
1 23

Plant Cell Reports
 
ISSN 0721-7714
 
Plant Cell Rep
DOI 10.1007/s00299-013-1452-z

Protein SUMOylation and plant abiotic
stress signaling: in silico case study of
rice RLKs, heat-shock and Ca2+-binding
proteins

Manish L. Raorane, Sumanth K. Mutte,
Adithi R. Varadarajan, Isaiah
M. Pabuayon & Ajay Kohli



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer-

Verlag Berlin Heidelberg. This e-offprint is

for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



REVIEW

Protein SUMOylation and plant abiotic stress signaling: in silico
case study of rice RLKs, heat-shock and Ca2+-binding proteins

Manish L. Raorane • Sumanth K. Mutte •

Adithi R. Varadarajan • Isaiah M. Pabuayon •

Ajay Kohli

Received: 13 February 2013 / Revised: 23 April 2013 / Accepted: 24 April 2013

� Springer-Verlag Berlin Heidelberg 2013

Abstract Plants respond to stress conditions through

early stress-response factors (ESRF), which serve the

function of stress sensing and/or signal transduction. These

mainly comprise qualitative and/or quantitative flux in the

redox molecules, calcium ions (Ca2?), phosphatidic acid,

hexose sugars and phytohormones. The role of resident

proteins such as phytohormone receptors and G-proteins as

first messengers under stress is well established. Yet,

within the modern omics context, most of the stress

response at the protein level is injudiciously attributed to

substantial up- or down-regulation of expression measured

at the RNA or protein level. Proteins such as kinases and

transcription factors (TFs) that exhibit cascade effects are

primary candidates for studies in plant stress tolerance.

However, resident-protein post-translational modification

(PTM), specifically in response to particular conditions

such as stress, is a candidate for immediate and potent

‘quick reaction force’ (QRF) kind of effects. Stress-medi-

ated SUMOylation of TFs and other proteins have been

observed. SUMOylation can change the rate of activity,

function or location of the modified protein. Early SU-

MOylation of resident proteins can act in the stress signal

transduction or in adaptive response. Here, we consider

brief background information on ESRFs to establish the

crosstalk between these factors that impinge on PTMs. We

then illustrate connections of protein SUMOylation to

phytohormones and TFs. Finally, we present results of an

in silico analysis of rice Receptor-Like Kinases, heat-shock

and calcium-binding proteins to identify members of these

gene families, whose basal expression under drought but

potential SUMOylation presents them as QRF candidates

for roles in stress signaling/response.

Keywords Drought � Abiotic stress � Protein � SUMO �
Post-translational modification � Transcription factor �
Heat-shock � Signaling

Introduction

Along their life cycle, plants are exposed to various abiotic

stresses such as drought, heat, salinity, cold, flood or

nutrient stress apart from any biotic stresses through pests

and pathogens. Integrated management under intensive

agricultural practices may withstand such stresses to a large

extent especially in irrigated lowlands. Nevertheless, biotic

and abiotic stress damage to crops globally accounts for

many billions of dollars of loss per annum. In the US alone

multi-billion dollar losses were recorded just due to

drought instances in many years since 1980 (Lott and Ross

2006). More importantly, crop damages stall the pace of

progress in poverty and hunger alleviation since small-

holding subsistence farmers are most prone to being

adversely affected by crop failure due to such stresses.

Understanding plant responses to stress and thus breeding

or engineering plant genotypes tolerant of particular

stresses is desirable not only for food security issues, but

also towards ‘research for development’.

Plants that survive stress conditions are the ones that

demonstrate a balanced combination between a rapid and
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transient modulatory response and a late and stable adap-

tive response to stress. The rapid response involves per-

ceiving and downstream signaling of stress to prepare the

plant for an adaptive response. Plasma membrane plays a

key role in stress perception, transduction of external sig-

nals and response in the plant defense mechanisms. It

directly or indirectly perceives stress to commence the

signal transduction pathway. Membrane-bound receptor

proteins on the plasma membrane sense various environ-

mental stimuli and transduce them to downstream intra

and/or intercellular signaling networks. The signal trans-

duction pathway stimulated on perceiving various biotic

and abiotic stresses, in order to achieve adaptive stress-

response gene expression in plant cells is very complex and

yet not fully understood. It starts with signal perception,

followed by the generation of second messengers including

calcium, reactive oxygen species (ROS) and inositol

phosphates. This causes perturbation in cytosolic Ca2?

level, which is sensed by calcium-binding proteins, also

known as Ca2? sensors. These sensory proteins change

their conformation in a calcium-dependent manner and

interact with their respective interacting partners often

initiating a phosphorylation cascade. They eventually tar-

get the major stress-responsive genes or the transcription

factors controlling these genes. This ultimately leads to

plant adaptation and help the plant to survive and/or

overcome the unfavorable conditions. Such stress-induced

gene expression can also lead to second round of signaling

through generation of hormones like ABA, cytokinins,

auxin, ethylene, etc., using either the same pathway or an

alternate set of genes or proteins. In the past decade, sig-

nificant progress has been made in understanding the

transcriptional networks regulating different abiotic stress

acclimation (Shinozaki et al. 2003; Yamaguchi-Shinozaki

and Shinozaki 2006). ICE–CBF–COR transcriptional cas-

cade has been shown to play an integral role during cold

stress response. Similarly, the salt overly sensitive (SOS)

pathway has been shown to be an important component in

maintaining ion homeostasis in the cytoplasm specifically

in coping with the high ionic concentration aspect of salt

stress (Zhu 2002). Advancement of technology such as

gene expression profiling using microarray has advanced

our understanding of the gene regulatory networks that are

activated in response to drought stress. Abscisic acid

(ABA) produced under water-deficit condition is involved

in the ABA-dependent regulatory system (Shinozaki and

Yamaguchi-Shinozaki 2000). However, ABA-independent

signal transduction pathways have also been shown to exist

which control the expression of certain other stress-

responsive genes (Zhu 2002).

