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Abstract: The ubiquitin (Ub)-conjugating enzyme, Ubc13, has been known to be involved in error-free DNA damage
tolerance (or post-replication repair) via catalyzing Lys63-linked polyubiquitin chains formation together with a Ubc
variant. However, its functions remain largely unknown in plant species, especially in monocotyledons. In this study,
we cloned a Ub-conjugating enzyme, OsUbc13, that shares the conserved domain of Ubc with AtUBC13B in Oryza
sativa L., which encodes a protein of 153 amino acids; the deduced sequence shares high similarities with other
homologs. Real-time quantitative polymerase chain reaction (PCR) indicated that OsUbc13 transcripts could be detected in all tissues examined, and the expression level was higher in palea, pistil, stamen, and leaf, and lower in root,
stem, and lemma; the expression of OsUbc13 was induced by low temperature, methylmethane sulfate (MMS), and
H2O2, but repressed by mannitol, abscisic acid (ABA), and NaCl. OsUbc13 was probably localized in the plasma and
nuclear membranes. About 20 proteins, which are responsible for the positive yeast two-hybrid interaction of OsUbc13,
were identified. These include the confirmed OsVDAC (correlated with apoptosis), OsMADS1 (important for development
of floral organs), OsB22EL8 (related to reactive oxygen species (ROS) scavenging and DNA protection), and OsCROC-1
(required for formation of Lys63 polyubiquitylation and error-free DNA damage tolerance). The molecular characterization
provides a foundation for the functional study of OsUbc13.
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1 Introduction
Ubiquitin (Ub) is a highly conserved 76-residue
protein, which can be covalently joined to the lysine
(K) residues of target proteins as a single Ub or
poly-Ub chain in eukaryotes (Jentsch, 1992; Grisvard
et al., 2010). Protein ubiquitination is an essential
post-translational modification system that serves as a
signaling mechanism in diverse cellular events, including ribosome biogenesis (Finley et al., 1989),
DNA repair (Jentsch et al., 1987; Hofmann and
‡
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Pickart, 1999; Pastushok and Xiao, 2004), protein
endocytosis (Galan and Haguenauer-Tsapis, 1997),
cell-cycle control (Wei et al., 2004), nuclear factor
kappa B (NF-κB)-dependent signal transduction (Chen
et al., 1996; Tokunaga et al., 2009), and other cellular
processes (Finley et al., 1987). Ubiquitination is accomplished by a series of three enzymatic systems
including Ub-activating enzyme (E1), Ub-conjugating
enzyme (Ubc or E2), and Ub ligase (E3). In addition,
Ub molecules can be linked to each other through an
isopeptide bond formed between the C-terminal
Gly76 of a donor and one of seven lysine residues of
an acceptor (McKenna et al., 2003), leading to the
formation of poly-Ub chains (Chau et al., 1989).
Conventional poly-Ub via Gly76-Lys48 is the principal signal for proteolysis through 26S proteasomes
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(Hochstrasser, 1996), while Gly76-Lys63 poly-Ub
regulates diverse activities in a non-proteolytic way
(Pickart, 2001). So far, Ubc13 is the only known Ubc
capable of catalyzing the Lys63-linked polyubiquitylation reaction and this function requires interaction with the Ubc variant (Uev, which shares a similar
sequence and structure with the E2 Ub-conjugating
enzymes, but lacks the active cysteine residue); thus,
it is unlike other Ubc proteins that catalyze a conventional Lys48-linked polyubiquitylation reaction
(Hofmann and Pickart, 1999; McKenna et al., 2001).
Ubc13 was originally identified as bendless
because its loss-of-function mutation affected neuronal synaptic connectivity in Drosophila melanogaster (Muralidhar and Thomas, 1993; Oh et al., 1994).
The yeast ubc13 null mutant displays sensitivity to
DNA-damaging agents such as ultraviolet (UV) or
methylmethane sulfate (MMS) and a high spontaneous mutation rate (Brusky et al., 2000). Lys63-linked
chains catalyzed by the Ubc13-Uev (Mms2) complex
are required for error-free DNA damage tolerance
(DDT, also known as post-replication repair (PRR))
by polyubiquitinating the proliferating cell nuclear
antigen (PCNA) (Broomfield et al., 1998; 2001;
Hofmann and Pickart, 1999; Hoege et al., 2002) in
Saccharomyces cerevisiae. The human Ubc13 protein
(hUbc13) has also been cloned (Yamaguchi et al.,
1996). The transcription factor NF-κB, which is sequestered in the cytoplasm via interacting with an
inhibitory protein of the IκB family, controls many
processes including immunity, inflammation, and
apoptosis. IκB proteins can be rapidly phosphorylated
by an IκB kinase (IKK) complex and then degraded
(Weil and Israel, 2004; Chen, 2005). hUbc13-Uev1A
complex is involved in activating the tumor necrosis
factor receptor-associated factor 6 (TRAF6)-mediated
IKK by catalyzing the synthesis of Lys63-linked
poly-Ub chains, which perform polyubiquitination of
TRAF6 (Chen, 2012). Mouse Ubc13 is able to functionally complement the budding yeast ubc13 null
mutation (Ashley et al., 2002). Ubc13 appears to be
essential for the thymocyte T cell receptor (TCR)mediated NF-κB activation at the early time points
and transforming growth factor-β-activated kinase 1
(TAK1) phosphorylation in innate immune cells of
mice (Sato et al., 2005; Yamamoto et al., 2006b). The
deletion of the Ubc13 in mice results in severe loss of
blood cells together with atrophy of the thymus and
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bone marrow, showing that Ubc13 also has a pivotal
role in regulating hematopoiesis (Wu et al., 2009). In
both zebrafish and Arabidopsis thaliana, there are
two UBC13 genes, ubc13a and ubc13b or AtUBC13A
and AtUBC13B. All these four Ubc13 proteins can
physically interact with human or yeast Mms2 and are
able to functionally complement the yeast ubc13 null
mutant for spontaneous mutagenesis and sensitivity to
DNA-damaging agents (Wen et al., 2006; Li et al.,
2010); this implies the existence of a Lys63-linked
polyubiquitylation reaction and error-free DDT pathway in zebrafish and A. thaliana. ShUbc13 is also
capable of physically interacting with ShUev and is
probably involved in DNA damage response in the
ciliate Sterkiella histriomuscorum (Grisvard et al.,
2010). Recently, studies of the Ubc13 gene in rice
have been carried out. OsUbc13 showed ubiquitous
expression at a high level even under biotic or abiotic
stresses, and its expression can complement the errorfree PRR defects of the yeast ubc13 null mutant.
Moreover, OsUbc13 physically interacts with both
Mms2 and Uev1A, and catalyzes K63-linked
polyubiquitination in vitro (Zang et al., 2012).
Rice is a prominent model for monocotyledonous plants and one of the most important food
crops (Yang et al., 2011). However, only limited
information is available on Ubc13 in plant species. In
this study, we cloned and analyzed the molecular
characterization of OsUbc13, and studied its subcellular localization and interacting proteins, providing a
foundation for further investigating its function and
molecular mechanism.

