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Serine/threonine protein phosphatases are ubiquitous enzymes
in all eukaryotes but many of their physiological roles in plants
remain unknown. The available results have demonstrated criti-
cal functions for these enzymes in the regulation of adaptive
stress responses, and recent studies have directed attention to
the functional roles of Ser/Thr phosphatases type 2A (PP2A) as
components of stress signaling pathways. This review is focused
primarily on plant PP2As and their participation in the control of
biotic and abiotic stress responses.

Introduction

Phosphorylation and dephosphorylation of key regulatory pro-
teins serve as an “on-off” switch in the control of cellular activi-
ties in eukaryotic cells.! While the large family of protein kinases
and their functions have been recognized for many years, the
understanding of the physiological roles of protein phosphatases,
which are obligate partners of protein kinases in cellular control
circuitry, has been developed only recently. Phosphatases can
be grouped by substrate specificity into serine/threonine (Ser/
Thr), tyrosine (PTPs) and dual specificity (DSPs) classes. Ser/Thr
phosphatases are classified into Ser/Thr-specific protein phos-
phatases (PPD, which include subfamilies of PP1, PP2A, PP2B,
PP4, PP5, PP6, PP7 and protein phosphatases with kelch-repeat
domains) and the metal ion-dependent protein phos-
phatases (PPM, also known as PP2Cs). Members of Ser/Thr
phosphatases of all subfamilies (except PP2B) have been identi-
fied in plants.*

PP2A holoenzyme consists of a catalytic (C) subunit, that occurs
either in association with a regulatory A subunit or together with
a third variable B subunit.”® The B subunits, which determine the
substrate specificity and subcellular localization of PP2As, are clas-
sified into B, B’ and B” families. In Arabidopsis thaliana, five genes
encoding catalytic PP2Ac subunits, three genes encoding A sub-
units and seventeen genes encoding B subunits have been identi-
fied.* Catalytic subunits can be grouped into two subfamilies, I and
I1.47# PP2As have been implicated in auxin transport,”'® abscisic
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113 orowth and development'*!® and

acid and ethylene signaling,
control of cytoskeletal structure.'®

Over the recent years, considerable effort has been devoted
to the study of PP2A roles in plant stress responses. Stress signal
transduction pathways start with signal perception, followed by
the activation of protein phosphorylation cascades involving pro-
tein kinases and phosphatases, that finally target proteins involved
in cellular protection or transcription factors controlling sets of
stress-regulated genes.!” This review focuses on plant PP2As and
their participation in biotic and abiotic stress signaling pathways.

Several research papers discussed in the present review encom-
pass the determination of stress responses (generally induction
of stress-regulated genes) in the presence or absence of okadaic
acid at nM concentrations. This compound has been widely
used as PP2A and PP1 inhibitor, which are the most prevalent
phosphatases in plants, being responsible for more than 85% of
the total cellular phosphatase activity,'® however, the less abun-
dant Ser/Thr phosphatases PP4, PP5 and PP6, are also affected.”
Okadaic acid has been useful to identify the stress responses that
are mediated by Ser/Thr phosphatases. Other reports are based on
expression profiles of PP2A subunits under stress conditions and
provide suggestive information about the roles of PP2As in stress
signaling pathways, while further studies using loss-of-function
mutants or overexpression/silencing of specific PP2A subunits
isoforms provide more conclusive data.

Biotic Stress

Participation of Ser/Thr phosphatases as negative regulators of
plant defense responses against pathogens has been evidenced by
the use of okadaic acid. The inhibitor activates anti-fungal defense
responses even in the absence of infection or elicitors in several
plant species, such as soybean (Glycine max),*® potato (Solanum
tuberosum), tomato (Solanum lycopersicum),® tobacco (Nicotiana
tabacum)®' and opium poppy (Papaver somniferum),” suggesting
the existence of active signaling pathways in the absence of stress
that require continuous Ser/Thr phosphatase activity to remain
inhibited.