Changes in the cell and tissue-level redox status, Ca2?

flux, phosphatidic acid (PA), sugars and phytohormone

content/flux mainly comprise the early stress-response

factors (ESRF). Calcium signaling is one of the earliest

responses to abiotic stress. The ability of Ca2? to play a

signaling role is due to its flexibility to form complexes

with many cellular components. It provides high sensitivity

since it can readily form insoluble compounds with other

molecules in the cell such as ATP (Kudla et al. 2010).

Ca2? concentration changes in the cell are perceived by

Ca2?-dependent kinases (CDK), which become active upon

the binding of the Ca2? to its EF-hand domain, which further

phosphorylates and activates other proteins (Wurzinger

et al. 2011). Similarly, PA is produced almost immediately

and transiently as the first signals for stress. PA is a mul-

tifunctional lipid molecule. It affects membrane plasticity

or serves as a precursor for the synthesis of other lipids. PA

is known to be linked to a variety of stresses, such as

drought, salt, cold and freezing, as well as pathogen attack.

In parallel, qualitative and/or quantitative changes in the

reactive oxygen species (ROS) cause alterations in the

intra- or extra-cellular redox status. Such a change in ROS

is an established stress signaling mechanism (Carvalho

2008). Equally important are the phytohormones that play a

central role in the growth and development of a plant and

are also critical to stress response by the plant. For

example, abscisic acid (ABA) has a variety of roles both in

stress and non-stress conditions of a plant. Its dual but

contrapuntal role in stress response through activating

stress alleviating/tolerance genes on the one hand and

growth arresting genes on the other hand was recently

highlighted (Sreenivasulu et al. 2012). Such a role of ABA

can be envisioned by invoking its effect on other phyto-

hormones such as ethylene, cytokinin and auxin (Harrison

2012). In fact, hormonal crosstalk is being increasingly

recognized as a norm especially during stress (Peleg and

Blumwald 2011; Cui and Luan 2012; Kohli et al. 2013).

Crosstalk between gibberellins and salicylic acid (SA)

during early response to abiotic stress was also recently

elaborated (Alonso-Ramı́rez et al. 2009).

It is important to note that the crosstalk between phy-

tohormones is not unique but a part of an integrative

response involving ions, molecules, genes and pathways.

For example, PA plays a multifunctional stress-response

role in combination with ROS (Testerink and Munnik

2005). PA was also observed to act as a positive regulator

to the ABA signaling pathway, acting as a mimic of ABA

when exogenously applied to guard cells or in inhibiting

negative ABA regulators such as ABI1 (Jacob et al. 1999).

Similarly, interplay between Ca2? and ROS is known,

whereby ROS can induce increase in cytosolic Ca2? con-

centration. This increase in Ca2? concentration then trig-

gers the transcriptional onset of genes for stress tolerance.

On the other hand, the change in Ca2? concentration can

also trigger ROS production (Mori and Schroeder 2004).

ROS accumulated in the cytosol can be sensed by different
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redox-response transcription factors such as Heat Shock

Factors (hsf) and that these sensors function upstream to a

cascade of different transcription factors such as the

members of the zinc finger protein Zat family, WRKY

transcription factor family, RAV, GRAS, Myb and Myc

families (Mittler et al. 2004; Huang et al. 2012). Further,

ABA can be a transcriptional regulator of genes by acti-

vating kinases (Kobayashi et al. 2005), in a manner similar

to Ca2?-dependent kinases. Indeed, ABA in known to

activate Ca2? signaling pathways (Harrison 2012). Inter-

action between ROS and SA was explained to be at the

basis of differential response of the plant to SA content,

whereby deficiency or very high content of SA makes the

plant prone to abiotic stress while at certain optimal levels

SA is useful under stress (Yuan and Lin 2008). Knight and

Knight (2001) outlined the crosstalk between Ca2?, phy-

tohormones, kinases and transcription factors (TFs) and

stressed the need to identify stress-specific signaling and

regulatory nodes despite such crosstalk.

An interesting molecular crosstalk in response to stress is

that between the established ESRF and the protein post-

translational modification (PTM) machinery. Any one or

more of a vast array of functional groups covalently attached

to amino acid residues in proteins, after it exits the ribosomal

system, is covered under PTM. Such modifications result in

activation, deactivation, interaction, localization, trafficking

or degradation of proteins. This in turn affects a range of

cellular processes from division, growth and development to

metabolism and signaling, under normal and stress condi-

tions (Mazzucotelli et al. 2008). DREB2A and DREB2B are

thought to be major transcription factors that function under

drought and high-salinity stress conditions (Nakashima et al.

2000; Sakuma et al. 2002). However, over-expression of

DREB2A in transgenic plants did not either improve stress

tolerance or growth retardation. DREB2A protein requires

post-translational modification, such as phosphorylation, for

its complete effect (Sakuma et al. 2006). Recently, the

importance of PTMs of resident proteins has been recog-

nized as a prompt route for responding to various intra- or

extra-cellular stimuli under normal or stress conditions

(Lyzenga and Stone 2012; Chaikam and Karlson 2010) thus

immediate diversification in proteome activity is largely

achieved by PTMs. PTMs include protein phosphorylation,

acetylation, methylation, nitrosylation, glycosylation, ubiq-

uitination and SUMOylation among others.

Ubiquitination of proteins is a much-recognized PTM,

especially towards the proteasome-mediated degradation of

the modified proteins. This aspect and the related effects of

protein ubiquitination has been an active area of research in

plants and the interesting and rich amount of information

has been periodically well reviewed (Small and Vierstra

2004; Lyzenga and Stone 2011; Tian and Xie 2013).

