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ABSTRACT

Small ubiquitin-like modifier (SUMO) E3 ligases that facilitate the conjugation of SUMO proteins to target sub-
strates contain an SP-RING domain which is like the RING domain found in ubiquitin E3 ligases. In this study,
we isolated and characterized the Oryza sativa protein inhibitor of activated STAT likel (OsPIAL1) containing
SP-RING domains, as the rice homolog of Arabidopsis PIALs. OsPIALLI interacts with OsSUMO proteins but does
not interact with rice SUMO-conjugating enzymes (OsSCEs). An analysis of transgenic rice plant shows that
OsPIALLI is involved in SUMO conjugation to SCEs but not in SUMO conjugation to substrates. In addition, this
OsPIALL1 activity requires drought stress conditions. Expression profiles show that the OsPIALI gene is induced
by only drought stress in the leaves, whereas it is repressed by ABA and abiotic stresses in the roots. Salt stress
leads to the fastest decrease in OsPIALI transcripts in the roots. Furthermore, the stress experiments indicate that
the transgenic rice plants overexpressing OsPIALI exhibit a drought stress-tolerant phenotype but a salt stress
hypersensitive phenotype. Our results and those from Arabidopsis pial mutants suggest that PIALs act as a posi-
tive regulator in the drought stress response but as a negative regulator in the salt stress response.
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Nomenclature
ABA Abscisic acid
PIAL1 Protein inhibitor of activated STAT likel

gRT-PCR  Quantitative real-time PCR
SP-RING  (SIZ-PIAS)-RING

SUMO Small ubiquitin-like modifier
SCE SUMO-conjugating enzyme

1 Introduction

Protein posttranslational modifications by ubiquitin (Ub) and ubiquitin-like (Ubl) proteins, such as small
ubiquitin-like modifiers (SUMO), are involved in many biological processes through changes in biological
activities, subcellular localization, and target protein stability [ 1—4]. SUMO conjugation (sumoylation) plays
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important roles in abiotic stresses, ABA signaling, flowering time, cell growth and development, and
nitrogen assimilation in plants [5—13]. The sumoylation carries out through a three-step enzymatic
process, including a SUMO-activating enzyme (E1, SAEI/SAE2), SUMO-conjugating enzyme (E2,
SCE), and SUMO ligase (E3), as in ubiquitination [3,14]. This process is well characterized in yeast and
animal cells.

In plants, the sumoylation enzymes have been studied in mostly Arabidopsis [15]. Results in the
monocot plant rice were recently published [16—18]. SUMO links to the E1/SAE with thioester linkage.
Next, the sumo is moved to the E2/SCE. The SUMO is conjugated to substrate with an isopeptide
linkage by E2/SCE and E3 [14]. Most of SUMO substrate proteins contain sumoylation sites, W-K-X-(D/
E) (¥, a hydrophobic amino acid; X, any amino acid) [19]. It has been reported that the E2/SCE interacts
with sumoylation sites and they play an important role in the stabilization of interactions [20]. The E2/
SCE shows specific substrate recognition capabilities without E3/SUMO ligase [21]. Despite this ability,
E3/SUMO ligases are key factors in SUMO substrate specificity [22].

Human protein inhibitor of activated STAT (PIAS) proteins and their yeast homologs (SIZ) were
identified as SUMO E3 ligases. In plants, functionally identified SUMO E3 ligases are SIZ1, SIZ2 and
HPY2/MMS21 [10,11,23]. These SUMO E3 ligases contain an SP(SIZ-PIAS)-RING (also called a zf-
MIZ) domain, which is like the RING domain found in ubiquitin E3 ligases. Thus, the function of the
SP-RING domain is proposed to recruit SUMO E2 into a complex with a substrate to facilitate
conjugation [22]. The rice genome encodes four SP-RING domain-containing proteins, two SIZ1 types
(OsSIZ1 and OsSIZ2), one HPY2/MMS21 type (0s05g48880), and one PIAS-like type (Os06g06870)
[15]. OsSIZ1 and OsSIZ2 have been functionally characterized and are involved in stress responses and
spikelet fertility [16,17]. The HPY2/MMS21 and PIAS-like genes have not yet been studied. Recently,
Arabidopsis PIAL1 and PIAL2 proteins have been shown to contain an SP-RING domain, and they
showed SUMO ligase activity forming the SUMO chain in vitro [24]. In this study, we characterized the
rice protein inhibitor of activated STAT likel (OsPIAL1). We showed that OsPIALI1 interacts with
OsSUMO proteins. The expression patterns of OsPIALI gene were also analyzed. To know its function,
the transgenic rice plants overexpressing OsPIALI gene were made and analyzed. Our results suggested
that OsPIALI1 is involved in the drought stress response in rice.

2 Materials and Methods

2.1 The Identification of the Rice PIAL1 Gene

The rice gene encoding the OsPIAL1 protein was identified using BLAST searches of the Oryza sativa
DNA sequences in the National Center for Biotechnology Information database with the amino acid
sequences of rice OsSIZ1 and OsSIZ2 as a query. Clone Os06g0164000 was selected from among the
matches. The cDNA clone was obtained by RT-PCR using the primer pairs PIAL1-F and PIAL1-R.
Supplementary Table S1 listed the primers used in this study.

