meng et al. 2002). The interaction
of sulfenic acid intermediate with proximal amino acid residues results in formation
of secondary products like sulfenylamides (SN) and intramolecular disulfides that
prevent further oxidation (Ostman et al. 2011).

The identification of PTPs is vital for further expansion of our understanding of
Tyr phosphorylation in higher plants, particularly from a functional perspective.
The post-genome era has allowed the application of whole-genome sequencing and
global transcriptome profiling towards the identification and functional character-
ization of genes on a large scale. This has brought perspective to our understanding
of the regulatory checks in developmental pathways and stress responses in plants.
In the following sections, we discuss the role of PTPs in different signaling
pathways.
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Fig. 17.2 Redox regulation of protein Tyr phosphatases (PTPs). The active thiol moiety (~SH) of
the catalytic Cys residues undergoes reversible oxidation resulting in the formation of the inactive
sulfenyl moiety (-SOH). The —SOH moiety forms either a disulfide bond or a sulfenylamide bond,
both of which can undergo reduction. The —SOH moiety can undergo further oxidization to form
the sulfinyl (-SO,H) and sulfonyl (-SO;H) moieties. These reactions are irreversible and render
these derivatives inactive

17.3 Redox Signaling

The mechanisms regulating redox signaling in plants are not well understood (Apel
and Hirt 2004; Forman et al. 2002; Oelze et al. 2008). The process of redox signal-
ing alters the oxidation state of a protein and its behavior reversibly at the post-
translational level. Proteins containing Cys residues are critical targets as thiol
group of the Cys residue is prone to oxidation. The redox state of the cell affects
PTP function. The molecular structure and function of PTPs is influenced by altera-
tions in as much as a single Cys residue (Li et al. 2012a; Tonks 2005; Winterbourn
and Hampton 2008). Reductants and oxidants exhibit contrasting effects on PTP
activity. Oxidants like H,O, oxidize the catalytic Cys residue of the PTPs, thus inac-
tivating them. The thiol group of the catalytic Cys residue is modified by PAO, thus
inhibiting PTPs. However, reductants like dithiothreitol (DTT) reduce the catalytic
Cys residue, thus maintaining the PTPs in an active state (Luan et al. 2001; Smith
and Walker 1996; Tonks 2005). Exposure to reductants and PAO is reported to
inhibit abscisic acid (ABA) accumulation, as well as the gene expression of the
stress-related genes indicating that PTPs are important components of stress-linked
redox signaling (Jia and Zhang 2000; Li et al. 2012a).

PTPs that are inhibited by a reductant have not been identified in animal systems.
However, maize cells have been identified to contain several PTPs that are inacti-
vated by reductants, such as reductant-inhibited PTPasel (ZmRIP1), identified in
maize coleoptiles, thus exhibiting a unique mechanism of regulating redox status
and signaling. ZmRIP1/ZmPP1 acts as a chloroplast-to-nucleus signaling messen-
ger (Li et al. 2012a). It is 59% identical to SEX4 of Arabidopsis and 43% identical
to the DsPTPS of C. reinhardtii. The mutation of Cys181 to Arg181 led to activation
by a reductant, while its translocation from chloroplast to the nucleus occurs on
exposure to an oxidative stimulus. ZmRIP1 is unaffected by H,O, in vitro. ZmRIP1
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expression in maize protoplasts and Arabidopsis plants resulted in a change in the
expression of gene encoding glutathione transferase enzyme pertaining to antioxi-
dant catabolism (Li et al. 2012a).

SEX4 phosphatase and LSF2 activity is regulated by redox status in plants
(Sokolov et al. 2006; Zhao et al. 2016). SEX4 function is regulated through a disul-
fide bridge in the phosphatase domain that acts as a redox switch (Silver et al. 2013).
LSF2 shows dual localization in the chloroplast and cytoplasm and is involved in
transient starch metabolism (Santelia et al. 2011). LSF2 is also involved in the
maintenance of ROS homeostasis in the regulation of root growth and root hair
development in Arabidopsis. The generation of ROS in Isf2-/ mutant occurs inde-
pendently of the ROS regulator, respiratory burst oxidase homolog D (RbohD). The
oxidant-induced expression of MPKS8 and the interaction of LSF2 with MPKS in the
cytoplasm implicate LSF2 in the regulation of ROS homeostasis under oxidative
stress in Arabidopsis (Zhao et al. 2016).