Ubiquitin and ubiquitin-related proteins such as, the small

ubiquitin-like modifier (SUMO), related to ubiquitin

(RUB), neural precursor cell expressed, developmentally

down-regulated 8 (NEDD8), and autophagy 8 and 12

(ATG8; ATG12; Miura and Hasegawa 2010) are ligated to

other proteins by the E3 ligase or related ligases. Activity

of the E3 ligase may be altered by induction or silencing of

its RNA, by different splice-variants or by phosphorylation,

a kind of PTM in itself (Mazzucotelli et al. 2008). Addi-

tionally, conformation of the respective E3 ligase complex

can be affected by phytohormone-bound receptor complex

thus activating the ligase (Thines et al. 2007; Tan et al.

2007; Ueguchi-Tanaka et al. 2007) and indicating phyto-

hormone-PTM crosstalk. Similarly, protein phosphoryla-

tion as a PTM is networked to PTM machinery (E3 ligase)

per se and to Ca2? or phytohormone-mediated kinases.

Importantly however, PTM is recognized as an integral

component of the ESRFs (Mazzucotelli et al. 2008).

Protein SUMOylation and plant abiotic stress

SUMOylation is the attachment of the SUMO protein (ca.

12 kDa) to other proteins. SUMO occurs in all eukaryotes

and belongs to a class of ubiquitin-related proteins. The

three-dimensional structure of SUMO and ubiquitin are

superimposable in contrast to very little similarity in their

amino acid sequences. Among the stress signaling/

responsive PTMs, protein SUMOylation is of increasing

interest since it is a transient modification reversible by

specific proteases and capable of quickly changing the rate,

function or location of resident proteins. It can do this

through physically obstructing or generating interaction

surfaces of the modified protein or through structural

changes in it that limit known interactions or allow novel

ones with other simple ligands, regulatory DNA/RNA

elements or proteins. Such changes can also result in

altered sub-cellular localization or protection from ubiq-

uitin–proteasome-mediated degradation. Different SUMO

proteins, i.e., SUMO1, SUMO2 or SUMO3 have been

described (Park et al. 2011). Arabidopsis contains eight

genes for SUMO protein (1–8; Novatchkova et al. 2012).

The two paralogs SUMO1 and SUMO2 are most highly

expressed. SUMO1 or SUMO2 over-expression attenuates

ABA-mediated growth inhibition, and mutation of SUMO1

and 2 isoforms is lethal (Lois et al. 2003; Saracco et al.

2007). SUMO3 is involved in SUMO conjugation under

stress. The expression of SUMO3 is less than SUMO1 and

SUMO2, it cannot form SUMO chains and the three SU-

MOs are different as substrates of desumoylating enzymes

(Chosed et al. 2006; Colby et al. 2006). SUMO3 is

inducible and its over-expression can activate plant defense

(van den Burg and Takken 2010). SUMOylation occurs in

a step-by-step process modulated by different enzymes.
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The E1 enzyme activates a SUMO protein and transfers it

to the next enzyme, E2, which conjugates to it, and finally

the E3 enzyme helps to ligate the SUMO protein on to the

target protein. After its role in the modulation of the target

protein’s function, the SUMO protein is then freed by

SUMO proteases (Hay 2005). Thus, the important com-

ponents of the SUMOylation pathway are not only limited

to E1, E2 and E3 enzymes, but also to the SUMO proteases

involved in freeing the SUMO residue from the target.

SUMO proteases play a vital role in the initial stages of

SUMOylation by making the SUMO protein available for

its function, either by removing it from its bound state, or

allowing it to mature; much like zymogen activation

(Mukhopadhyay and Dasso 2007). SUMO proteases have

been shown to be important in salinity stress, as seen in the

case of OVERLY TOLERANT TO SALT (OTS)-1 and -2

(Conti et al. 2009). OST-1 and -2 mutants show a similar

phenotype to wild type under normal conditions, but shows

extreme susceptibility to salt stress. Different SUMO pro-

teases also have distinct functions from each other, as is

seen from their varying cellular localizations and loss-of-

function mutants. ESD4 and ELS1 are two ULP (ubiquitin-

like protease) homologs, shown to have different functions

and localizations from each other. ESD4 was localized in

the periphery of the nucleus, while ELS1 was found in the

cytoplasm (Hermkes et al. 2011). This difference in spatio-

temporal expression may play a key role in the initiation

and completion of the SUMOylation pathway. SUMO is

made available by the SUMO proteases in the cytoplasm,

followed by series of conjugation and ligation reactions

(E1, E2 and E3) to the target protein and finally as it

reaches organelle of interest, a SUMO protein is freed

again. Targets of SUMO conjugation were discovered

using either yeast two-hybrid (Y2H) screen or affinity

purification of SUMO-conjugated proteins, followed by

mass spectrometry-mediated identification. Similar prote-

ome-wide screens using Y2H systems and SUMO conju-

gating enzymes/SUMO proteases as bait led to the

identification of 238 Arabidopsis proteins as potential

SUMO substrates (Elrouby and Coupland 2010). They

were involved in a wide range of functions and were found

in the nucleus, cytoplasm, chloroplast, and mitochondria.

Inactivation of genes coding for SUMO proved to be lethal

to the plants (Saracco et al. 2007) further confirming the

importance of protein SUMOylation. In the last few years,

increasing interest in understanding SUMOylation and its

role in different cellular responses is evident from research

outputs especially on the SUMO E3 ligases and the SUMO

conjugating enzymes. The SUMO E3 ligases from rice

were shown to functionally complement an Arabidopsis

siz1 mutant in the SUMO conjugation pathway (Park et al.