2.2 Two-Hybrid Assays and Transactivation in Yeast

The transactivation assay was carried out using the vector pAD-GAL4-2.1 (Stratagene) and yeast strain
YRG2. The full-length OsPIALI and OsSIZ2 were inserted into the yeast GAL4 DNA-binding domain in
frame. Transformants were plated onto minimal medium (—Leu/~His/+10 mM or 25 mM 3-Amino-1,2,4-
triazole, 3AT) for the transactivation assay. The GAL4-based two-hybrid system (Stratagene) was used in
the yeast two-hybrid assay. To construct the bait and prey vector, the coding region OsSCEs or
OsSUMO:s gene was inserted into the pBD-GAL4 Cam vector and OsPIALI gene was inserted into pAD-
GALA4-2.1 vector, respectively. To confirm the interaction, minimal medium (—Leu/~Trp/~His/+3 mM
3AT) was used in selection. Supplementary Table S1 listed the primers used in the construction.
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2.3 Quantitative Real-Time PCR Analysis

TRI Reagent® (Molecular Research Center, Cincinnati, OH, USA) was used to isolate total RNA
according to the manufacturer’s descriptions. RevertAid™ First Strand cDNA Synthesis Kit (Fermentas,
Burlington, Canada) was used to first strand cDNA synthesis with 5 pg of total RNA and oligo (dT);g
primers according to the manufacturer’s descriptions. The 2X Real-time PCR Pre-Mix with Evagreen
(SolGent, Daejeon, Korea) and an Mx3000p Real-time PCR machine (Stratagene, La Jolla, CA, USA)
were used to perform quantitative real-time PCR (qRT-PCR). Triplicate was used in each sample. Three
repetitions were carried out in all experiments. The expression data normalization was performed using
OsUbil gene (LOC4341860). Supplementary Table S1 listed the primers used in the qRT-PCR analyses.

2.4 Plant Materials and Growth Conditions

Oryza sativa subsp. japonica cv. Nakdong background were used in transgenic and wild-type (WT) rice
plants. The husked and sterilized seeds were germinated in a growth chamber, and then the germinated
seedlings were transplanted into soil pot as previously described [25]. The seedlings were grown in the
greenhouse (25°C-28°C with 16 h of light and 8 h of darkness). The rice organ samples were obtained as
previously described [26]. The leaf, internode, and root samples were prepared from 3-week-old plants,
and the pre- and post-heading panicles from field-grown mature rice plants.

2.5 Rice Transformation

The overexpression vector construction was carried out as previously described [26]. The bar gene and
the rice cytochrome ¢ promoter were used as a selection marker gene and to drive constitutive overexpression
of transgene, respectively. The OsPIAL1 gene was obtained using PCR. Supplementary Table S1 listed the
primers used in the construction. The final constructed plasmid was confirmed by DNA sequencing. The
triparental mating transformation of Agrobacterium tumefaciens LBA4404 and Agrobacterium-mediated
rice transformation was performed as described previously [26].

2.6 Abiotic Stress, Sugar, and Hormone Treatments

The abiotic stress, sugar, and hormone treatment conditions and methods followed the previously
publish [26]. Three days water adapted 3-week-old WT seedlings were air-dried or transferred to solution
containing 100 mM glucose, 100 mM sucrose, 100 uM gibberellin, 100 pM ABA, or 250 mM NaCl. The
Sampling time is indicated. To evaluate the drought and high-salinity tolerance, each transgenic line and
WT seedling was grown in 3 cm x 3 cm x 5 cm pot for 4 weeks. To test for drought tolerance, after not
supplying water for 2 days, they were observed while supplying water again for 10 days in a greenhouse
[26]. To test for high-salinity tolerance, after 4 days of 250 mM NaCl solution treatment, they were
observed while supplying fresh water again for 34 days in a greenhouse [26].

2.7 Immunoblotting and Protein Detection

For the analysis of SUMO conjugates, total protein was extracted from the roots of 14-day-old seedlings
grown under drought stress conditions. Plant tissues (0.2 g) were extracted in grinding buffer [100 mm Na-
MOPS, pH 7.5, 10 mm NaCl, 1 mm ethylenediaminetetraacetic acid (EDTA), pH 8.0, 10% sucrose, 5%
b-mercaptoethanol, 4% sodium dodecyl sulfate (SDS), 2 mM PMSF, and a proteinase inhibitor cocktail
(Roche)] using a mortar and pestle at room temperature. The Bio-Rad Protein Assay Kit (Bio-Rad) was
used to measure the protein concentration. The 8% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was used to separate the proteins. Separated proteins were transferred onto a
polyvinylidene fluoride membrane (Millipore, Burlington, MA, USA). The anti-SUMO]1 antibody
(Abcam, Ltd., Cambridge, UK) and ECL Western blot detection system (Amersham Biosciences,
Buckinghamshire, UK) were used in probing and detection, respectively.
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2.8 Statistical Analysis

Each experiment was carried out in triplicate. The displayed data are the means £ SD. Intergroup
comparisons between the two tested groups were carried out using a paired #-test with Microsoft Office
Excel ver. 2007 (Microsoft Corporation, Richmond, WA, USA). A p-value of <0.05 was considered
statistically significant.

3 Results

3.1 Rice Encodes One PIAS-Like Protein

To identify rice SUMO E3 ligase genes, we performed BLAST searches against the National Center for
Biotechnology Information database using OsSIZ1 (Os05g0125000) and OsSIZ2 (0s03g0719100) as
queries. Using TBLASTN, the rice Os06g0164000 gene was identified to have the highest sequence
identity to OsSIZ1 and OsSIZ2 around the SP-RING domain (also called a zf-MIZ domain), which is
required for SUMO E3 ligase activity (Fig. 1A and Supplementary Fig. S1). PIAS and PIAS-like proteins
share an SP-RING domain in the central region [27]. They can enhance sumoylation [28,29]. However,
Os06g0164000 does not contain other domains that are conserved among SIZ/PIAS-type SUMO
E3 ligases, such as a plant homeodomain-finger (PHD) domain involved in nuclear retention and an SAP
(scaffold attachment factor A/B/acinus/PIAS) domain involved in DNA binding [30,31] (Fig. 1B).
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Figure 1: The structure of the OsPIALI gene. (A) Sequence alignment of the OsSIZs and PIALs. The SP-
RING domain was identified in Pfam, and it is underlined in above the sequence. Putative SUMO-interacting
motifs (SIM) are indicated. Residue numbers are shown. The conserved amino acids were indicated asterisks.
The dashes denote gaps. At, Arabidopsis thaliana; Hs, Homo sapiens; Os, Oryza sativa; Sc, Saccharomyces
cerevisiae. (B) The gene structure of OsPIALI. The SP-RING, plant homeodomain-finger (PHD) and
scaffold attachment factor A/B/acinus/PIAS (SAP) domains are indicated. The total amino acid residues
of each protein are indicated
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Recently, Arabidopsis PIAL1 and PIAL2 genes have been reported [15,24]. The Os06g0164000
(OsPIAL1) shows high amino acid sequence identity with Arabidopsis PIAL1 and PIAL2
(Supplementary Fig. S2). To infer the functions, the conserved amino acid motif sequences were scanned
in OsPIALI. It contains an SP-RING domain (318-367), two SUMO interaction motifs (SIM) (amino
acids 158-161 and 435-438), and three putative sumoylation sites (amino acids 24, 174, and 214).