17.4 MAPK Signaling

MAPK cascade involves sequential phosphorylation by upstream MAPKK kinases
(MAPKKKSs), MAPK kinases (MAPKKs), and MAPKs. MAPK activation occurs
through dual phosphorylation of the T-X-Y motif located in their activation loop.
Activated MAPKSs phosphorylate downstream targets. The MAPK signaling path-
ways are regulated by specific MKPs (Rodriguez et al. 2010). They are potent
antagonists of MAP kinases, acting as regulators of MAP kinase signaling pathways
(Ulm et al. 2002). The Arabidopsis genome encodes five MKPs: AtMKP1 (Ulm
et al. 2002, 2001), AtMKP2 (Lee and Ellis 2007), AtDsPTP1 (Gupta et al. 1998),
PROPYZAMIDE HYPERSENSITIVE 1 (PHS1) (Quettier et al. 2006), and
INDOLE-3-BUTYRIC ACID RESPONSE 5 (IBRS5) (Monroe-Augustus et al.
2003). The involvement of these MKPs in the regulation of plant responses under
different stresses is summarized in Fig. 17.3.

The Arabidopsis MKP1 has a long C-terminal extension, containing a domain
observed in the actin-binding gelsolin family (323-391 residues). Although it may
be classified as a member of the DSPTPs, it contains the conserved residues of the
extended catalytic site required for the MKP activity as well as plant-specific char-
acteristics, like a gelsolin motif. Such characteristics were observed in MKPs of
M. truncatula, tomato and maize (Ulm et al. 2001). AtMKP1 interacts strongly with
MPK6, in addition to MPK3 and MPK4 (degree of interaction:
MPK6>> MPK3 = MPK4), similar to differential interaction between some mam-
malian MKPs and MAPKSs (Ulm et al. 2002). The AtMKP1 activity is regulated by
calmodulin (CaM) and AtMPKG6 (Park et al. 2011). MKP1 is reported to exist in two
phosphorylation states in vivo. Though the constitutively phosphorylated form of
MKP1 undergoes constant degradation in the absence of stress, the phospho-MKP1
undergoes rapid stabilization under UV-B stress, indicating its post-translational
regulation in vivo (Gonzdlez Besteiro and Ulm 2013). AtMKP1 is involved in the
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Fig. 17.3 Different signaling responses regulated by the five MAP Kinase Phosphatases (MKPs):
AtDsPTP1, AtMKP1, AtMKP2, PROPYZAMIDE HYPERSENSITIVE 1 (PHS1), and INDOLE-3-
BUTYRIC ACID RESPONSE 5 (IBRS). The green arrows represent positive regulation while the
blocked arrows represent the negative regulation

regulation of stress responses to genotoxic stress as evident from the hypersensitiv-
ity to UV-C and methyl methanesulfonate of the Arabidopsis mkp/ mutant (Ulm
et al. 2001). The regulation occurs through inactivation of MPK®6 in planta. The
transcriptional induction of MPK3 and MPK4 in response to genotoxic stress in
Arabidopsis occurs independent of MKP1 (Ulm et al. 2002). The mkp! plants also
exhibit enhanced tolerance to salinity stress, thus indicating that MKP1 is instru-
mental in the integration and refining of different stress responses (Ulm et al. 2002).
AtDsPTP1 dephosphorylates MPK4 in vitro (Gupta et al. 1998).

AtMKP?2 interacts with oxidant-activated MAPKs, AtMPK3 and -6 in vitro.
AtMKP2-silenced plants showed hypersensitivity and delayed activation of MPK3
and MPK6 on exposure to ozone, thus indicating that AtMKP2 may be involved in
the positive regulation of cellular responses to oxidative stress (Lee and Ellis 2007).