2 Materials and methods
2.1 Plant materials and treatments
The mature seeds of a rice variety, Nipponbare,
were dehulled and sterilized in 10% (0.1 g/ml) NaClO
for 15 min, germinated and grown in semi-solid 1/2
MS medium (Murashige and Skoog, 1962) at 28 °C
with a photoperiod of 16 h light/8 h dark for two
weeks. Seedlings were transferred to Yoshida solution (Yoshida et al., 1976) for two weeks, and finally
transferred outside and grown naturally in a field.
Plant components at different developmental stages
(roots and leaves from the four-week-old seedlings;
stem, stamen, pistil, lemma, and palea from the panicles
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at 15 d after flowering) were collected for real-time
polymerase chain reaction (PCR).
To analyze the expression in response to hormone and abiotic stresses, an embryonic cell culture
line from the japonica line Nipponbare under culture
conditions of 28 °C in the darkroom was used. For
low-temperature treatment, the embryonic cell cultures were directly transferred to a 4 °C incubator
from the normal growth conditions. The culture at
28 °C in the darkroom was employed as the control.
For mannitol, H2O2, MMS, abscisic acid (ABA), and
NaCl treatments, the embryonic cell cultures were
transferred from semi-solid N6 medium to the liquid
N6 medium supplemented with 300 mmol/L mannitol,
20 mmol/L H2O2, 0.01% MMS, 100 µmol/L ABA, or
200 mmol/L NaCl, respectively. The embryonic cell
cultures grown in the same liquid N6 medium without
supplementary components were used as controls. All
the cultures, except for the control at 0 h, were placed
in a shaker at 200 r/min at 28 °C and sampled at 2, 4, 8,
12, and 24 h. Each treatment was repeated three times.
All materials were quickly frozen in liquid nitrogen and then stored at −80 °C for RNA extraction.
2.2 Identification and cloning of OsUbc13 gene
OsUbc13, corresponding to protein spot 5002,
was identified from the specific-organ-inducing
medium-induced somatic root and shoot regeneration
system in our previous study (data not shown).
Analysis of resultant peptides obtained from mass
spectrum assay was performed by Expasy (http://
prosite.expasy.org/; http://web.expasy.org/compute_pi/).
The full length complementary DNA (cDNA) of
OsUbc13 gene was amplified by reverse transcription
PCR (RT-PCR). The gene-specific primers for
RT-PCR were Ubc13-F (5'-GAATTCATGGCCAAC
AGCAACCTCC-3') and Ubc13-R (5'-CCCGGGTT
ATGCACCGCTGGCATACA-3') with EcoRI and
SmaI restriction sites, respectively. Purified PCR
products were cloned into pMD18-T vector (TaKaRa)
and then confirmed by sequencing (Invitrogen). The
resulting plasmid was called pMDUbc13.
2.3 Phylogenic analysis of Ubc13 proteins
For analysis of amino acid sequence identity,
DNAMAN software was used. Amino acid sequences
of Ubc13 from different species were aligned using
ClustalW2. Analysis of phylogeny was performed