Silencing of the subfamily I catalytic subunits N6NPP4-1 and
NbNPP4-2 in Nicotiana benthamiana results in constitutive acti-
vation of plant defense responses and localized cell death.” In addi-
tion, these plants are resistant to a virulent strain of the bacteria
pathogen Pseudomonas syringae, and show an accelerated hyper-
sensitive response to effector proteins from both Pseudomonas
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syringae and the fungal pathogen Cladosporium fulvum, indicating
that catalytic subunits of PP2Ac subfamily I act as negative regula-
tors of plant defense responses.

Surprisingly, transcripts of the catalytic subunits of PP2A sub-
family I are upregulated by fungal elicitors in potato (Solanum
tuberosum) and tomato (Solanum lycopersicum).® Likewise, a PP2A
catalytic subunit expression is induced in sunflower (Helianthus
annus) after inoculation with the necrotrophic fungus Phoma mac-
donaldii.® Activation of defense-related protein phosphorylation
cascades leads to oxidative burst and localized cell death, there-
fore, upregulation of potential negative modulators by pathogens
may be a protective mechanism. PP2As may act by desensitizing
protein phosphorylation cascades, tightly regulating the defense
response to prevent extensive damage to host tissues. In this
regard, ectopic expression of the Arabidopsis calcium-dependent
protein kinase AK1-6H in tomato protoplasts enhances plasma
membrane-associated NADPH oxidase activity (responsible for
the oxidative burst), while the Arabidopsis PP2A catalytic subunit
PP2A-5 abolishes this enhancement.*

Water Deficit Stress

Water deficit condition can be caused by drought or osmotic stress
imposed by high salt concentration in the soil. Suggestive data
about the participation of PP2A in water deficit stress was found
in several plant species. In rice (Oryza sativa), all catalytic subunit
genes (OsPP2A-1-5) are upregulated in response to high salinity

in leaves.>?® In the same way, salt stress increases mRNA levels of

potato StPP2Acl, StPP2Ac2a, StPP2Ac2b and StPP2Ac3 in leaves.®
Furthermore, okadaic acid inhibits salt stress response in potato,
indicating a positive regulation by Ser/Thr phosphatases.®

The wheat (7riticum aestivum) 1aPP2Ac-1 catalytic subunit
transcripts accumulate in seedlings in response to water deficit.
Transgenic tobacco plants overexpressing 72PP2Ac-1 exhibit
enhanced drought tolerance,”” indicating that this PP2A catalytic
subunit acts as positive regulator of salt stress adaptive response.

The studies discussed so far are focused on PP2A catalytic sub-
units, however, emerging evidence suggest that A and B subunits
may also play important roles in the regulation of water deficit
stress responses. Arabidopsis loss-of-function mutants for RCN1,
encoding a regulatory A subunit, exhibit increased sensitivity to
osmotic stress, indicating that RCN1-regulated PP2A activity pos-
itively regulates the response to water deficit stress.'> Expression of
alfalfa (Medicago sativa) MsPP2A Bp subunit is induced by the
phytohormone abscisic acid, the major player in mediating the
adaptation of plants to water deficit, suggesting a specific function
for this protein in the water deficit stress response.?®

Cold Stress

Studies based on the use of okadaic acid indicate that Ser/Thr
phosphatases are involved in cold stress signaling as negative mod-
ulators of adaptive responses. The inhibitor enhances the cold
response in wheat” and tomato.® Moreover, treatment of Brassica
napus leaves with okadaic acid increases freezing tolerance.®® It has
been demonstrated that chilling decreases PP2A mRNA levels
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and/or activity. The catalytic subunits LePP2Acl, LePP2Ac2 and
LePP2Ac3 mRNA levels decreases in response to low temperatures
in tomato.® PP2A activity is inhibited by cold in alfalfa cell sus-
pension cultures.?' All the available data suggest that PP2As act as
negative regulators of low temperature responses, however, more
work is required to confirm this hypothesis and to identify which
PP2A isoforms are components of the cold signal transduction
pathways.