3.2 OsPIALI Has SUMO Binding Activity but No Transactivation Activity

The transactivation activity of OsPIAL1 was analyzed. The OsPIAL1 showed no transactivation
activity, while OsSIZ2 showed transactivation activity in yeast (Fig. 2A). Arabidopsis PIAL1 and
PIAL2 exhibit SUMO ligase activity in SUMO chain formation. The SUMO-modified E2/SCE1 is
required for their optimal activity [24]. The interaction between OsPIAL1 and SUMO was investigated in
yeast (Fig. 2B). OsPIAL1 interacted with OsSUMOZ3. It also weakly interacted with OsSUMOI1. Next,
we examined the interaction between OsPIALI and rice SCEs. They showed no interaction. The results
suggested that OsPIAL1 interacts with only OsSUMOs.

(A)
BD:OsSIZ2

SD-LH 10mM 25mM
3-AT 3-AT

(B) AD:empty AD:OSsPIAL1

—

3mM 3-AT 3mM 3-AT

Figure 2: Transactivation activity and interaction assays for OsPIAL1. (A) Transactivation activity assay for
OsPIAL1 and OsSIZ2. The transactivation activity of BD: OsSIZ2 and BD: OsPIAL1 fusion proteins were
analyzed in the yeast strain YRG2. (B) Yeast two-hybrid assays for OsPIAL1 with OsSCEs or OsSUMOs

3.3 Response of OsPIAL1 Expression Levels under Abiotic Stress

To determine whether the OsPIALI gene shows tissue-specific expression, qRT-PCR analysis was
conducted in various rice tissues (Fig. 3A). Transcripts of OsPIAL were detected in all tested tissues. The
OsPIALI gene was expressed primarily in the panicles and had relatively low expression levels in the
leaves. To evaluate the relationship between the expression of the OsPIALI gene and abiotic stress in
rice, the transcript levels of this gene in compliance with ABA, drought, high salinity, and H,O,
treatments were checked (Fig. 3B). Interestingly, OsPIAL] transcripts were increased by only drought. In
response to drought, the OsPIALI transcripts showed a 10-fold increase within 2 h. There was no
significant difference in OsPIALI transcripts in response to exogenous GA and glucose treatments
(Fig. 3C). These results suggest that only drought positively regulates the expression of the OsPIALI
gene in the leaves. In contrast, OsPIAL] transcripts were decreased in the roots under ABA and abiotic
stresses (Fig. 3D). Interestingly, the 250 mM NaCl treatments induced the fastest decrease in OsPIALI
transcripts in the roots.
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Figure 3: Expression analysis of the OsPIALI gene. (A) Expression analysis of the OsPIALI gene was
determined using qRT-PCR in several organs. leaves (L), roots (R), and internode (I) were prepared from
14-day-old plants. The pre-pollinated spikelets (BH) and post-pollinated spikelets (AH) were collected
from mature plants. (B) Transcript analysis of the OsPIALI gene in ABA, drought (dry), high salinity
(NaCl), or H,O, treatments in the leaves. (C) The relative transcript levels of the OsPIALI gene were
determined in response to glucose (Glc), sucrose (Suc), or gibberellin (GA) in the leaves. (D) The relative
transcript levels of the OsPIALI gene were determined in response to ABA, drought, or high-salinity
treatments in the roots. The transcript levels of rice OsUbil gene were used to normalize. The data show
the means = SE from biological repeat two experiments. Statistically significant differences are indicated
by asterisks, as calculated using Student’s #-test. **, p < 0.005; ***, p < 0.001

3.4 The Overexpression of the OsPIAL1 Gene Improved Drought Stress Tolerance

To know the functions of OsPIAL! in rice, transgenic rice plants overexpressing OsPIALI (OsPIALI1-
OX) were constructed (Fig. 4A). The rice cytochrome ¢ promoter was used for constitutive overexpression of
the OsPIALI gene [25]. The overexpression of the OsPIALI gene in OsPIAL1-OX lines was checked
(Fig. 4B). The OsPIAL1-OX lines exhibited higher expression levels of OsPIAL1 gene than WT plants.
Lines 2, 3 and 9 showed higher expression of the OsPIALI gene. The homozygous T4 seeds of these
three lines were used in this study.

It has been reported that SUMO conjugation is involved in plant responses to environmental stresses,
and the OsPIALI gene was induced by only drought stress (Fig. 3B). To examine the drought response of
the OsPIAL1-OX plants, the transgenic and WT seedlings were drought-treated for two days and then
supplied with water again (Fig. 4C, R3 and R10). During rewatering, the OsPIAL1-OX transgenic lines
exhibited faster recovery and more promoted growth than WT plants. The OsPIAL1-OX lines showed
76% to 90% of the survival rates, but WT plants showed only 43% (Fig. 4E).

Our results indicated that high salinity suppressed OsPIALI gene expression in the roots (Fig. 3D). To
test the high salinity response of the OsPIAL1-OX lines, transgenic and WT seedlings were treated with
250 mM NaCl for four days, and then transferred into fresh water (Fig. 4D, R15 and R34). Most of the
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OsPIAL1-OX plants were less able to recover than WT plants. The WT seedlings showed 76% of the survival
rates, but the OsPIAL1-OX lines 2 and 3 seedlings showed only 43% and 47%, respectively (Fig. 4F).
OsPIAL-OX line 9 seedlings showed a further 6% decrease in survival rates compared to the WT
seedlings. These results suggested that the overexpression of OsPIALI gene confers drought tolerance,
but results in a hypersensitive phenotype under high salinity.
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Figure 4: Drought and high salinity tolerance analysis of transgenic plants overexpressing the OsPIALI
gene. (A) The diagram of overexpression plasmid. (B) The expression levels of the OsPIALI gene in the
OsPIAL1-OX lines. (C) Drought stress tolerance of OsPIAL1-OX lines. DO and D2 indicate 0 and 2 days
after water draining, respectively. R3 and R10 indicate 3 and 10 days after rewatering, respectively. (D)
High-salinity stress assay of OsPIAL1-OX transgenic rice plants. Pictures were taken at 0 and 4 days
after transfer to a 250 mM NaCl solution (SO and S4) and at 15 and 34 days after fresh watering
(R15 and R34). (E) The survival rates after drought treatment. (F) The survival rates after high salinity
treatment. Statistically significant differences are indicated by asterisks, as calculated using Student’s
t-test. ***, p < 0.001.