The Arabidopsis PHS1 (PROPYZAMIDE-HYPERSENSITIVE 1) gene consists
of 11 exons (Quettier et al. 2006) and encodes an MKP (Kerk et al. 2002; Naoi and
Hashimoto 2004; Quettier et al. 2006). The PHS1 phosphatase is involved in the
regulation of MAPKSs, some of which regulate organization of cortical microtu-
bules. The semi-dominant phs/-1 mutation compromises the functioning of cortical
microtubules. The phsI-1 mutation acts in a dominant negative manner, while the
null phsi-2 allele shows embryonic lethality in a recessive manner (Naoi and
Hashimoto 2004). The phsI-I mutant shows a point mutation, which results in
hypersensitivity to propyzamide (microtubule destabilizer) in seedlings. The phsi-1
mutant shows disorganization of the cortical microtubule arrays and the formation
of left-hand helices by root epidermal cell files. The phsi-2 allele shows a T-DNA
insertion in the third exon. The heterozygosity in phsi-2 plants does not result in
hypersensitivity to propyzamide and microtubular disorganization (Naoi and
Hashimoto 2004). The recessive phs/-3 mutation results from a T-DNA insertion in
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the promoter, 391-bp upstream of the start codon. The phsi-3 seedlings did not
show hypersensitivity to propyzamide and did not show phenotypes pertaining to
microtubule disorganization (Quettier et al. 2006).

IBRS contains the highly conserved DsPTP active site motif. The Arabidopsis
IBR5 gene shows ubiquitous expression in plants, with its function conserved
among angiosperms. IBR5 protein comprises of 257 residues and is ~35% identical
to catalytic domain of AtDsPTPI1, with dissimilar N- and C-termini. The ibr5-1
mutation results in a premature stop codon, which leads to formation of a truncated
protein lacking the conserved phosphatase domain (Monroe-Augustus et al. 2003).
IBR5 generates two isoforms, IBRS.1 and IBRS5.3. The ibr5-4 mutant contains a
substitution mutation in the catalytic site, and ibr5-5 mutant contains an unspliced
fourth intron, resulting in 27 extra amino acid residues in the predicted IBRS5.1
polypeptide (Jayaweera et al. 2014). IBRS interacts with and dephosphorylates
MPK12 in Arabidopsis. Arabidopsis MPK12 is activated by auxin in vivo and acts
as a negative regulator of auxin signaling pathway (Lee et al. 2009).

17.5 Hormone Signaling Pathways

17.5.1 Abscisic Acid (ABA) Signaling

Tyr phosphorylation is involved in abscisic acid (ABA) signaling. PTP inhibitors
such as PAO and 3,4 dephosphatin (3,4 DP) inhibit stomatal closure induced by
ABA, H,0,, dark conditions, and high external calcium (Ca*) levels, thus implicat-
ing PTPs in stomatal movements in Commelina communis. PTPs work at or down-
stream of the Ca?* signal involved in the initiation of vacuolar ion efflux (MacRobbie
2002). PAO inhibits the bending of the petiole in Mimosa pudica. The high levels of
Tyr phosphorylation of actin and the alterations in its phosphorylation levels corre-
late with the bending of petioles (Kameyama et al. 2000).

The Tyr phosphorylation levels showed alterations in Arabidopsis seeds on ABA
exposure (Ghelis et al. 2008). The Tyr-phosphorylated proteins include those impli-
cated in germination, particularly in the mobilization of storage proteins and lipid
reserves. PAO inhibits the ABA-regulated accumulation of RABI8 (responsive to
ABA 18) transcripts. PTK inhibitors (tyrphostin A23, erbstatin, and genistein) inhib-
ited the ABA-induced RABI8 expression in Arabidopsis. PAO and genistein inhibit
ABA-induced stomatal closure. Genistein inhibits ABA-regulated Tyr phosphoryla-
tion as well (Ghelis et al. 2008). PAO inhibits the ABA-induced MAPK activation
as well as RABI6 expression in barley aleurone protoplasts, thus indicating that
ABA activates MAP kinase signaling in a rapid and transient manner through Tyr
dephosphorylation (Knetsch 1996). Tyr dephosphorylation is involved in the ABA-
mediated post-germination arrest of seed development in Arabidopsis. PAO
increases the inhibition of ABA-induced seed germination as well as RABI8 expres-
sion in seeds (Reyes et al. 2006), which may be due to crosstalk between signaling
pathways (Ghelis et al. 2008).