using MEGA4 via the neighbor-joining method
(Tamura et al., 2007). All the amino acid sequences
(given in Online Resource 1) were retrieved from the
NCBI database (http://www.ncbi.nlm.nih.gov/).
2.4 Expression analysis of OsUbc13 gene by realtime PCR
Total RNA was isolated from rice materials
using Trizol Reagent (Invitrogen, USA) according to
the manufacturer’s protocol. The first-strand cDNAs
were synthesized using the Moloney murine leukemia
virus (M-MLV) first-strand synthesis system with
1 µg of freshly extracted RNA (Promega). The SYBR
Premix Ex Taq Kit (TaKaRa) was used for real-time
PCR analysis, with the primers qUbc13-F (5'-ATGG
CCAACAGCAACCTCC-3') and qUbc13-R (5'-TTA
TGCACCGCTGGCATACA-3'), qActin-F (5'-GACT
CTGGTGATGGTGTCAGC-3') and qActin-R (5'-G
GCTGGAAGAGGACCTCAGG-3'). The PCR program and the calculation method of relative expression levels of OsUbc13 in different tissues or under
different conditions were as previously described
(Wang Y. et al., 2012), with the rice Actin I gene as a
reference. Here, ∆∆CT=(CT(Ubc13, test)−CT(Actin I, test))−
(CT(Ubc13, calibrator)−CT(Actin I, calibrator)), where the CT (cycle threshold) values for both target and reference
genes are the means of the triplicate independent
PCRs. Here, the roots or embryonic cell cultures
without treatment at 0 h were set as calibrators.
2.5 Subcellular localization of OsUbc13
The subcellular localization of OsUbc13 was
analyzed by constructing a fusion protein, in which the
OsUbc13 coding sequence (CDS) was fused to green
fluorescent protein (GFP). The OsUbc13 CDS was
amplified from pMDUbc13 with the primers slUbc13-F
(5'-ATGGCCAACAGCAACCTC-3') and slUbc13-R
(5'-TTATGCACCGCTGGCATAC-3') and then inserted into the pGWC, which had been digested by
Eam1105I. The fragment was then cloned into the
pMDC43 vector via LR reaction (Gateway Technology, Catalog Nos. 12535-019 and 12535-027)
to be fused to the downstream of GFP, resulting
in pMDC43-Ubc13, denominated as pGFP:Ubc13
(given in Online Resource 2). This final construct was
transformed in cultured tobacco BY-2 protoplasts
using a procedure as reported previously (Sheen,
2001; Lee et al., 2008; Silva et al., 2010) with some
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modifications. Briefly, the suspended BY-2 protoplasts were subcultured after every 3–4 d by transferring 10 ml cells into 40 ml of fresh liquid MS medium. These suspended cells were then transferred to
50 ml conical tubes in a laminar flow hood and were
centrifuged at about 500×g for 5 min at 25 °C. After
removing the supernatant, the sediment was dissolved
in 25 ml of enzyme solution (1% (0.01 g/ml) cellulase,
0.1% (1 g/L) pectinase Y23, and 0.2% (2 g/L)
driselase in 4.3 g/L MS salts, 0.4 mol/L sucrose,
0.5 g/L 2-morpholinoethanesulfonic acid (MES)
hydrate, 0.25 g/L NH4NO3, 0.75 g/L CaCl2·2H2O,
pH 5.7) and incubated in a shaker at 200 r/min at
room temperature for 4–5 h. Then the mixture was
centrifuged using a swinging bucket rotor at 80×g for
15 min. The floating protoplast layer was transferred
to a new tube and centrifuged for 5 min at 100×g to
collect BY-2 protoplasts. Finally, the transformed
protoplasts were examined by confocal laser scanning
microscopy (Zeiss LSM700).
2.6 Interaction assay of OsUbc13 by yeast twohybrid
Matchmaker Two-Hybrid System 3 (Clontech,
http://www.clontech.com/), in which a bait gene is
fused to the GAL4 DNA-binding domain while
cDNA is fused to the GAL4 activation domain-AD
(Fields and Song, 1989; Chien et al., 1991), was used
for protein interaction analysis. Briefly, the fragment
that was obtained from pMDBTF3 was digested with
EcoRI and SmaI was inserted into the pGBKT7 vector
to generate construct pGUbc13 (given in Online
Resource 2). An AD fusion library of rice calli in
pGADT7 (pGADT7-library) was constructed in
Clontech. The following test and re-test of positive
two-hybrid interaction were performed as previously
described (Wang Y. et al., 2012).