2010). T-DNA insertion mutants of the rice SUMO E3

ligase (OsSIZ1) showed significant changes in several

growth and developmental parameters, including primary

root length, adventitious root number, plant height, leaf and

panicle length, flower formation, and seed-setting rate

compared with the wild-type plants. This suggested that

OsSIZ1 plays an important role in regulating growth and

development in rice (Wang et al. 2011). Rice SUMO E3

ligase also controlled spikelet fertility through regulation of

anther dehiscence (Thangasamy et al. 2011). Most studies,

however, have focused on functionally characterizing the

SUMO proteins and other components of the SUMOylation

machinery in the dicot model crop Arabidopsis. For

example, structural aspects were studied for the PHD

module of the Siz/PIAS, which plays an important role in

gene regulation through SUMOylation of a variety of

effectors associated with the methylated arginine-rich

chromatin domains (Shindo et al. 2012). NMR studies were

conducted on SAE2 to understand the dynamics of the

affinity between ubiquitin fold domain and SCE-Ubc9

(Suzuki et al. 2011). Crystal structure and DNA-binding

properties of the SAP motif in the N-terminal region of

target proteins of SUMO E3 ligase of the Siz/PIAS family

have also been studied (Suzuki et al. 2009).

Protein SUMOylation in response to stress is ubiquitous

in eukaryotes. Functional approaches using knock out

mutants proved the essentiality of SUMOylation compo-

nents in stress response. Under drought, up-regulation of

300 Arabidopsis genes was mediated by the SIZ1 SUMO

E3 ligase (Catala et al. 2007). The siz1 mutants of Ara-

bidopsis were less tolerant to heat, drought, chilling,

freezing and phosphate deficiency (Catala et al. 2007;

Miura et al. 2005, 2007; Yoo et al. 2006). It was noted that

SUMOylated protein content increased under oxidative,

drought and temperature stress (Kurepa et al. 2003; Catala

et al. 2007; Miura et al. 2007; Yoo et al. 2006; Saracco

et al. 2007).

The SUMO cascade components in rice, which include

activation, conjugation, ligation and proteolytic enzymes,

could be identified through comparative genomics. Table 1

presents the respective LOC_IDs for the various compo-

nents based on the study by Novatchkova et al. (2012). It

was also observed through our in silico study on different

SUMO protein components that SUMO proteases were

exclusively up-regulated during drought in different tissues

at different stages in contrast to other SUMO components.

The rice SUMO conjugating enzyme OsSce1 was shown to

act in concert with OsFKBP20 proteins to mitigate high-

temperature stress (Nigam et al. 2008). In another inter-

esting study SUMO and SUMO activating enzyme (E1)

transcripts were down-regulated, whereas, SUMO conju-

gation enzymes and SUMO ligases exhibited either a

transient increase or basal expression during cold, salt and

ABA stress (Chaikam and Karlson 2010). This was further

demonstrated at protein level, when higher molecular
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weight SUMO conjugates were noticed immediately after

all the three stress treatments. This suggested a good case

for a quick SUMOylation of indigenous proteins as a fast

response to stress with the help of SUMO conjugating

enzymes and SUMO ligases. Such a ‘quick reaction force’

kind of activity of protein SUMOylation in turn may reg-

ulate stress signaling and response through crosstalk with,

or modulation of, the effect of phytohormones and down-

stream TF activity.

SUMOylation in relation to phytohormone action

under abiotic stress

Recent advances suggest an interfacing of phytohormone

action and regulated protein degradation through ubiquitin-

mediated proteasome pathway. For example, several hor-

mone receptors are themselves enzymes in the ubiquitin–

protein conjugation pathway (Santner et al. 2009). Ubiquitin

is the best-studied protein modifier in plants and plays an

important regulatory role in the auxin signal transduction

pathway (Xie et al. 2002). Similarly, SUMO also seems to

play an integral role in concert with phytohormones under

stress. For example, the siz1 mutant of the SUMO E3 ligase

in Arabidopsis revealed that the primary root (PR) elonga-

tion was inhibited while the lateral root (LR) formation was

promoted. Miura et al. (2011) suggested that SIZ1 was

involved in the negative regulation of auxin-modulated root

patterning. SUMOylation may also influence the ABA

action. Over-expression of AtSUMO1/2 increased general

protein SUMOylation, which was accompanied by induction

of ABA- and stress-responsive genes such as RDA29A and

AtPLC1, and mitigation of the ABA-mediated growth inhi-

bition was observed in the AtSUMO1/2 over-expression

plants (Lois et al. 2003). On the contrary, in the same study,

down-regulation of the SUMO conjugating enzyme (At-

SCE1a) led to ABA-mediated growth inhibition. In another

study interfacing ABA and SUMOylation, it was noted that

SUMOylation of ABI5 (bZIP transcription factor) nega-

tively regulated ABA signaling. This was further proved by

Arabidopsis T-DNA insertion mutants siz1–2 and siz1–3

which exhibited ABA hypersensitivity for seed germination

arrest and seedling primary root growth inhibition (Miura

et al. 2009). In terms of the relationship between drought

stress, ABA and SUMOylation, while SUMO–protein con-

jugate levels were up-regulated under drought, the induction

appeared to be ABA-independent as the SUMO-conjugated

protein patterns did not show significant difference between

the wild-type and the ABA-deficient mutant aba2 (Catala

et al. 2007). On the contrary, SUMO conjugates were

strongly induced in rice seedlings treated with ABA (Park

et al. 2010; Chaikam and Karlson 2010). However, recent

studies on MMS21, a SUMO E3 ligase gene showed that its

deficiency led to elevated expression of a series of ABA-

mediated stress-responsive genes (Zhang et al. 2013). Thus,

SUMO may have a role in drought stress response through

regulation of gene expression in an ABA-dependent or ABA-

independent pathway.