362 M. Bheri and G. K. Pandey

AtDsPTP1 is involved in the positive regulation of ABA accumulation and sig-
naling under osmotic stress. The ABA accumulation under osmotic stress is regu-
lated by the downregulation of the expression AtDsPTPI gene, which lowers the
expression of genes involved in ABA biosynthesis and enhances the expression of
genes involved in ABA catabolism. The downregulation of the rate-limiting gene of
the de novo ABA biosynthesis pathway, 9-cis-epoxycarotenoid dioxygenase 3
(NCED?3), and the upregulation of the expression of the gene encoding the ABA
catabolic enzyme, CYP707A4, result in regulation of ABA accumulation. The
downregulation of AtDsPTPI gene leads to downregulation of ABI3 and ABI5
expression and upregulation of the expression of ABI/, under osmotic stress.
DsPTP1 regulates the expression of a series of dehydration-responsive genes under
osmotic stress (Liu et al. 2015).

ZmRIP1 is not involved in the regulation of stress-induced ABA accumulation
(Wei and Pan 2014). Exposure to estradiol led to enhanced ZmRIPI expression,
while the expression of genes involved in ABA biosynthesis remained unaffected in
estradiol-inducible ZmRIPI-expressing Arabidopsis lines, indicating that ZmRIP1
is not involved in stress-induced ABA accumulation (Li et al. 2012a).

PHSI1 also acts as a negative regulator of ABA signaling. The phs/-3 mutant
showed ABA hypersensitivity in gene expression during early phases of develop-
ment as well as in germination and stomatal responses. The phs/-3 mutant showed
enhanced transcript levels of the ABA-induced genes, At5g06760 and RABI8, and
reduced transcript levels of the ABA-repressed genes, AfCLC-A and ACL, as com-
pared to wild-type plants. The phs/-3 mutation affects ABA signaling and not ABA
metabolism as seeds and seedlings of the phs/-3 mutant showed ABA levels similar
to those in the wild-type plants. The phs/-3 mutant showed reduction in the stoma-
tal aperture in vivo as well (Quettier et al. 2000).

FsPTP1, identified in Fagus sylvatica seeds, acts as a negative regulator of ABA
signaling pathway. The Arabidopsis lines overexpressing FsPTP1 gene resulted in
ABA insensitivity, decrease in seed dormancy as well as decreased sensitivity to
osmotic stress. The expression of ABA marker genes, RABI8 and RD29 (Responsive
to Desiccation29), was downregulated in the OE lines (Alonso-Ramirez et al. 2011).
The phenotype of FsPTPI-OE plants is similar to that of ethylene constitutive
mutants. The higher expression of the EIN2 gene in the FsPTPI-OE lines indicate
a crosstalk between PTP1 and the ethylene signaling pathways (Alonso-Ramirez
et al. 2011). The MKK9-MPK3/MPK6 modules act downstream of the ethylene
receptors and regulate ethylene signaling pathway (Yoo and Sheen 2008).

17.5.2 Auxin Signaling

The IBRS.1 isoform regulates auxin-induced gene expression as well as degradation
of Aux/TAA proteins independently (Jayaweera et al. 2014). The Arabidopsis ibr5-1
mutant shows aberrations in vascular patterning, increased leaf serration, and reduc-
tion in number of lateral roots as well as height. It also shows reduced sensitivity to
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auxin and ABA, thus indicating a connect between auxin and ABA signaling
(Monroe-Augustus et al. 2003). Double-mutant analyses using an auxin receptor
mutant, #ir/ and ibr5 mutant, promoted an increase in auxin resistance. The ibr5
mutant showed a decreased accumulation of auxin-responsive reporter, destabiliza-
tion of the Aux/IAA repressor reporter protein, AXR3NT-GUS, as well as decrease
in levels of Aux/IAA repressor, IAA28. The ibr5 defects were partly rescued by
overexpression of IBR5¢!?*S mutant form. Thus, IBR5 enhances auxin responses
like auxin-inducible transcription, without causing destabilization of the Aux/IAA
repressor proteins, independent of the TIR1 receptor (Strader et al. 2008). The three
ibr5 alleles show many similar phenotypic characteristics as well as distinct aberra-
tions indicating isoform-specific roles. Some functions of IBR5 are independent of
IBRS.1 catalytic function. /BR5 may connect the ABP1 (Auxin Binding Proteinl)
and SCF™VA™Bs dependent pathways (Jayaweera et al. 2014).