3 Results
3.1 Sequence analysis of OsUbc13 protein
We identified a protein OsUbc13 corresponding
to protein spot 5002 in 2D gels to be associated with
somatic root and shoot regeneration in our previous
study (data not shown). The complete coding sequence of OsUbc13 contains eight exons and seven
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introns, and encodes a UBC homolog of 153 amino
acids. As Zang et al. (2012) proposed, OsUbc13
(Os01g0673600) is the only Ubc13 gene in rice because only this gene with a high degree of sequence
identity was found using Arabidopsis Ubc13 genes to
BLAST the rice genomic database on NCBI.
OsUbc13 shares high similarities with other homologs, ranging from 66.23% to 98.04%. Comparison of
amino acid sequence revealed that all Ubc13s harbor
the active site Cys-88 within the highly conserved
UBC domain (Fig. 1a), indicating that UBC13
orthologs are derived from the same origin evolutionarily. Phylogenetic analysis (Fig. 1b) indicated
that OsUbc13 is the most closely related to
AtUBC13B, followed by AtUBC13A and animal
Ubc13s, and distant from yeast ScUbc13. This finding is consistent with the previous report declaring
that all except two OsUbc13 introns are different from
that of AtUBC13B in the gene structure while there
are obvious differences between OsUbc13 and other
Ubc13s (Zang et al., 2012).
3.2 Expression of OsUbc13 in various rice tissues
To investigate the expression pattern of
OsUbc13, the relative abundance of mRNA in different tissues including root, stem, leaf, stamen, pistil,
lemma, and palea was quantified. The results revealed
that the endogenous OsUbc13 was constitutively
expressed in all tissues examined and the abundance
level was highest in palea, followed by pistil, leaf,
stamen, root, and stem, and lowest in lemma (Fig. 2).
These results implied that the OsUbc13 is important
for both vegetative growth and reproductive development in rice, especially that of palea, pistil, and leaf.
3.3 Expression of OsUbc13 in different stress
conditions
In plants, many gene transcripts are very unstable, which is important for the tight control of their
temporal and spatial expression patterns (Lee et al.,
2006). In order to determine the expression of
OsUbc13 in response to environmental conditions, its
transcript level was analyzed by real-time PCR after
treatment with low temperature (4 °C), MMS (0.01%),
H2O2 (20 mmol/L), osmotic pressure (300 mmol/L
mannitol), ABA (100 µmol/L), and NaCl (200 mmol/L).
The results showed that the expression of OsUbc13
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(a)