3.5 SUMO Conjugates Accumulation in OsPIALI-OX Lines

To check the alteration of SUMO conjugate accumulation in OsPIAL I-overexpressing transgenic lines,
immunoblot assay was performed with root total protein extract. The anti-AtSUMO1 antibody was used in
the immunoblot analysis. It has been reported that rice SUMO can be detected specifically by the anti-
AtSUMOI1 antibody [17]. The formation of SUMO conjugates was not different in the transgenic lines
and the WT controls (Fig. 5, 0 h). This result suggests that OsPIAL1 does not stimulate the formation of
SUMO conjugates in rice. However, drought treatments significantly increased the approximately 40- and
55-kDa bands within 1 h in the OsPIAL1-OX lines but not in the WT (Fig. 5, 1 h).

To determine whether the increase in the 40- and 55-kDa bands was an OsPI4AL1 gene-specific response,
transgenic rice plants overexpressing OsSCEs were also analyzed. There was no increase in the 40- and 55-
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kDa bands in the transgenic rice plants overexpressing OsSCE genes (Fig. 5). Arabidopsis PIAL2 catalyzes
increased SUMO conjugation to SCEs, which has a molecular weight of approximately 40 kDa [24]. The
molecular weights of OsSCEs and OsSUMOs are similar to those of Arabidopsis SCE1 and AtSUMOs,
respectively. These results suggested that the 40-kDa band may be a SUMO-SCE conjugate. Our results
suggested that OsPIAL1 is involved in SUMO conjugation to SCEs but not in SUMO conjugation to
substrates.

OsPIAL1 OsPIAL1  OsPIAL1
WT SCE1-OX SCE2-OX SCE3-OX -OX-2 -OX-3 -OX-9

G205 1 0 051 005 1(*;)

0 051 00510051 0051

Figure 5: Sumoylation profiles in the OsPIAL1-OX transgenic rice plants under drought stress conditions.
Crude extracts from the transgenic rice plants overexpressing OsSCE1 (SCE1), OsSCE?2 (SCE2), OsSCE3
(SCE3), or OsPIALI (PIAL1-2, 3, 9) and WT plants were subjected to immunoblot analyses with anti-
AtSUMO1. The arrowheads indicate the putative SUMO-SCE conjugates

4 Discussion

Substrate specificity in the SUMO pathway has remained unclear. Unlike in the ubiquitin pathway,
which uses many kinds of E2 and E3 enzymes to regulate substrate selection, only a few E2 and
E3 enzymes have been known [15,21]. SIZ1, SIZ2, methyl methanesulfonate-sensitivity protein 21
(Mms21) and molecular zipper protein 3 (Zip3) in yeast and PIAS1, PIAS3, PIASxa, PIASxp and PIASy
in humans have been identified as SUMO E3 ligases [21]. In plants, known SUMO E3 ligases include
SIZ1, S1Z2, and MMS21/HPY2 [2,4,15]. These ligases contain an SP-RING domain. In this work, we
characterized a putative rice SUMO E3 ligase, OsPIAL1, which contains an SP-RING domain. Recently,
Arabidopsis PIAL1 and PIAL2 have been characterized, and it was suggested that PIALs may specialize
in extending single SUMO residues on substrates into chains [24].

PIAS proteins contain four structural motifs: an N-terminal SAP motif, a PINIT (Pro-Ile-Asn-Ile-Thr)
motif, an SP-RING zinc finger domain, and a SUMO-interacting motif [6,29,32]. The SP-RING domain
is required for the SUMO E3 ligase activity of several PIAS proteins [33-35] and likely interacts with
E2 UbcY in a manner similar to that observed in other ubiquitin E2:E3 complexes [22]. OsPIALI also
contains an SP-RING domain similar to the Siz/PIAS E3 ligase family (Fig. 1B), but it does not interact
with OsSCEs in yeast (Fig. 2B). In addition, OsSIZ2 showed transactivation activity in yeast, but
OsPIAL did not (Fig. 2A). These results suggested that the biological function of OsPIAL1 differs from
that of OsSIZ2 in rice.

The Siz/PIAS E3 proteins also contain SIMs in their C-terminal domains. SIMs are the mediators of
noncovalent interactions between SUMO and SUMO-binding proteins [15]. SIM has also been thought to
be involved in SUMO selection or the selection of downstream effectors of the target [21,36]. In Sizl,
this motif is not required for E3 activity [22]. OsPIAL1 contains two putative SIMs (amino acids158—
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161 and 435-438). We tested the interaction between OsPIAL1 and OsSUMOI1/4 (Fig. 2B).
OsPIALL interacted with OsSUMO3. OsPIAL1 also weakly interacted with OsSUMOI.

Posttranslational protein modifications by the SUMO protein family are involved in diverse cellular
processes, including development, hormonal responses, and biotic and abiotic stress signaling [4,15,37].
The sumoylation has been known to play important roles in drought response and ABA signaling in
Arabidopsis [5,8,38—40]. In the monocot plant rice, the studies of SUMO conjugation were published
recently. Rice SIZ1 and SIZ2 are able to function in the Arabidopsis SUMO conjugation pathway, and
they are related to stress responses and stress adaptation [17]. The overexpression of OsSIZ1 in creeping
bentgrass enhances abiotic stress tolerance by modifying the expression of stress-related genes [41].
OsSIZ1 is involved in the phosphate and nitrogen responses [42]. However, the biological function of the
putative rice SUMO E3 ligase OsPIAL1 has not yet been studied.