The Arabidopsis SIZ1 also affects salicylic acid sig-

naling and plays a role in the growth and development

(Miura et al. 2010), flowering (Jin et al. 2008) and plant

innate immunity against pathogens through SA-mediated

defense signaling through a PAD4-dependent pathway

(Lee et al. 2006). Further, genome-wide expression anal-

ysis of the siz1 mutants indicated down-regulation of genes

involved in brassinosteroid and auxin biosynthesis and

signaling pathways (Catala et al. 2007). A SUMO E3 ligase

gene ATMMS21 was involved in root development

through cell cycle regulation and cytokinin signaling

(Huang et al. 2009). SUMOylation is also involved in

ethylene biosynthesis through its effect on the enzyme

ACC synthase that catalyzes the rate-limiting step in

Table 1 SUMO proteins, SUMOylation enzymes and SUMO pro-

teases in rice

SUMO cascade process Abbreviation LOC_ID

SUMO activating enzyme

subunit 1

SAE1 LOC_Os11g30410

SUMO activating enzyme

subunit 2

SAE2 LOC_Os07g39780

SUMO conjugating enzyme SCE LOC_Os10g39120

LOC_Os03g03130

LOC_Os04g49130

SUMO ligase SIZ1 type OsSIZ1 LOC_Os05g03430

SUMO ligase SIZ2 type OsSIZ2 LOC_Os03g50980

HPY2 MMS21 type OsMMS21 LOC_Os05g48880

SUMO ligase PIAS-like OsPIAS LOC_Os06g06870

SUMO protease class A LOC_Os11g10780

SUMO protease class B1 OTS

type

OsOTS LOC_Os01g53630

LOC_Os06g29310

LOC_Os12g41380

SUMO protease class B2 LOC_Os05g11770

SUMO protease class C ESD4

type

OsESD4 LOC_Os03g29630

LOC_Os03g22400

LOC_Os01g25370

SUMO domain containing

protein

LOC_Os01g42250

SUMO chain-binding protein

(Ubi ligase)

LOC_Os09g32690

LOC_Os01g69040

SUMO proteins SUM1

homolog

LOC_Os01g68940

LOC_Os01g68950

SUM3 LOC_Os07g38690
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ethylene biosynthesis (Matarasso et al. 2005). Thus, there

is an increasing body of evidence for crosstalk between

SUMOylation and phytohormone action.

SUMOylation in relation to TF action under abiotic

stress

Certain resident or quickly regulated proteins are also an

early response to rapid and early changes in redox, Ca2?,

PA, sugar or phytohormone status. For example, ROS

scavenging and antioxidant proteins (peroxidases, cata-

lases, superoxide dismutases and peroxiredoxins), LEA

proteins, pralines, osmotins, RNA or protein chaperones,

enzymes involved in sugar metabolism and other detoxi-

fying enzymes show relatively quick changes in form,

function or expression levels. Inducer of CBF expression 1

(ICE1) gene is suggested to be rapidly modulated via

phosphorylation by CDKs (Chinnusamy et al. 2007). A

major component of integrating stress perception and sig-

naling to response and per se capable of affecting a cascade

of events is the TFs. They regulate the expression of

multiple target genes. Some of the key members of TFs

closely associated with abiotic stress include NAC, HSF,

AP2/ERF, bZIP, HD-ZIP, MYB/MYC and Nuclear factor

Y (Li et al. 2008; Jaglo-Ottosen et al. 1998; Hu et al. 2006;

Kasuga et al. 1999; Ko et al. 2006). Alteration in expres-

sion of some of the TFs was shown to affect drought tol-

erance (Yamaguchi-Shinozaki and Shinozaki 2006; Tang

et al. 2012; Yang et al. 2012). Interestingly, some TFs that

play an important role in the normal growth and develop-

ment of the plant take on additional roles during stress

situations. For example, specific spatio-temporal expres-

sion of the TF HD-START is important for Arabidopsis

flower development. However, its constitutive expression

was shown to be useful in conferring drought tolerance to

Arabidopsis (Yu et al. 2008). Such conditional change in

TF function suggests an additional level of regulation

affecting these TFs. The stress-response associated cis-

regulatory elements (CREs) in the promoters of such TFs

may have an important role in regulating the conditional

expression of these genes. However, studies carried out to

understand the association between CREs of TFs to

drought tolerance suggested that the CRE presence and

distribution patterns were intricate and variable (Yu et al.

2012) and no clear associations could be established

between CREs and drought-responsive TFs.

Conditional SUMOylation of TF has been shown to

provide an additional level of regulation. Certain TFs are

imported into the nucleus after SUMOylation, thus

enabling transcription. On the contrary, SUMOylation of a

TF can also lead to its recruitment in a repressive sub-

nuclear domain thus inhibiting transcription. Similarly,

SUMOylated TFs could be enabled or disabled from

binding to particular promoter regions (Melchior et al.

2003). PHR1, an Arabidopsis MYB-TF is activated by

SUMOylation under phosphate deficiency and further

induces its target downstream genes to respond to phos-

phate starvation (Miura et al. 2005). The TF-ICE1 needs to

be SUMOylated for freezing tolerance (Miura et al. 2007).

ICE1 SUMOylation inhibits its ubiquitination and its

consequent degradation leading to activation of CBF

transcription. The SUMOylated ICE1 also inhibits tran-

scription of MYB15, which represses CBF genes. SU-

MOylation of MYB30-TF partially rescued mutant ABA-

hypersensitive phenotype observed during germination and

seedling growth (Zheng et al. 2012). MYB30 and ABI5

seem to function in parallel pathways to regulate germi-

nation and their SUMOylation results in coordinate regu-

lation of germination in response to ABA, suggesting

another example of crosstalk between phytohormones and

PTMs. Drought-specific SUMOylation of TFs such as

MYB and MYC TFs, were noticed in Arabidopsis (Catala

et al. 2007).