(b)

Fig. 1 Amino acid sequence alignment (a) and phylogenic analysis (b) of Ubc13s from different species
The gray and single overline in (a) indicates the conserved UBC domain of Ubc13s; the dark and single overline in (a)
indicates the conserved cysteine residue of Ubc13s. Bootstrap values are shown at each node in (b). AtUBC13A:
AEE36165; AtUBC13B: AEE29516.1; OsUbc13: NP_001043834.1; MmUbc13: AAK74128.1; HsUbc13: BAA11675.1;
DrUbc13a: AAI64904.1; DrUbc13b: AAH53141.1; CeUbc13: NP_500272.2; DmUbc13a: AAF48338.1; DmUbc13b:
ACZ95287.1; ScUbc13: CAA67806.1
5.0
4.0
3.0
2.0
1.0
0.0

Root

Stem

Leaf

Pistil Stamen Palea Lemma

Fig. 2 Expression analysis of OsUbc13 in various rice
tissues
The expression of OsUbc13 in root was set as 1. Data were
expressed as mean±standard deviation (SD) of triplicate
measurements

was induced by low temperature (4 °C), 0.01% MMS,
and 20 mmol/L H2O2 (Figs. 3a–3c), but repressed
by 300 mmol/L mannitol, 100 µmol/L ABA, and
200 mmol/L NaCl (Figs. 3d–3f). For low temperature
treatment, around four-fold transcripts in the treated
samples were observed, compared with the controls at
2 h, the difference reached its maximum value at 12 h,
but the level of expression decreased although it was
still higher than that of the control at 24 h (Fig. 3a).
For MMS and H2O2 treatments, the maximum level of
expression was at 4 and 8 h, respectively. Moreover,
the difference between treated samples and control
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Fig. 3 Expression pattern of OsUbc13 in response to low temperature of 4 °C (a), 0.01% MMS (b), 20 mmol/L H2O2 (c),
300 mmol/L mannitol (d), 100 µmol/L ABA (e), and 200 mmol/L NaCl (f)
The detection was performed three times and the data were presented as mean±standard deviation (SD). The expression of
OsUbc13 of control at 0 h was set as 1

was smaller in the case of MMS and H2O2 treatments
(Figs. 3b–3c) than in low-temperature treatment
(Fig. 3a). For the mannitol treatment, the transcripts
were less in the samples treated than in the controls at
all time points except at 2 h (Fig. 3d). The expression
patterns of OsUbc13 in response to ABA and NaCl
were quite similar; however, the time point at which
the maximum expression level occurred was different
under different treatments. The former (under ABA
treatment) was at 2 h and the latter (under NaCl
treatment) was at 4 h (Figs. 3e–3f). Interestingly, the
transcripts in the control cultures in liquid N6 medium
(Figs. 3b–3f) fluctuated noticeably, compared with
those cultured in solid N6 medium (Fig. 3a), indicating that culture conditions may affect the expression level of OsUbc13.

3.4 Localization of OsUbc13 in the plasma and
nuclear membranes
To determine the subcellular localization of
OsUbc13, the fusion construct pMDC43-Ubc13
containing GFP:OsUbc13 CDS and driven by 35S
promoter was introduced into the protoplasts of cultured Nicotiana benthamiana via polyethylene glycol
(PEG)-mediated transformation. The non-fusion construct pMDC43 was used as a control. Here, the tobacco cell system as a model system was selected to
study subcellular localization of OsUbc13 for its
potential advantages over other cell cultures such as
highly synchronized growth rate, high transformation
efficiency, and easy monitoring and analysis (Geelen
and Inzé, 2001; Tripathi et al., 2013). The data revealed
that OsUbc13 was probably localized in the plasma
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Epifluorescence