To verify the function of OsPIAL1 in rice plants, we constructed transgenic rice plants overexpressing
the OsPIALI gene. Interestingly, the OsPIAL1 transcripts were increased by only drought stress in the leaves.
Additionally, the OsPIALI transcripts were decreased by abiotic stresses in the roots (Fig. 2). We evaluated
the responses of the OsPIAL1-OX transgenic rice plants to drought and high-salinity stresses. The OsPIAL1-
OX lines exhibited better and faster recovery than the WT (Fig. 4C). The survival rate of OsPIAL1-OX
transgenic lines was significantly higher than that of WT plants. In contrast, most of the OsPIAL1-OX
plants were less able to recover from the presence of 250 mM NaCl compared to WT plants (Fig. 4D).
The survival rates of OsPIAL1-OX transgenic lines were lower than the WT. Our results are consistent
with those from Arabidopsis pial mutants. Arabidopsis mutant pial? and piall pial? plants exhibit better
growth than the WT plants in the presence of 150 mM NaCl. In contrast, these plants are less able to
maintain growth under osmotic stress (300 mM mannitol) [24]. Our results and those from Arabidopsis
pial mutants suggest that PIAL1s act as a positive regulator in the drought-stress response but a negative
regulator in high-salinity stress responses. It remains to be studied the drought stress specific mechanism
of OsPIALI. Drought stress strongly induced the OsPIAL1 expression only in leaves (Fig. 3B). In
contrast, high-salinity stress strongly repressed the OsPIAL1 expression only in roots (Fig. 3D). Basis on
the regulation patterns of the OsPIAL1 expression, phenotype of OsPIAL1-OX and Arabidopsis pial
mutants [24], it could be assumed that OsPIAL1 works positively for drought stress response in the
leaves, but negatively for high-salinity stress response in roots. The simplest putative explanation for this
is that the OsPIAL1-OX transgenic plants reduce water loss rate and/or increase water holding capacity in
leaves by produce some compatible solutes or proteins, which. confer osmotic stress tolerance. However,
they do not involve in the sodium ion toxicity, or do negative effect on high concentration ion toxicity
inhibition mechanisms.

The function of Arabidopsis PIAL1 and PIAL2 is suggested to control and enhance SUMO chain-
forming activity because PIAL-mediated enhancement of SUMO conjugation to a number of previously
identified substrates was unsuccessful in vitro [24]. We tested the SUMO conjugate patterns of OsPIALI-
OX transgenic and WT plants under normal and drought stress conditions (Fig. 5) because OsPIALI
transcripts were induced by only drought (Fig. 3B). OsPIAL1-OX transgenic rice plants show a similar
SUMO conjugate pattern to that of WT plants under normal conditions (Fig. 5 at 0 h). This result
coincides with those from Arabidopsis piall pial2 double mutants. Arabidopsis piall pial2 double
mutants show similar SUMO conjugate levels than WT plants under both heat stress and normal
conditions [24]. Under drought stress conditions, there was a significant increase in the approximately 40-
and 55-kDa bands within 1 h in the OsPIAL1-OX transgenic rice plants (Fig. 5). Except for these two
bands, there was no difference in the SUMO conjugate pattern between WT and OsPIAL1-OX transgenic
rice plants. This increase in the 40- and 55-kDa bands is an OsPIALI overexpression-specific phenotype
because it is not detected in transgenic rice plants overexpressing OsSCE genes.
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Recently, it was suggested that Arabidopsis PIAL activity enhances SUMO ligation to SCE1 and/or
extends single SUMO residues on substrates into chains. Arabidopsis PIAL2 catalyzes increased SUMO
conjugation to SCEI, which has a molecular weight of approximately 40 kDa [24]. The molecular
weights of OsSUMO (OsSUMO3, 12.43 kDa) and OsSCE (OsSCE1, 18.05 kDa) are similar to those of
AtSUMO (AtSUMOI, 10.98 kDa) and AtSCE1 (17.99 kDa), respectively. These results suggested that
40-kDa bands, which were increased in OsPIAL1-OX transgenic rice plants, may be OsSUMO-OsSCE
conjugates.

OsPIAL1 preferentially interacts with OsSUMOZ3, which contains the consensus SUMO modification
site. WKxD/E in the N-terminal region. However, OsSUMO1 and OsSUMO2 do not contain this
sequence. Human SUMO2 and SUMO3 have yKxD/E, and this sequence promotes poly-SUMO chain
formation in SUMO2 and SUMO3 but not in SUMOI1 [43]. Maize SUMO]1a also built poly-SUMO
chains in E. coli, and most of the accessible Lys residues were detected as SUMO attachment sites [44].
In addition, AtSUMOI efficiently built poly-SUMO chains and was conjugated to AtSCEl [45]. Our
results suggest that the approximately 55-kDa band that was increased may be poly-OsSUMO3-OsSCE
conjugates (Fig. 5) and that OsPIALI activity enhances poly-SUMO conjugation to OsSCEs.

The overexpression of OsPIAL1 does not enhance SUMO conjugation under normal conditions.
However, drought stress induced an increase in the putative OsSUMO-OsSCE conjugates in the
OsPIAL1-OX transgenic rice plants. Therefore, drought stress conditions may induce posttranslational
modifications of OsPIALI1, which are required for the activation of OsPIAL1. OsPIAL1 contains three
putative sumoylation sites (amino acids 24, 174, and 214). The sumoylation of OsPIAL1 could be one of
the posttranslational modifications contributing to its activation.