SUMOylation of selected protein families in rice

under drought

Increasing examples of the effect of SUMO conjugation on

proteins involved in mechanisms of abiotic stress percep-

tion, signaling or response, such as those that are a part of

the ABA, CDK or TF-mediated reactions, suggests that

differential protein SUMOylation could be an integral part

of the abiotic stress response. To further appreciate the

possibilities of the effect of SUMO on drought response in

rice, we undertook an in silico study. The aim was to

identify such members of selected drought-responsive

protein families whose expression may or may not change

under drought but they could be potentially SUMOylated.

Hypothetically, such resident and available proteins would

be good candidates for quickly responding to stress by

change in the rate of their activity, in their sub-cellular

location or in their function through SUMOylation, without

the immediate need for their transcriptional controls.

We selected drought stress since it remains the most

severe climate-related risk in the rainfed areas of South

Asia, Southeast Asia and sub-Saharan Africa. Over the past

decades, a reasonable understanding has been established

of the morpho-anatomic, physiological, biochemical and

genetic responses of plants to drought stress. Additionally

now, the high-throughput, omics-mediated molecular tools

have helped in identifying numerous genes for drought

tolerance. Many such genes belonging to different func-

tional categories and affecting various life processes have

been further confirmed to be associated with drought tol-

erance through mutants and transgenic approaches. It is
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thus becoming increasingly clear that drought tolerance is

not just a complex phenomenon involving many hormones,

genes, pathways and networks, but also that drought tol-

erance can take any of such multiple complex routes,

depending on the plant, genotype, ecosystem and other

biotic and abiotic variables (Tardieu 2012). Despite the

unraveling of many molecular intricacies involved in

drought response, various additional molecular connections

continue to surface. One such connection is the SUMOy-

lation of resident proteins to change the rate of their

activity, their location or function.

We chose three rice protein families for the in silico

analysis, based on extensive literature for their relevance in

drought stress response. These were the RLKs, the heat-

shock proteins and the calcium-binding proteins.

Receptor-like kinases

Receptor-like kinases (RLKs) are a large gene family of

RLK/Pelle family in plants, which contain Ser/Thr kinase as

a cytosolic domain (Osakabe et al. 2013). It has more than

600 and 1,100 family members in Arabidopsis (Arabidopsis

thaliana) and rice (Oryza sativa), respectively (Shiu et al.

2004). They are considered key regulators of plant archi-

tecture and growth behavior, but they also function in

defense and stress responses (Marshall et al. 2012).

Receptor-like kinases (RLKs) play important roles in per-

ceiving the extracellular signals and activate the down-

stream pathway via phosphorylation of their intracellular

serine/threonine kinase domains. Typically, all RLKs are

organized in a particular domain architecture comprising a

signal sequence, a trans-membrane region and a C terminal

domain of kinase signatures that vary from each other (Shiu

et al. 2004). More specifically, they are a class of Receptor-

like cytoplasmic Kinases (RLCKs) that are a part of the

same family of proteins but they differ only by the fact that

they lack an extracellular (ECD) domain (Shiu et al. 2009).

Interaction between the different ECDs and their respective

kinase domains forms the basis of associating the signals to

their response. Until recently, only a few RLKs were

functionally studied in rice, but the recent systematic

analysis by Gao and Xue (2012) on their expression patterns

in different tissues with the emphasis on seed development

in response to abiotic stress provided results on their spatio-

temporal expression patterns. Some of those RLKs that are

shown to be involved in seed development are also regu-

lated by abiotic stresses like cold, drought and salinity.

Heat-shock proteins

Heat-shock proteins (Hsp) act as molecular chaperones,

which have a role in protein folding and assembly, protein

intracellular localization and secretion, and degradation of

misfolded and truncated proteins (Hu et al. 2009). This is

useful to counter the abiotic stress-enforced protein

aggregation of non-native proteins and change in func-

tional conformation of proteins. The heat-shock response is

conserved among different eukaryotes from yeast to

humans, indicating that it is crucial for survival in a

stressful environment. Hsp consist of five major families,

namely, the Hsp70 (DnaK) family, the chaperonins/Hsp60,

the Hsp90 family, the Hsp100 (Clp) family, and the small

Hsp (sHsp) family (Wang et al. 2004). Hsp are up-regu-

lated in response to drought, salinity, cold, high-tempera-

ture and osmotic stress (Vierling 1991).

The activities of Hsp60, Hsp70 and Hsp90 are regulated

by their interaction with other chaperones and aid in pro-

tein folding activities (Bukau and Horwich 1998; Buchner

1999). Hsp70 is involved in many essential functions such

as preventing protein aggregation, assisting in refolding of

non-native proteins, protein import and translocation of

unstable proteins to proteasomes (Hart 1996). Transgenic

studies in Arabidopsis and tobacco have shown over-

expression of Hsp70 genes resulting in enhanced tolerance

against water and high-temperature stress (Lee and Schöffl

1996; Alvim et al. 2001). Hsp70 also acts as negative

repressor of heat-shock factors (HSFs), the TFs regulating

HSP transcription (Morimoto 1998; Kim and Schoffl

2002). Arabidopsis Hsp60 mutants show defects in chlo-

roplast, embryo and seedling development and also

increased cell death (Apuya et al. 2001; Ishikawa et al.