17.5.3 Brassinosteroid Signaling

Tyr phosphorylation may be involved in the regulation of membrane-localized
receptor signaling in plants as well as in metazoans. Botrytis-induced kinase 1
(BIK1) is a receptor-like cytoplasmic kinase (RLCK) that is phosphorylated by
Brassinosteroid insensitive 1-associated kinase 1 (BAKI) at both Tyr and Ser/Thr
residues. The BIK1 Tyr phosphorylation is important for regulation of BIKI-
mediated innate immunity in plants. BIK1 acts as a non-receptor dual-specificity
kinase (DSK; Lin et al. 2014). BSU1 (bril Suppressor 1) phosphatase acts as a posi-
tive regulator of BR signaling pathway (Mora-Garcia et al. 2004). BSU1-regulated
pTyr200 dephosphorylation regulates GSK3-like kinase, BIN2. It dephosphorylates
phospho-Ser/Thr as well as phospho-Tyr residues (Kim et al. 2009).

17.6 Developmental Pathways

Tyr phosphorylation patterns exhibit variation in different adult tissues and somatic
embryogenesis (Barizza et al. 1999; Fordham-Skelton et al. 1999) as well as during
seed germination (Kovaleva et al. 2013). The loss-of-AtzMKP2 function results in
the progression of senescence. The RNAI lines of AtMKP2 (AtMKP2i lines) showed
an early onset of senescence in comparison with wild-type and AtMKP2-OE lines.
However, the latter did not show an increase in lifespan (Li et al. 2012b). MAPK
signaling pathway involves MKK9-MPKG6 in the regulation of leaf senescence in
Arabidopsis (Zhou et al. 2009).

ZmPP133 may be involved in the regulation of carbon fixation pathways at the
transcriptional level as its expression levels were high in the maturing and mature
regions. However, these regions witnessed a downregulation of ZmPP48 and
ZmPP120 genes, and their role in leaf development is not yet reported. ZmPP67
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gene may be involved in floral transition as evident from its high expression in both
root and shoot apical meristem. The ZmPP67 is a homologue of FLOWERING
ASSOCIATED PTPasel (FPTP1) in Arabidopsis. Mutation in FPTP] result in
enhanced expression of FLOWERING LOCUS T (FT) and no visible effects on the
expression of circadian-regulated gene, Constance (CO). The FPTP1 overexpres-
sion resulted in delayed flowering, indicating that ZmPP67 may be acting upstream
of FT (Wei and Pan 2014).

LSF2 and SEX4 are conserved across the plant genomes ranging from single-cell
green algae to land plants (Gentry and Pace 2009; Santelia et al. 2011). SEX4 is a
trimodular protein comprising of a carbohydrate-binding module (CBM), a
chloroplast-targeting peptide (cTP), and a DsPTP domain (Meekins et al. 2016). It
preferentially dephosphorylates the C6 position, although it can dephosphorylate
the C3 position of starch as well (Hejazi et al. 2010; Meekins et al. 2014). LSF2
lacks a CBM and it specifically dephosphorylates the C3 position of starch glucose
moieties (Santelia et al. 2011). It also has two non-catalytic or secondary binding
sites (SBSs; Meekins et al. 2013). LSFI is not an active glucan phosphatase
(Schreier et al. 2019) and may function as a putative inactive scaffold protein that
regulates starch-degrading enzymes (Silver et al. 2014). It contains a CBM and a
DsPTP domain. Though it is involved in starch degradation, it lacks phosphatase
activity (Comparot-Moss et al. 2010).