Our results suggest that OsPIAL1 catalyzes increased SUMO conjugation to SCE1 and that drought
stress induced this activity of OsPIALI. Furthermore, our results and those from Arabidopsis pial
mutants suggest that PIALs act as a positive regulator in the drought-stress response but a negative
regulator in high-salinity stress responses. Recently, it was reported that PIAL1 and PIAI2 act as
components of the MORPHEUS” MOLECULE1 (MOM1)-containing complex to mediate transcriptional
silencing [46]. The mutation in the RING domain of PIAL2 abolished the SUMO ligase activity, and the
mutation in the SIM domain partially reduced the SUMO ligase activity. Interestingly, the SUMO ligase
activity of PIAL2 is not required for the function of PIAL2 in transcriptional silencing [46]. It is possible
that the drought tolerant and high-salinity sensitive responses caused by OsPIAL1 overexpression can
result from the modification of OsSUMO-OsSCE conjugation and/or transcriptional silencing.
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0sSIZ1 -MADLVS-----SCKDKLAYFRIKELKDILNQLGLPKQGKKQDL--IDRVLALLTDEQGQ 52
0sSIZ2 MALDPADDPLLADCKYKLNHFRIKELKDVLHQLGLPKQGRKQEL--VDKIIAVLSDQQEQ 58
(05 7.\ 75 H— LY A—— ASAAPLPPTPPPSQQQQPQPQGKEQQQQMAV--------- 32
* * *
0sSIZ1 RHHGWG--RKNSLTKEAVAKIVDDTYRKMQIQCAPDLATRS-HSGSDFSFRPIEEAYDSF 109
0sSIZ2 DSRLNGLPNKKMVGKETVAKIVDDTFAKMNGSTNAVPASRNQTDSGHIV-KPKRKSDDSA 117
OsPIALI AMNARRLVMIGDRLRTHFRGGGGT---VLEPPDLAHLVY AF-ARGIDFALS-----SGDV 83
0sSIZ1 QPEAKVR-CICSSTMVNDSMIQCEDQRCQVWQHLNCVLIPDKPGESAEVPP--VFYCELC 166
0sSIZ2 QLDVKVR-CPCGYSMANDSMIKCEGPQCNTQQHVGCVIISEKPADSVPPELPPHFYCDMC 176
OsPIALI PTVASEIPSILKKVYLVGKDQFLQSSVMVLMISCKNA-----memmemmemeemee C 121
«
0sSIZ1 RLSRADPFWVT---AGNPLLPVKFVSSGVTNDGTSVPQSVEKSFQLSRSDRETVQRQEYD 223
0sSI1Z2 RITRADPFWVT---VNHPVLPVSITPCKVASDGSYAVQYFEKTFPLSRANWEMLQKDEYD 233
OsPIALI SEKWFQPTDCTEILRMANELSGKFCTPVSQPDNDSTVIQIISTIMPRY YPQLKFERLVTS 181
* * * %
0sSIZ1 LQVWCMLLNDKVQFRMQWPQYAELHVNGISVRVVTRPGSQLLGINGRDDGPLITTCSREG 283
0sSI1Z2 LQVWCILFNDSVPFRMQWPLHSDIQINGIPIRVVNRQPTQQLGVNGRDDGPVLTAY VREG 293
OsPIALI LEAKV---GYDVLMADFFIHKNVPREEKINLIVVQKEDL---NASSCIANPP--HVSFLV 233
* * * kK *
0sSIZ1 INKICLSRVDARTFCFGVRIAKRRTVAQVLNLVPKEAEGE-SFEHALARV--RRCLGGGD 340
0sSI1Z2 SNKIVLSRSDSRTFCLGVRIAKRRSVEQVLSLVPKEQDGE-NFDNALARV--RRCVGGGT 350
OsPIALI NGKGV-DKRTNVSMETGPQFPTDITRMLKYGANIQAIGYFNANYIIAVAFLNKLESFDA 292
* * * *

MIZ/SP-RING

OsSIZ1 TAENAD---SDSDLEVVA---ESVTVNLRCPNSGSRMRIAGRFKPCIHMGCFDLETFVEL 394

OsSIZ2 EADNAD---SDSDIEVVA---DSVSVNLRCPMTGSRIKIAGRFKPCVHMGCFDLEAFVEL 404

OsPIAL1 PNLNDYAQPVAADPPDSDLLEGPSRVSLKCPISFRRIKTPIKGRLCKHYQCFDYDNYMEL 352

* * * ok ok * ® ok okok ok

OsSIZ1 NQRSRKWQCPICLKNYSLESLMIDPYFNRI--------- TSLLRNCNEDVNEVDVKPDGS 445

OsSI1Z2 NQRSRKWQCPICLKNY SLDNIIIDPYFNRI---------TALVQSCGDDVSEIDVKPDGS 455

OsPIAL1 NLRKPTWRCPFCNTPSNFTDLRIDQKMVKILQETGEDTIDVLVFADGSWKAISTNDERSD 412
* ok ok ok ok ok * *

OsSIZ1 WRVKGDAA-SRELSQWHMPDGTLCNP-KEDVKPAMQNGNEQMM----EGTSDGQKSLKIG 499

OsSIZ2 WRVKGGAE-LKGLAQWHLPDGTLCMP-TDTRSKPNIRIVKQEIKEEPLSEETG-GRLKLG 512

OsPIAL1 RHSSDVIQQSRDTMDTDATADDVIDLINEDNDGDVPMSF---------- TSASEDVKPFL 462

Figure S1: (continued)
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OsPIAL1

OsSIZ1
OsSIZ2

OsPIAL1

2031

IKRNPNGIWE-VSSKADDKKPSVVGNRMQNNSGFRALNNIMHMSNSPTS---SYRDGEDP 555
IRRNNNGQWEINKRLDSNNGQNGYIEDENCVVSASNTDDENS-KNGIYNPEPGQFDQLTS 571

NCQDLSVADYLSDLPMNTVSQAEDLYA-GGASRGNNERGNATSTSGQNSSLPSTGGLGSS 521

S-VNQES---NRHVDLSLNNGNNEF--DSFSLNFGQACNTDDRPQQQHNATDVIVLSDSD 609
N-IYDLD---SSPMDAHFPPAPTEQ--DVIVLS---DSDDDNV-------- MVLSPGDVN 614

SFGTLESILPHNILHPVITDAVSPSLDTSNSVVLRQHVAQGTR-------- SDIVPSQPR 573

EE NDAMV CPPAVYDNTTTANG-----SGFPFTTNGIGY 642

F SSAHD. NGNAFPPNPPEASGI----CGEQPRGAGPDV 647

IDPQLRLEIARPPIPRNVAREPTGIQALPVQPQRVRPNIYNCPPPFPQSSPASAYQVHQV 633

TERYQEDAGVGTSGLGLLSN-NVDDFEMNNWQM----HSSYQQPEQGFQFFGNDTDVHN- 696
T-----SFLDGFDDLELPFWESSSSQDAAGTQV----TDNQCE--------- MQNFIVN- 688