2003). Hsp90 play an important role in signal transduction

and in assembly and maintenance of 26S proteasome

(Wang et al. 2004; Imai et al. 2003). They also bind to

Hsp70 and many other co-chaperones leading to formation

of chaperone complexes that are involved in many cellular

activities (Pratt and Toft 2003). The rice Hsp90 gene

OsHsp90-1 was greatly induced by high temperature but

not by cold temperature, salinity and drought stresses (Hu

et al. 2009). Hsp100 belong to members of the large AAA

ATPase family with diverse functions and are constitu-

tively expressed in plants (Wang et al. 2004). The rice

Hsp100 gene (Os02g32520) was up-regulated by drought

and salt stresses but not by heat and cold stresses (Hu et al.

2009). Rice Hsp101 (Os05g44340) is active in re-solubi-

lizing the stress-induced protein granules in the post-stress

recovery period and complements the function of yeast

Hsp104 (Agarwal et al. 2003). Of all the Hsp, small Hsp

(sHsp) are the most prevalent in plants. sHsp respond to

most abiotic stresses in plants. Over-expression of rice

OsHsp17.7 (Os03g16040) enhanced tolerance to heat, UV-

B as well as to drought (Murakami et al. 2004; Sato and

Yokoya 2008). sHsp also function in preventing protein

aggregation and stabilizing denatured proteins.

Hsp/chaperones act in a concerted way to protect the

plants from the deleterious effects of stress. Different
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classes of Hsp play overlapping roles and are also involved

in transcription activation of other stress-response proteins.

Such activities are controlled by HSFs through their

interaction with the heat-shock elements present in the

promoter regions of Hsp (Chauhan et al. 2011). Arabid-

opsis plants over expressing rice OsHsfA2e resulted in

expression of several classes of heat-shock proteins and

exhibited tolerance to high-salinity and high-temperature

stress (Yokotani et al. 2008). HSF and Hsp show similar

response and regulation patterns under different stresses

(Hu et al. 2009). Under high temperature stress, a rice plant

lacking a OsHsfA4d gene showed a diseased leaf pheno-

type (Yamanouchi et al. 2002).

Both heat-shock factors and heat-shock proteins have

been predicted as SUMOylation targets. In Arabidopsis

seedlings, HSFA2 plays an important role in acquired

thermotolerance. However, SUMOylation at the lysine

residue at position 315 leads to the suppression of the

HSFA2, making the seedlings susceptible to heat (Cohen-

Peer et al. 2010). Transcriptomic studies on the siz1

mutants showed up-regulation of 8 different HSFs and

HSPs (Catala et al. 2007).

Calcium-binding proteins

Ca2? ions play a vital role in drought signal transduction.

They are a major secondary messenger, triggered imme-

diately after a plant encounters stress. In order to transduce

the calcium ion flux signal, the cells employ the calcium-

binding proteins (CBPs). This class of proteins is charac-

terized by the EF-hand domain, which is a helix–loop–

helix motif and has been extensively studied in more than

250 proteins in Arabidopsis (Day et al. 2002). Majority of

EF-hand family proteins are still unstudied in plants. The

three largest categories of EF-hand proteins in plants are

the calmodulins (CaMs) and CaM-like proteins (CMLs),

the Ca2?-dependent protein kinases (CDPKs), and the

calcineurin B-like proteins (CBLs). Although CaM is

found in all the organisms, CMLs, CBLs and CDPKs are

restricted to plants and protists (DeFalco et al. 2010).

PTMs of CaM, CDPKs, CBLs such as phosphorylation,

prenylation, myristoylation and methylation have been

studied in many plants in relation to regulating the activity

of CBPs, yet their precise roles need to be described (Ray

et al. 2007; DeFalco et al. 2010).

In silico analysis

In silico prediction of SUMOylation sites is a common

strategy to identify potential proteins that can be targets for

SUMOylation. Most of the software predict/identify SU-

MOylation sites on the basis of consensus SUMOylation

sequence patterns, combined with several other prediction

algorithms. However, drawbacks of these programs almost

invariably are the lack of knowledge on a definitive set of

consensus amino acid sequence and mismatches allowed.

Other PTMs such as phosphorylation can also affect or

prime the SUMOylation procedure. Therefore, to increase

the accuracy of the prediction, we used a combination of

different tools for prediction of potential SUMOylation

sites. In this study a total of 1,367 proteins corresponding

to 1,299 genes, which comprised 977 RLKs, 42 HSFs, 105

HSPs and 243 CBPs were analyzed. The HSP superfamily

includes proteins from Hsp70, Hsp90, Hsp100 and small

Hsp (sHsp) categories. The total numbers of HSFs in rice

were collected from the Plant Transcription Factor Data-

base PlnTFDB v3.0 (http://plntfdb.bio.uni-potsdam.de/

v3.0/) while data on Hsp90, Hsp100, sHsp and Hsp70

were collected from Hu et al. (2009) and Sarkar et al.

(2012). The total list of RLK family proteins were col-

lected from Gao and Xue 2012 and that of EF-Hand family

proteins were taken from (Boonburapong and Buaboocha

2007). Out of 243 putative EF-hand domain containing

proteins (CBPs), nearly half contained no distinguishable

domains. Of the remaining identified proteins, 5 were

identified as CaMs (Calmodulins) and 32 as CMLs. Ko-

lukisaoglu et al. (2004) had identified another 10 of these to

be functioning as CBLs and Ray et al. (2007) identified 31

of these as CDPK in rice. We first studied the expression

pattern of the above-mentioned protein families during

drought stress. Microarray expression data on all the 1,299

genes (corresponding to 1,367 proteins) were collected

from three different affymetrix drought experiments

(GSE6901, GSE24048 and GSE26280) and their respective

expression values were downloaded from the Genevesti-

gator tool (Hruz et al. 2008). Log2 ratios across the

experimental points were analyzed and the genes that were

statistically significant (p \ 0.05) were classified into the

following categories: (a) non-differentially expressed:

genes whose log2 ratios are between -1 and ?1; (b) dif-

ferentially expressed: genes that are up-regulated in some

tissues and down-regulated in others; (c) up-regulated:

genes whose log2 ratios are more than 1 in all tissues;