An A subunit of PP2A (PP2AA3) was identified as an interac-
tion partner and substrate of Arabidopsis AcCCHIP, which func-
tions as an E3 ubiquitin ligase.”? Chilling inhibits PP2A activity
in Arabidopsis. At*CHIP-overexpression overrides this inhibition,
leading to higher PP2A activity under low-temperature conditions
and increased cold sensitivity, when compared to wild-type plants.
This data indicates that AtCHIP may function as an upstream
regulator of PP2A in the low temperature signaling pathway and
supports the hypothesis that PP2A act by inhibiting the cold
adaptive response.

Arabidopsis TAP46 (2A Phosphatase Associated Protein of
46 kDa) shows co-immunoprecipitation with a PP2A catalytic
subunit. Transcription of 7AP46 is induced by chilling, which sug-
gests a role for a TAP46-PP2A complex in cold stress signaling.?

Heat Stress

Evidence on the participation of PP2As in heat stress responses is
limited and merely suggestive. In Arabidopsis, transcripts of the B’
subunit gene A#BY accumulate in seedlings after exposure to high

temperature,**

suggesting that PP2A heterotrimers containing
this subunit are involved in heat stress responses. In rice, mRNA
levels of PP2A catalytic subunits are regulated by heat-shock treat-
ments. Members of PP2Ac subfamily I (OsPP2A-1 and 3) show
opposite regulation during heat stress:* OsPP2A-1 is repressed in
stems while OsPP2A4-3 is induced in all organs of plants exposed
to heat. In contrast, expression levels of all three members of
PP2Ac subfamily II (OsPP2A-2, 4 and 5) are downregulated in
leaves and stems in response to combined heat stress and drought,
although they are unaffected by either heat stress or drought.®
Alrogether, these results suggest that PP2As may be involved in
adaptive responses to counteract heat stress in plants, however,

more studies are required to confirm this hypothesis.
Mechanical Wounding

Evidence on the participation of Ser/Thr phosphatases in wound
signaling pathways was formerly obtained using okadaic acid. In
Arabidopsis thaliana, this inhibitor blocks the induction of wound-
responsive genes by jasmonic acid, the main regulator of gene acti-
vation in response to mechanical damage.*® Similar experiments
performed in potato showed that okadaic acid severely reduces the
jasmonic acid-induced expression of wound-related genes in leaves.?”
These results indicate that Ser/Thr phosphatases are required for
transmission of the jasmonic acid signal after wounding. Recently it
was found that mechanical damage increases mRNA levels of potato
StPP2Ac2b and tomato LePP2Acl and LePP2Ac2 in leaves,® sup-
porting the hypothesis that PP2As play a role in wound signaling,
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Although there are many aspects about the roles of PP2As in stress
responses that remain unknown, recent advances in the functional
analysis of PP2As revealed that they are key components of stress
signal transduction pathways, balancing the action of protein
kinases. Even though it is believed that phosphatases are uninter-
esting enzymes that simply turn off signaling cascades activated by
kinases, PP2As have also been shown to play positive and dynamic

Concluding Remarks and Future Perspectives

roles in stress signaling.

be confirmed, in the future, by specific functional analysis

encompassing loss-of-function mutants or overexpression/silenc-

ing of individual PP2A subunit isoforms. Much effort needs to
be devoted to the identification of target substrates on which
these enzymes act in vivo to better understand PP2A action in
stress signaling. It is also worthy to enhance the study of A and
B subunit functions in the regulation of stress responses, since
the association of regulatory subunits with the catalytic subunit
controls its specificity, activity and subcellular targeting and are

thus critical to the proper function of this enzyme.

Several studies are based on the use of okadaic acid and/or

expression profiles and provide only suggestive data, that must

References

Hunter T. Protein kinases and phosphatases: the yin
and yang of protein phosphorylation and signaling.
Cell 1995; 80:225-36.

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

DeLong A. Switching the flip: protein phosphatase
roles in signaling pathways. Curr Opin Plant Biol
2006; 9:470-7.

Farkas I, Dombradi V, Miskei M, Szabados L, Koncz
C. Arabidopsis PPP family of serine/threonine phos-
phatases. Trends Plant Sci 2007; 12:169-76.