T-----NADSVITA----MSTGIGSLSRAPDAAPLLQHQSTQQEI------- RATQNYHQ 677

—————————— TFVGSH---NSFGLAPNDYSLD------CNVGVEEASVTPALSVCRNSNE 737
—————————— HQFLHE---PILGVNLGGTAAS------NTLECEHDGALQACQSSDQDGD 729

GQFIGLTAPQNFMGTRPPPGVPGQAIGANAHGAPPAQQSHHVHRLVSNLMNQLGQATVAQ 737

*

----MHGSLV-----DNPLALVG-DDPSLQIFLPSQPSSVPLQEELSERAN---APNGVQ 784
QNQTCHDGHS-----GDLTNLSIISTQD------ SLTNGK------ NASQK---R-TNCE 768

P---STAPQVLPSQPGGTSAVNPQIRGHLFPAQQRSQAMRP---QAVPRPTISQAPPRAQ 791

S----DDWI--SLTLAAGGGGNEEPAPAD-VNSQPQIPSTETGIEPLTDAASAFLSTNIE 837
D----GTA-------GLDGSVV-----RS-ANGL------wrone- RGEMPPLGQEQ- 796

SPFLPATARPPSTPPPIGTSDDLQELPVDESWRP------------- TGQMRG--SLTGE 836

RRSGADLNPRRIENIFS--HPRQPRSVRPRLCLSIDTDSE 875
---DRTVRQKLILTIES--DSD-----=--=-n=nn=o- 813

AYSVAIGRYNPSVNIAGQQTSHVTSQARPA---GPDARR- 872

*

Figure S1: Amino acid sequence alignment of the OsSIZ1, OsSIZ2, and PIAL1(0s06g0164000) in rice.
MIZ/SP-RING domain was identified in Pfam and is indicated below the sequence by underline. Residue
numbers are shown for each polypeptide. Asterisks indicate conserved amino acids. Dashes denote gaps
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Atlg08910  -m-mmeemee- MVIPATSR. FGFR. AEFNT 17
At5g41580 -m-meemeee MSTAAAARPVAGTGLREKTAASLVNSFRLASVTQRLRYHIQDGAKVDP 48

050620164000  MASAAPLPPTPPPSQQQQPQPQGKEQQQQMAVAMNARRLVMIGDRLRTHFRGGGGTVLEP 60

At1g08910 KEFQASCISLANEIDAAIGRNEVPGNIQELALILNNVCRRKCDDYQTRAVVMALMISVKS 77
At5g41580 KEFQICCISFAKGIDFAIANNDIPKKVEEFPWLLKQLCRHGTDVY-TKTALMVLMISVKH 107

050620164000 PDLAHLVYAFARGIDFALSSGDVPTVASEIPSILKKVYLVGKDQF-LQSSVMVLMISCKN 119

R R Rk Rk ook ek
At1g08910 ACQLGWFPERETQELLAIIDLMWNGFSCPENVTSCVNSPVTLISQVIERFYPCVKLGHIL 137
At5g41580 ACHLGWFSDSESQELIALADEIRTCFGSSGSTSPGIKSPGSTFSQIMERFYPFVKLGHVL 167

050620164000  ACSEKWFQPTDCTEILRMANELSGKFCTPVSQPDNDSTVIQIISTIMPRYYPQLKFERLV 179

FROOORE o koo R0 CRpRoRE R
At1g08910 VSFEAKPESKMMMKDFHISKKMPHSPKQKVGLFVVRTEDISRSNCIVHPQGVSFLLNGKG 197
At5g41580 VSFEVKAGYTMLAHDFYISKNMPHSLQEKIRLFVAQTDNIDTSACISNPPEVSFLLNGKG 227

05060164000  TSLEAKVGYDVLMADFFIHKNVPR--EEKINLIVVQKEDLNASSCIANPPHVSFLVNGKG 237

.k ok . sk ok k..ck. -k ko

ae 3k kR Lk skokokok . kokokok

At1g08910 IDKRVNISMESGPQLPTNVTALLNLGANLLQAIGCFGGSYLIATAFMDVIPLPNKPLLKD 257
At5g41580 VEKRVNIAMDTGPQLPTNVTAQLKYGTNLLQVMGNFKGNYTIITAFTGLVVPPEKPVLKD 287

050620164000  VDKRTNVSMETGPQFPTDITRMLKY GANIIQAIGYFNANYITAVAFLNKLESFDAPNLND 297

PR Rk R R R R Rk R R R ek e R
SP-RING
At1g08910 YVHPEVVGSNSDCDIIEGPSRISLSCPISRTRIKLPVKGHVCKHLQCFDFWNYVNMNTR- 316
At5g41580 YLQSGVIEASPDSDIIEGPSRVSLSCPISRKRIKLPVKGQLCKHLQCFDFSNYVHINMRN 347

050620164000  YAQPVAADP-PDSDLLEGPSRVSLKCPISFRRIKTPIKGRLCKHYQCFDYDNYMELNLRK 356

* [ . .*.*::*****:**A**** kkk *:**::*** ****: **:A:* *
At1g08910  —meemememeeee RHHGAARIILEEVGRNAADVVISADGTWMVETENDEDVELVP- 358
At5g41580 PTWRCPHCNQPVCYPDIRLDQNMAKILKDVEHNAADVIIDAGGTWKVTKNTGETPEPVR- 406

050620164000 PTWRCPFCNTPSNFTDLRIDQKMVKILQETGEDTIDVLVFADGSWKAISTNDERSDRHSS 416

*. Rk Rk ¥
At1g08910 ETTHDHGDPNSFINLGPTVKNPARD----ENEMETSTQVEEHNPCL-----SEIQGPSN- 408
At5g41580 EITHDLEDPMSLLNSGPVVFDLTGDD-DAELEVFGDNKVEDRKPCM-----SDAQGQSNN 460