The Arabidopsis AtPTENI gene encodes a protein and lipid dual phosphatase.
The AtPTEN1 is pollen-specific and closely related to tumor suppressor, PTEN. The
AtPTENI protein, encoded from cDNA, comprises of 412 residues (calculated
molecular mass = 47.3 kD), with a pI of 7.5. The recombinant AtPTEN1, similar to
its counterparts in animals, acts as an active phosphatase that targets phospho-Tyr
and phosphatidylinositol substrates. The AtPEN gene shows several homologues in
other plants as well. The AtPTENI gene expression is limited to pollen grains, with
RNA interference resulting in pollen cell death post-mitosis (Gupta et al. 2002). It
is involved in the regulation of autophagy in pollen tubes. The AtPTEN-OE resulted
in accumulation of autophagic bodies in tobacco and gametophytic male sterility in
Arabidopsis. Plant PTENSs differ from their animal counterparts in the presence of
regulatory sequences which leads to difference in substrate specificities and mem-
brane localizations (Zhang et al. 2011).

17.7 Abiotic Stress Tolerance

AtPTP1 dephosphorylates AtMAPK4 and AtMAPKG6 in vitro, that are involved in
regulation of osmotic stress signaling (Huang et al. 2000; Gupta and Luan 2003).
AtPTP1 may be involved in regulation of stress responses in higher plants (Xu et al.
1998). The expression levels of AtPTPI showed upregulation under salinity stress
and downregulation on exposure to cold temperatures, indicating variance in plant
responses. Stress factors like drought, wounding, and heat shock did not affect
AtPTP] expression significantly (Xu et al. 1998). AtDsPTPI acts as a negative
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regulator in growth and developmental processes under stress. The hyposensitive
Arabidopsis dsptpl mutant exhibits enhanced tolerance during seed germination
and root elongation of seedlings under osmotic stress. AtDsPTPI-OE line showed
attenuation of tolerance in comparison with the wild-type plants, while the
AtDsPTP1-complemented lines showed restoration of tolerance in the dspitpl
mutant plants similar to the wild-type plants (Liu et al. 2015). OsPFA-DSP1, identi-
fied in rice, is a functional PTP, belonging to plant and fungi atypical DsPTP (PFA-
DSP) subfamily, which exhibits high homology with Arabidopsis AtPFA-DSPI1. Its
overexpression in rice and tobacco showed enhanced sensitivity to drought stress,
indicating that it acts as a negative regulator under drought stress conditions (Liu
et al. 2012).

DSP4 is involved in diurnal starch degradation in leaves of Arabidopsis (Hejazi
et al. 2010; Kotting et al. 2009; Niittyld et al. 2006). The CsDSP4 gene encoding the
DSP4 homologue in chestnut (Castanea sativa Mill.) is expressed in both leaves
and stems. Its expression is induced under low temperatures and winter dormancy
indicating its potential involvement in starch degradation as well as cold acclima-
tion, particularly during the transitory stages between active and dormant states
(Berrocal-Lobo et al. 2011).

17.8 Biotic Responses

MPK6 and MPK3 are involved in the positive regulation of defense responses
through rapid activation on exposure to pathogen-associated molecular patterns
(PAMPs). The Arabidopsis MKP1 is involved in the negative regulation of different
PAMP responses, like activation of MPK3 and MPKG6, transient generation of extra-
cellular ROS, higher levels of PAMP-regulated transcripts, and inhibition of growth
in seedlings. MKP1 is involved in the negative regulation of MPK6-regulated PAMP
responses. The mkpl mutant plants show PAMP response phenotypes and higher
resistance to the Pseudomonas syringae pv. tomato DC3000 (Pst DC3000). MPK6
is vital for the increase in mkpl-dependent resistance as well as PAMP-induced
growth inhibition in the mkp/ mutant seedlings (Anderson et al. 2011).