Virshup DM. Protein phosphatase 2A: a panoply of
enzymes. Curr Opin Cell Biol 2000; 12:180-5.
Janssens V, Goris J. Protein phosphatase 2A: a high-
ly regulated family of serine/threonine phosphatases
implicated in cell growth and signalling. Biochem J
2001; 353:417-39.

He X, Anderson JC, del Pozo O, Gu YQ, Tang X,
Martin GB. Silencing of subfamily I of protein phos-
phatase 2A catalytic subunits results in activation of
plant defense responses and localized cell death. Plant J
2004; 38:563-77.

Pais SM, Gonzdlez MA, Téllez-Ifién MT, Capiati DA.
Characterization of potato (Solanum tuberosum) and
tomato (Solanum lycopersicum) protein phosphatases
type 2A catalytic subunits and their involvement in
stress responses. Planta 2009; 230:13-25.

Garbers C, DeLong A, Deruere J, Bernasconi P, Séll D.
A mutation in protein phosphatase 2A regulatory sub-
unit A affects auxin transport in Arabidopsis. EMBO ]
1996; 15:2115-24.

Michniewicz M, Zago MK, Abas L, Weijers D,
Schweighofer A, Meskiene I, et al. Antagonistic regula-
tion of PIN phosphorylation by PP2A and PINOID
directs auxin flux. Cell 2007; 130:1044-56.

Kwak JM, Moon JH, Murata Y, Kuchitsu K, Leonhardt
N, DeLong A, et al. Disruption of a guard cell-expressed
protein phosphatase 2A regulatory subunit, RCNI,
confers abscisic acid insensitivity in Arabidopsis. Plant
Cell 20025 14:2849-61.

Larsen PB, Cancel JD. Enhanced ethylene responsive-
ness in the Arabidopsis eer] mutant results from a loss-
of-function mutation in the protein phosphatase 2A A
regulatory subunit, RCNI. Plant J 2003; 34:709-18.
Pernas M, Garcfa-Casado G, Rojo E, Solano R,
Sénchez-Serrano JJ. A protein phosphatase 2A catalytic
subunit is a negative regulator of abscisic acid signaling.
Plant J 2007; 51:763-78.

Zhou HW, Nussbaumer C, Chao Y, DeLong A.
Disparate roles for the regulatory A subunit isoforms in
Arabidopsis protein phosphatase 2A. Plant Cell 2004;
16:709-22.

www.landesbioscience.com

15.

20.

21.

22.

23.

24.

25.

26.

Blakeslee JJ, Zhou HW, Heath JT, Skottke KR, Barrios
JA, Liu SY, et al. Specificity of RCN1-mediated protein
phosphatase 2A regulation in meristem organization
and stress response in roots. Plant Physiol 2008;
146:539-53.

Camilleri C, Azimzadeh ], Pastuglia M, Bellini
C, Grandjean O, Bouchez D. The Arabidopsis
TONNEAU2 gene encodes a putative novel protein
phosphatase 2A regulatory subunit essential for the
control of the cortical cytoskeleton. Plant Cell 2002;
14:833-45.

Fujita M, Fujita Y, Noutoshi Y, Takahashi F, Narusaka
Y, Yamaguchi-Shinozaki K, Shinozaki K. Crosstalk
between abiotic and biotic stress responses: a current
view from the points of convergence in the stress signal-
ing networks. Curr Opin Plant Biol 2006; 9:436-42.
MacKintosh C, Cohen P. Identification of high levels
of type 1 and type 2A protein phosphatases in higher
plants. Biochem ] 1989; 262:335-9.

Schénthal AH. Role of PP2A in intracellular signal
transduction pathways. Front Biosci 1998; 3:1262-73.
MacKintosh C, Lyon GD, MacKintosh RW. Protein
phosphatase inhibitors activate anti-fungal defence
responses of soybean cotyledons and cell cultures. Plant
] 1994; 5:137-47.

Raz V, Fluhr R. Ethylene signal is transduced via pro-
tein phosphorylation events in plants. Plant Cell 1993;
5:523-30.