050620164000  DVIQQSRDTMDTDATADDVIDLINEDNDGDVPMSFTSASEDVKPFLNCQDLSVADYLSDL 476

* * . . P R * . ke

Figure S2: (continued)
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Atl1g08910 ---DTHRPASDYTMLNQS----------- HTSTNTLPQLPRTLNAFDGQQFVNLPQVINT 454
At5g41580 NNTNKHPSNDDY SSIFDISDVIALDPEILSALGNTAPQPHQASNTGTGQQYSNLSQIPMS 520

050620164000 PMNTVSQAEDLYAGGASRGNNERGNATSTSGQNSSLPSTGGLGSSSFGTLESILPHNILH 536

SR N oo F *
At1g08910 RDSPASQALPMTFSPTPSPQDILATNAANFGTSMPAAQSSQFQGSHVTS-----LGNCEG 509
At5g41580 IDP---MPVPVPFSQTPSPRDRPATTSTVFTIPNPSPQYSQVHASPVTP-----TGTYLG 572

05060164000  PVITDAVSPSLDTSNSVVLRQHVAQGTRSDIVPSQPRIDPQLRLEIARPPIPRNVAREPT 596

A - o
At1g08910 RTSDLMARWNHIYGRVQTQFPPAPLSHHHYSMQNQSPSPAQQRPVPSYIAHPQTFHVNYG 569
At5g41580 RTTS--PRWNQTY---QSQAP--PMTTPYTSRKVSVPVTSQS-----------mmmoo- 607
050620164000  GIQALPVQPQRVRPNIYNCPPPFPQSSPASAYQVHQVTNADS-------mmmmmmmmmam 638
* * :
At1g08910 ENADQRWMPSSIAHPQTLPVNYGGNTNQRPIPSSIAHPQTLPVNYRGNTDHRSTPYSITH 629
At5g41580
050620164000 ----n-mmn-mmm VITAMSTGIGSLSRAPDAAPLLQHQSTQQEIRATQNYHQG------- 678
At1g08910 LQTLLNYGGNADQRPMPSSITNLQTLPATYGGYAHQRPMSSSITHPRTSPVNYGGTPDQR 689
At5g41580 - NYG--mmmmmmmmees VRGLTSSHASTSRQHPSGPTVQS-------mnnnmmmm 654
050680164000 ---— QFIGLTAPQNFMGTRPPPGVPGQAIGANAHGAPPAQQSHHVHRLVSNLMNQLGQA 733
*
At1g08910 PMPSSITHPQTLPVSYGGTTDQILNPGGAMGQFSSREFMNLTPANTENWRPQSRMRGSVA 749
At5g41580 e VSRLSDLVDVDLTVPDTSNWRP--RMRGSLV 683

050680164000 TVAQPSTAPQVLPSQPGGTS------- AVNPQIRGHLFPAQQRSQAMRPQAVPRPTISQA 786

* * .
Atl1g08910 PG---TGYDHMIIHP--TRPVHPQAQT-PPAPLSTSYDGADEIQAFIGHPSYPVSNNETQ 803
At5g41580 PGSHSTALDHMIIRP--SQQSQTSTRLNSSQPVQTPSVQTSQAQSPFTTAAYRT---ETV 738

0s06g0164000  PPRAQSPFLPATARPPSTPPPIGTSDDLQELPVDESWRPTGQMRGSLTGEAYSVAIGRYN 846

* : Bl : oL R
At1g08910 AGTSSLPVAEGLGYSGSFWSMPPETW- 829
At5g41580 LGNRNHPVPAPP---GIVRPTGPTS-- 760

050620164000  PS-VNIAGQQTSHVTSQARPAGPDARR 872

* .

Figure S2: Amino acid sequence alignment of PIALs. MIZ/SP-RING domain was identified in Pfam and is
indicated below the sequence by underline. Residue numbers are shown for each polypeptide. Asterisks and
dots indicate conserved and similar amino acids, respectively. Dashes denote gaps
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Table S1: List of primers used in this study

Gene name Primer Sequence 5’ to 3’ Use
OsPIALI OsPIALI1-SF ATTGCTGGTCAGCAGACAAG qRT-PCR
OsPIAL1-SR GTAAGTTGAGCAGCACAGGA
Ubil OsUbil _F ATGGAGCTGCTGCTGTTCTA
OsUbil_R TTCTTCCATGCTGCTCTACC
OsPIALI OsPIALI1-F AAAAAGCAGGCTGTCGACCCTCTC Transformation
CGGTGGGGGCCATG
OsPIAL1-R AGAAAGCTGGGTGTCCGAGAGTTCAGA
GCCACCAACAA
OsPIALI OsPIAL1-ATGBH CCGGATTCGCCTCTCCGGTGGGGGCCAT Y2H
OsPIAL1-TGAS GGGGTCGACGAGTTCAGAGCCACCAACAA
OsSIZ2 OsSIZ2-ATGE CGGAATTCATGGCGCTCGACCCCGCCGAC
OsSIZ2-TGAS GGGTCGACGCATCAGCTGCTAATCAGAG
OsSCE1 OsSUMOE2a-ATGE GGGAATTCATGTCGGGAGGGATCGCACGCGG
OsSUMOE2a-TGAS GGGGTCGACATTAGGCCAATGTCCTCAAAGC
OsSCE?2 OsSUMOE2b-ATGE GGGAATTCATGTCGGGGGGAATCGC
OsSUMOE2b-TGAS GGGGTCGACAATGTGCAGCATGGGTCCCTA
OsSCE3 OsSUMOE2c-ATGE GGGAATTCATGGCATCCGGAGGAGGCATCG
OSSUMOE2c-TGAS GGGGTCGACGCAGGCATTGCGCGGCTACAGA
OsSUMO1 OsSUMO1-ATGE GGGAATTCATGTCGGCCGCCGGGGAGGAGG
OsSUMO1gg-TGAS GGGGTCGACTCAGCCTCCAGTCTGGTGGAGCAT
OsSUMO3 OsSUMO3-ATGE GGGAATTCATGTTCGGCCGGTCTGGCATC

OsSUMO3gg-TGAECO

GGGAATTCTCAGCCACCGATCAGCTCCTCGAAG
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