AtMKPI and PTP1 show redundancy in the suppression of salicylic acid (SA)
and camalexin biosynthesis as well as defense responses. The mkpI (Col-0) mutant
plants show constitutive defense responses and resistance to P. syringae, in addition
to growth defects. The pp mutant plants do not show growth defects. The mkp Iptp1
double-mutant plants also show constitutive defense responses indicating that
MKP1 and PTP1 are involved in repression of defense responses. The suppression
of mkpl and mkpptpl phenotypes is due to mutations in MPK3 and MPK®6, indi-
cating that MKP1 and PTP1 are involved in the repression of inappropriate MPK3/
MPK6-regulated stress signaling pathways. MKP1 and PTP1 may be involved in
the repression of SA biosynthesis in the SNC1 (SUPPRESSOR OF nprl-1,
CONSTITUTIVE 1)-induced autoimmune-like responses (Bartels et al. 2009).
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The NtMKP1 interacts with its target MAPKs and CaM, although CaM did not
activate NtMKP1. NtMKP1 inactivates SA-induced protein kinase (SIPK) through
dephosphorylation of its TEY motif. NtMKP1 shows four characteristic domains: a
DsPTP catalytic domain, a gelsolin homology domain, a CaM-binding domain, and
a C-terminal domain. Its N-terminal non-catalytic region binds SIPK and is required
for the inactivation of SIPK. The NtMKP1 activity is higher in case of association
with SIPK than with wound-induced protein kinase (WIPK; Katou et al. 2005). The
NtMKPI-OE lines showed decreased JA generation in response to wounding. The
WIPK/SIPK-silenced and NtMKPI-OE plants showed abnormal levels of SA as
well as transcripts of SA-responsive genes, thus indicating the importance of
NtMKP, WIPK and SIPK interactions in JA generation and SA biosynthesis (Seo
et al. 2007).

AtMKP?2 is involved in the regulation of plant responses to pathogen attacks, in
addition to oxidative stress. The Arabidopsis mkp2 plants show delayed wilting in
response to Ralstonia solanacearum and enhanced disease progression in case of
Botrytis cinerea infection, indicating a differential response to biotrophic and necro-
trophic pathogens. MKP2 interacts with MPK3 and MPKG6 in vivo and shows dif-
ferential interactions in response to fungal elicitors. MKP2 and MPKG6 interact in
HR-like responses in case of fungal infection. Thus, MKP2 acts as a key regulator
of MPK3 and MPKG6 signaling underlying pathogen-specific responses, in addition
to abiotic stress in plants (Lumbreras et al. 2010).

OsPFA-DSP2 and its homologue, AtPFA-DSP4, are involved in the negative
regulation of the plant responses to pathogen attacks. OsPFA-DSP2 expression
occurs in calli, seedlings, young panicles and roots. It localizes in nucleus and cyto-
plasm. The OsPFA-DSP2-OE lines in rice show enhanced sensitivity to Magnaporthe
grisea (Z1 strain), inhibition of the accumulation of H,O, and suppression of the
gene expression of pathogenesis-related (PR) genes post-infection. Arabidopsis
AtPFA-DSP4-OE plants also showed sensitivity to Pst DC3000, in addition to
reduction in accumulation of H,O, and photosynthetic capacity post-infection (He
et al. 2012).

17.9 Abiotic Stress

The identification of signaling pathways activated under various stress conditions
like drought and salinity (Wang et al. 2011; Zhou et al. 2007), potassium (K*) defi-
ciency (Ma et al. 2012; Shankar et al. 2013; Singh et al. 2010), low Ca>* (Shankar
et al. 2014), low nitrogen (Lian et al. 2006), low phosphorus (Wasaki et al. 2003,
2006; Li et al. 2010), and low iron (Zheng et al. 2009) have been reported. Rice
DsPTPs show differential expression under different stress conditions, as inferred
from Genevestigator database. The expression of OsPP3 gene, which encodes
PHS1, showed upregulation in leaves and roots under drought and cold stress condi-
tions. However, it was not expressed under heat stress. The OsPP6 and OsPP126
expression showed downregulation under all the three stresses. OsPP14 expression
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showed upregulation under drought stress and downregulation under cold and heat
stress conditions. OsPP39, OsPP77, and OsPP85 expression showed upregulation
under cold and drought stresses (Shankar et al. 2015).