Facchini PJ, Johnson AG, Poupart J, de Luca V.
Uncoupled defense gene expression and antimicrobial
alkaloid accumulation in elicited opium poppy cell cul-
tures. Plant Physiol 1996; 111:687-97.

Alignan M, Hewezi T, Petitprez M, Dechamp-
Guillaume G, Gentzbittel L. A ¢cDNA microarray
approach to decipher sunflower (Helianthus annuus)
responses to the necrotrophic fungus Phoma macdonal-
dii. New Phytol 2006; 170:523-36.

Xing T, Wang XJ, Malik K, Miki BL. Ectopic expres-
sion of an Arabidopsis calmodulin-like domain protein
kinase-enhanced NADPH oxidase activity and oxida-
tive burst in tomato protoplasts. Mol Plant Microbe
Interact 2001; 14:1261-4.

Yu RM, Zhou Y, Xu ZF, Chye ML, Kong RY. Two
genes encoding protein phosphatase 2A catalytic sub-
units are differentially expressed in rice. Plant Mol Biol
2003; 51:295-311.

Yu RM, Wong MM, Jack RW, Kong RY. Structure,
evolution and expression of a second subfamily of pro-
tein phosphatase 2A catalytic subunit genes in the rice
plant (Oryza sativa L.). Planta 2005; 222:757-68.

Plant Signaling & Behavior

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Xu C, Jing R, Mao X, Jia X, Chang X. A wheat
(Triticum aestivum) protein phosphatase 2A catalytic
subunit gene provides enhanced drought tolerance in
tobacco. Ann Bot (Lond) 2007; 99:439-50.

Téth EC, Vissi E, Kovécs I, Szoke A, Arifio J, Gergely
D, et al. Protein phosphatase 2A holoenzyme and its
subunits from Medicago sativa. Plant Mol Biol 2000;
43:527-36.

Vazquez-Tello A, Ouellet F, Sarhan F. Low temperature-
stimulated phosphorylation regulates the binding of
nuclear factors to the promoter of Wes120, a cold-
specific gene in wheat. Mol Gen Genet 1998; 257:157-
66.

Sangwan V, Foulds I, Singh J, Dhindsa RS. Cold-
activation of Brassica napus BN115 promoter is medi-
ated by structural changes in membranes and cytoskel-
eton, and requires Ca* influx. Plant J 2001; 27:1-12.
Monroy A, Sangwan V, Dhindsa RS. Low temperature
signal transduction during cold acclimation: protein
phosphatase 2A as an early target for cold-inactivation.
Plant J 1998; 13:653-60.

Luo J, Shen G, Yan ], He C, Zhang H. AtCHIP func-
tions as an E3 ubiquitin ligase of protein phosphatase
2A subunits and alters plant response to abscisic acid
treatment. Plant ] 2006; 46:649-57.

Harris DM, Myrick TL, Rundle SJ. The Arabidopsis
homolog of yeast TAP42 and mammalian alpha4 binds
to the catalytic subunit of protein phosphatase 2A and
is induced by chilling. Plant Physiol 1999; 121:609-
17.

Latorre KA, Harris DM, Rundle SJ. Differential
expression of three Arabidopsis genes encoding the B’
regulatory subunit of protein phosphatase 2A. Eur J
Biochem 1997; 245:156-63.

Haynes ]G, Hartung AJ, Hendershot JD, III,
Passingham RS, Rundle SJ. Molecular characteriza-
tion of the B’ regulatory subunit gene family of
Arabidopsis protein phosphatase 2A. Eur ] Biochem
1999; 260:127-36.

Rojo E, Titarenko E, Leén J, Berger S, Vancanneyt G,
Sdnchez-Serrano JJ. Reversible protein phosphorylation
regulates jasmonic acid-dependent and -independent
wound signal transduction pathways in Arabidopsis
thaliana. Plant J 1998; 13:153-65.

Dammann C, Rojo E, Sdnchez-Serrano JJ. Abscisic
acid and jasmonic acid activate wound-inducible genes
in potato through separate, organ-specific signal trans-

duction pathways. Plant J 1997; 11:773-82.

1015