(a)
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GFP

(b)
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Fig. 4 Subcellular localization of control GFP (a–c) and GFP:OsUbc13 (d–f) fusion proteins transiently expressed
in the cultured BY-2 protoplast
GFP:OsUbc13 was localized in the plasma and nuclear membranes. Images were taken in bright field (a, d) for the cell
outline and in dark field for green fluorescence (b, e). Images (c) and (f) are superimposed images between (a) and (b) as
well as (d) and (e), respectively (Note: for interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article)

and nuclear membranes since the fluorescence signal
of GFP:OsUbc13 was relatively intense in these areas
(Figs. 4d–4f), while control GFP was localized in
both the cytoplasm and nucleus (Figs. 4a–4c). The
subcellular localization of OsUbc13 implied that
OsUbc13 may function in the membrane system.

(a)

3.5 Potential OsUbc13-interacting partners in
yeast two-hybrid assay
To provide insights into biological function and
regulatory mechanism, yeast two-hybrid was performed to determine potential candidates. As the
results showed, 81 colonies were positive (Fig. 5a).
Out of them, 20 proteins (Table 1), which are responsible for the positive two-hybrid interaction,
were identified via PCR colony-screening and DNA
sequencing. The protein-protein interactions were
verified by co-transformation in yeast AH109 with
four genes (out of 20) as representatives. The four
genes are OsVDAC (Godbole et al., 2003), OsCROC-1
(Hofmann and Pickart, 1999), OsB22EL8 (Yuan J. et
al., 2008), and OsMADS1 (Prasad et al., 2005) of
which the function had been defined (Fig. 5b).
Another eight potential OsUbc13-interacting
proteins (Table 1), along with these four confirmed
genes, are associated with apoptosis (Yang et al.,
1997; Kim et al., 2009; Hashimoto et al., 2012; Wang
W.M. et al., 2012), DNA repair and damage tolerance

(b)

Fig. 5 Yeast two-hybrid analysis with OsUbc13 as the bait
(a) The positive colonies on SD/-Ade/-His/-Leu/-Trp/X-α-gal
plate with OsUbc13 as the bait. (b) The interactions were
verified by co-transformation represented by OsB22EL8 (2),
OsMADS1 (4), OsCROC-1 (6), and OsVDAC (8). 1, 3, 5, and
7 represent four negative controls of 2, 4, 6, and 8, respectively
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Table 1 List of proteins interacted with OsUbc13 from yeast two-hybrid
Function
Apoptosis

DNA damage repair

Flower development

Immunological
responses
Catabolism
Splicing and cell
cycle regulation
Other

Protein description
Outer mitochondrial membrane protein porin (OsVDAC)
Hypersensitive response (HR)-like lesion-inducer family protein
Similar to cysteine protease inhibitor
Polyubiquitin
Similar to CROC-1-like protein (OsCROC-1)
Similar to polyubiquitin
Similar to B22EL8 protein (OsB22EL8)
RNA polymerase subunit, RPB5/RPB6-like domain containing protein
Similar to CROC-1-like protein
Box protein (MADS box protein MADS1) (OsMADS1)
Arf GTPase activating protein family protein
Oryza sativa SKP1 (S-phase kinase-associated protein 1)-like protein 1
(OSK1)
Pollen allergen Lol p2 family protein
Pollen allergen Lol p2 family protein
Similar to 3-methylcrotonyl CoA carboxylase biotin-containing subunit
Similar to U5 small nuclear ribonucleoprotein 200 kDa helicase

GenBank accession No.
Os09g0361400
Os10g0445500
Os05g0409300
Os06g0681400
Os12g0605400
Os04g0628100
Os05g0111300
Os06g0618600
Os04g0684800
Os03g0215400
Os01g0951100
Os05g0530500

Similar to coatomer delta subunit (δ-coat protein (δ-COP))
Similar to YyaF/YCHF TRANSFAC/OBG family small GTpase plus
RNA binding domain TGS
Protein of unknown function DUF1685 family protein
Peptidase S14, ClpP family protein

Os08g0368000
Os08g0199300

(Parusel et al., 2006), and floral organ development
(Dai et al., 2002; Takacs et al., 2012). The remaining
eight proteins (Table 1) are involved in immunological
responses (Petersen et al., 2006; Schweimer et al.,
2008), catabolism (Song et al., 1994; Weaver et al.,
1995; Guan et al., 1999; Obata et al., 2001), splicing
and cell-cycle regulation (Lauber et al., 1996; Ehsani
et al., 2013). These results indicated that OsUbc13
might function in diverse biological processes.