Several DsPTPs are unaffected under K*- and Ca?*-deficient conditions in rice
(Shankar et al. 2014, 2013). The OsPP3 expression showed upregulation under low
phosphorus and ammonium conditions while showing downregulated expression in
low K*, phosphate, and iron conditions (Shankar et al. 2015). OsPP14 expression
was downregulated under K*-deficient conditions while showing upregulated
expression under Fe?*-deficient conditions (Shankar et al. 2015). OsPP39 expres-
sion showed downregulation under low phosphorus conditions, and OsPP105
expression was upregulated (Shankar et al. 2015). OsPP42, OsPP82, and OsPP100
gene expression showed downregulation under low Fe** and phosphate conditions.
OsPP6 gene expression was downregulated in case of hormonal treatments (naph-
thalene acetic acid, kinetin, trans-zeatin, and gibberellic acid GA;). The OsPP14
and OsPP39 gene expression was also downregulated in case of treatment with
trans-zeatin. However, the OsPP3 and OsPPS82 expression was upregulated in case
of treatment with NAA and GA; (Shankar et al. 2015).

The genes encoding PPs in maize (except for ZmPP13, ZmPP71, ZmPP125)
including those encoding for PTPs show promoters like A-box, ABRE, CCAAT-
box, G-box, MBS, C-repeat/DRE, and W-box, implicating them in regulation of
stress responses (Wei and Pan 2014). The microarray data of gene expression under
water deficit in the maize inbred lines, Han21 (drought-tolerant) and Ye478
(drought-sensitive), as well as RNA-seq data from cob and leaf were analyzed to
identify the role of ZmPTPs under drought stress. ZmPP67, encoding a PTP, showed
upregulation in Han21 (twofold change, P value <0.05) as well as in both cob and
leaf, thus indicating its involvement in plant responses to drought stress (Wei and
Pan 2014). The genes encoding PTPs, ZmPP54 and ZmPP59, showed upregulation
in expression levels, while the genes encoding ZmPP125, ZmPP133, ZmPP101, and
ZmPP68 were downregulated under drought stress, although their role is still to be
reported (Wei and Pan 2014).

17.10 Conclusion and Future Perspective

Protein Tyr phosphorylation plays a significant role in plant signaling pathways
regulating metabolism, cytoskeletal reorganization, defense responses, growth, and
development. PTPs are known to act as positive and negative regulators in mam-
malian signaling pathways. Abnormalities in PTP functioning result in the develop-
ment of several human disorders, as in the case of kinases. Similar aberrations in
their plant counterparts hold the potential to disturb homeostasis in innumerable
ways. The research on PTPs in plants is still in the nascent stages and needs more
efforts, particularly in terms of identification of novel substrates, cofactors, and
regulators. On the lines of PTPs being viewed as novel targets for drug development
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in the human system, it will be interesting to see how they fit into the design of stress
tolerance in plants in the coming years.

The post-genomic era has enabled the elucidation of the physiological functions
of many genes. The use of mass spectrometric approaches aids quantitative profiling
of phosphoproteome complement. The recent progress in the field of protein phos-
phatases in plants has opened up avenues to identify key regulatory molecules.
However, the benefits have been limited in case of PTP superfamily in plants. Large-
scale datasets can help understand the cellular regulation precisely and the subse-
quent alterations under different conditions (Hunter 2014). The presence of splice
variants, mutations, effects of other post-translational modifications, protein-protein
interactions, and redundancy limit our understanding (Alonso et al. 2004; Hunter
2014). The variable inactivation of PTPs (Ross et al. 2007) as well as their structures
and catalytic activities also needs to be examined in plants and their impact in sig-
naling pathways. The structure of oxidized enzymes may determine the degree of
susceptibility to further oxidation which leads to irreversible inactivation of enzyme
(Tanner et al. 2011). The levels of PTP inactivation and its impact on signaling
pathways also need to be determined (Stoker 2005). It remains for us to see if indeed
the plant PTPs are limited in numbers or still await identification. The cases of glu-
can phosphatases and inactive PTPs have brought perspective through difference in
substrates and inability to exhibit catalytic activity. More efforts towards the func-
tional characterization of identified PTPs and DsPTPs in planta will help in unrave-
ling their involvement in the signaling pathways that have been identified to show
the presence of phospho-Tyr-binding domains or peptides as well as tyrosine kinase
activity. Their interactions in the context of substrates and regulators, particularly
their 3D structures, also need to be evaluated. Their involvement in responses to
various stresses and their spatial and temporal implications hold the key to their
vitality in the design of stress-tolerant crops.
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