(d) down-regulated: genes whose log2 ratios are less than

-1. The remaining genes were assigned as non-significant

genes. Table 2 shows the number of genes distributed

among the expression classes. In summary, a total of 299

genes were non-differentially expressed, 119 genes were

differentially expressed, 180 genes were up-regulated and

95 genes were down-regulated. Of these, 180 up-regulated

and 299 non-differentially expressed genes were of special

interest. We thus predicted the SUMOylation patterns

in these proteins. In order to predict the SUMOylation

targets from the above-mentioned protein families, pro-

tein sequences were downloaded from MSU Release7

(http://rice.plantbiology.msu.edu/) and the potential
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SUMOylation sites were predicted using the two tools,

SUMOsp v2.0 (Xue et al. 2006) and seeSUMO (Teng et al.

2010). Both the tools have reliable prediction accuracy and

higher performance at ‘medium’ threshold, which were

exploited for the prediction of SUMOylation sites. In

addition to the already set parameters, a confidence value

of 80 was applied in seeSUMO to filter proteins with most

significant SUMOylation sites. In order to avoid any more

false positives, proteins that were given a priority for fur-

ther analysis were predicted to be SUMOylated through

both the tools. From a total of 479 proteins (corresponding

to 180 up-regulated and 299 non-differentially expressed

genes), 148 proteins had SUMOylation sites predicted by

both the tools. This includes 18 % of RLKs, 61 % of HSFs,

80 % of Hsp and 48 % of CBPs (Table 2).

From the preliminary analysis, it is quite apparent that

RLK gene family might not be the direct targets of su-

moylation. Almost all of the Hsps and Hsf that are both up-

regulated and non-differentially expressed were found to

be strong targets of sumoylation. This clearly resonates

with the earlier study on Arabidopsis, which clearly shows

that this class of protein is a favorite for SUMOylation. In

CBPs, only few of the up-regulated genes were predicted to

be SUMOylated, whereas a greater percentage of non-dif-

ferentially expressed genes were SUMOylated. This non-

differentially expressed list did not include any of the

calmodulins, but had only one CBL and one CML protein.

Interestingly, this class of non-differentially expressed

CBPs comprised most of the CDPKs providing a line of

evidence that these could be the genes, which despite not

being differentially expressed may have a role in response

to drought stress through a change in their rate of activity,

function or location in the cell.

It is becoming increasingly clear that the use of a single

rice genome sequence, that of the reasonably well anno-

tated Nipponbare, has limited value for in silico studies

because of major allelic and indel differences between rice

genotypes. Similarly, publicly available expression data on

one genotype may not provide the complete picture for

another genotype. Given these limitations, our in silico

analysis identifies members of well-known drought-

responsive gene families in rice that have a high possibility

of SUMOylation. Earlier studies on response of RLKs

under drought in Arabidopsis by Kilian et al. (2007) gave a

clear indication of the fact that these genes appear as a

rapid response to initial treatment of drought in roots and

shoots. The results that we obtained indicated that RLKs,

which were up-regulated under drought are perhaps not the

targets of SUMOylation. This suggests that RLKs may be

involved in a very rapid response to the initial drought

treatment and perhaps their major role is to trigger the

production of downstream secondary stress messengers and

subsequent network of genes/proteins to cope with the

adverse condition. HSFs, HSPs and CBPs have shown a

considerably higher SUMOylation chances in the resident/

non-differentially expressed proteins. This suggests that

perhaps the RLKs that perceive the stress signals may be

involved in signaling and rapid activation of the SUMO

machinery needed for the quick SUMOylation of the target

proteins. This adds a new paradigm for the involvement of

the RLKs in the signal transduction through post-transla-

tional modifications especially SUMOylation of the

downstream targets. Such proteins could be good candi-

dates for an early response role under stress through SU-

MOylation. However, it also remains to be seen whether

RLKs control the SUMOylation machinery and if they

themselves are perhaps the target of some post-transla-

tional modifications other than SUMOylation.

Conclusions

The various elements of how plants react to and may sur-

vive stress comprise an entire system and must be con-

sidered as such. Our understanding of plant stress,

perception, signaling and response has improved over the

Table 2 Number of members of different gene families in expression classes

Class Non-DEG DEG UR DR ns No probe SUMOylated Non-DEG SUMOylated UR

RLK 213 98 115 73 263 215 38 21

HSF 6 1 12 – 6 – 4 7

Hsp70 8 – 7 1 11 5 8 6

Hsp90 4 – 4 – – 1 4 4

Hsp100 2 – 5 – 3 – 2 4

sHsp 2 1 12 3 8 3 – 7

CBP 64 19 25 18 68 23 35 8

Total 299 119 180 95 359 247 91 57

Non-DEG non-differentially expressed genes, DEG differentially expressed genes, UR up-regulated genes, DR down-regulated genes, ns non-

significant genes (p [ 0.05), No probe no probe Ids found
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past decades. However, increasingly interesting and com-

plex interactions and crosstalk between assigned and

unsuspected molecular components of the cell are surfac-

ing to define the stress-response system. SUMOylation of

resident proteins in response to abiotic stress has all the

hallmarks of early stress response, especially because of

the ability to potentially affect proteins with further

downstream cascading effects, such as kinases and TFs.

Crosstalk between SUMO and other ESRFs and our find-

ings on potential candidates for their role in stress response

through SUMOylation provide for the hypothesis to be

tested.
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