4 Discussion
UBC13 is a Ub-conjugating enzyme involved in
error-free DDT (or PRR) by catalyzing the synthesis
of Lys63-linked poly-Ub chains together with a Uev
(Broomfield et al., 1998) and a variety of stresses
(Hiraishi et al., 2006). In this study, we cloned
and characterized OsUbc13, which encodes a Ubconjugating protein. Although the amino acid sequence comparison of rice Ubc13 with Ubc13s from
other species (Fig. 1a) is similar to previous results
(Zang et al., 2012), the range of UBC13 orthologs is
wider and all Ubc13s harbor the active site Cys-88

Os04g0317500
Os06g0655200
Os12g0605800
Os02g0107000

Os11g0282300
Os03g0411500

within the highly conserved UBC domain; this indicates that UBC13 orthologs from entire eukaryotic
organisms are derived from the same origin evolutionarily. OsUbc13 was constitutively expressed in all
the tissues and organs examined (Fig. 2), implying
that OsUbc13 may exert important roles in the growth
and development of rice. It is worth considering that
both AtUBC13s and OsUbc13 were not only expressed ubiquitously in different tissues but also kept
at a relatively stable transcript level in the previous
report (Wen et al., 2006; Zang et al., 2012), and this is
a little different from our results. Our data showed
that OsUbc13 was expressed abundantly in palea,
pistil, leaf, and stamen, compared with its lower expression level in root, stem, and lemma (Fig. 2). In
our opinion, the differences, if any, are at least partly
due to different research methods (e.g., the detection
technology or the method of data analysis). A crossdatabase search on the Genevestigator (https://www.
genevestigator.com/gv/doc/plant/introduction.jsp) was
performed to investigate the expression profiles of
OsUbc13 in the previous report while our results were
obtained via real-time PCR using three independent
sets of biological samples.
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Previous reports showed that the disruption of
the Ubc13 gene results in an increased killing by
MMS and UV irradiation as well as an increased
spontaneous mutation rate in yeast (Brusky et al.,
2000), implying that the expression of Ubc13 is susceptible to adverse environments, especially those
causing damage to DNA. Hence, in order to identify
the response of OsUbc13 expression to different
stresses, real-time PCR was performed to check the
expression pattern of OsUbc13 under conditions of
low temperature 4 °C, mannitol, H2O2, MMS, ABA,
and NaCl. It is reasonable to assume that the expression of Ubc13 may be regulated by stresses since
Ubc13 is mainly involved in stress responses such as
DNA damage. In fact, yeast and zebrafish Ubc13s are
induced by different DNA damaging agents such as
MMS (Brusky et al., 2000; Li et al., 2010). Similarly,
MMS up-regulated the expression of OsUbc13 (Fig. 3b),
and the expression levels under treatments of low
temperature and H2O2 were also higher than those
under normal conditions (Figs. 3a and 3c). In contrast,
its expression was down-regulated by ABA and NaCl
(Figs. 3e and 3f). For osmotic pressure treatment, the
expression level was increased at 2 h and after that it
decreased continually, compared with the control
(Fig. 3d); this was slightly different from the expression pattern of OsUbc13 to other stress treatments.
However, the transcript level of OsUbc13 appears to
fluctuate under different stresses in this study, and
this is in contrast to previous results from Arabidopsis
and rice (Wen et al., 2006; Zang et al., 2012). The
differences are probably attributable to the experimental methods. Here, we used embryonic cell culture for the analysis of OsUbc13 gene expression in
response to various stresses, and detected its expression at different time points. In conclusion, our data
showed that OsUbc13 has an important role in plant
responses to stress tolerance and can respond actively
to negative circumstances by changing its transcripts.
It should be noted that even the “untreated” controls,
all of which were cultured in liquid N6 medium, are
rather different (Figs. 3b–3f). We think the reason for
the differences is probably the different culture conditions. The cultures that had not been placed in the
shaker were sampled as controls at 0 h, while controls
at the other time points were cultured in the shaker at
200 r/min, implying that culture conditions may affect
the gene expression level.

It is important to determine the subcellular localization of corresponding proteins to understand the
function of a gene as a whole. In yeast (Ulrich and
Jentsch, 2000), mammals (Andersen et al., 2005), and
zebrafish (Li et al., 2010), Ubc13 was considered to
be a cytoplasmic protein. In the single-celled organism,
the ciliate S. histriomuscorum, Ubc13 protein shows
three main locations: nucleus, cilia, and plasma
membrane (Grisvard et al., 2010). However, there has
been no report on cellular localization of a plant
Ubc13 protein. In this study, we are the first to
demonstrate that the fluorescence of GFP:OsUbc13
was more strongly close to the plasma and nuclear
membranes (Fig. 4e), implying that OsUbc13 may
function in the membrane system; this is a difference
from the previous results from yeast, animals, and S.
histriomuscorum (Ulrich and Jentsch, 2000; Andersen et al., 2005; Grisvard et al., 2010; Li et al., 2010).
For further studies, it will be essential to confirm the
localization of OsUbc13 via adding a membranespecific marker.
To understand further the functions of Ubc13mediated protein ubiquitination, it is important to
study Ubc13-interacting proteins. About 20 proteins
(Table 1), most of which have not been described
previously, are identified as potential OsUbc13interacting partners. We selected four genes to confirm the interactions (Fig. 5b) since these genes are
representative in the several types of genes listed in
Table 1 and their functions have already been studied
systematically. For instance, Ub-conjugating E2 enzyme variant (Uev) CROC-1, which was originally
identified on the basis of its capacity to activate
transcription of c-Fos (Rothofsky and Lin, 1997),
lacks a critical cysteine residue essential for the catalytic activity of E2 enzymes. Uev can functionally
complement the yeast mms2 null mutant from killing
by DNA-damaging agents, including MMS and UV
(Xiao et al., 1998). In A. thaliana, all four Uev1 proteins can interact with AtUBC13 or Ubc13 from yeast
or human to form a stable complex. Furthermore,
when treated with a DNA-damaging agent, both seeds
and pollen of uev1d plants germinated poorly (Wen et
al., 2008). Zang et al. (2012) reported that OsUbc13
physically interacts with Mms2 and Uev1A, which
are hUbc13 partners, and catalyzes K63 polyubiquitination in vitro. We demonstrated here that OsUbc13
physically interacted with OsCROC-1 (Fig. 5b; Table 1),
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which is essential for Ubc13-mediated Lys63
polyubiquitylation (Hofmann and Pickart, 1999;
McKenna et al., 2001; Wen et al., 2006); this once
again implies the existence of error-free DDT in
plants and the critical role of OsUbc13 in tolerance to
DNA damage during seed and pollen germination.
Apoptosis plays an important role during development, homeostasis, and in many diseases such
as cancer (Steller, 1995). OsVDAC, which is known
to be involved in apoptosis, is another confirmed
OsUbc13-interacting protein here. VDAC is a mitochondrial outer membrane ion channel and a critical
participant in the apoptosis of animal and plant cells
(Al Bitar et al., 2003; Godbole et al., 2003). In plants,
over-expression of rice VDAC (OsVDAC4) induces
apoptosis (Godbole et al., 2011). In animal cells,
knocking down VDAC1 by small interfering RNA
attenuates endostatin (ES)-induced apoptosis, while
over-expression of VDAC1 enhances the sensitivity of
endothelial cells to ES (Yuan S. et al., 2008). The
previous study indicated that apoptosis may be induced via transmembrane receptors that belong to the
tumor necrosis factor (TNF) receptor family (Susin et
al., 1997) and TNF receptor signaling has been
closely linked to TAK1, which needs the involvement
of Ubc13 in phosphorylation (Yamamoto et al.,
2006a). The yeast two-hybrid results showed that
OsUbc13 interacted with OsVDAC (Fig. 5b; Table 1),
indicating that OsUbc13 might function in apoptosis
via TNF receptor signaling.
The third confirmed OsUbc13-interacting protein OsB22EL8 is a kind of metallothionein (MT)
protein. MTs play important roles in maintaining
homeostasis and detoxification of metals in both
plants and animals; they are known as a kind of low
molecular mass and cysteine-rich metal-binding protein (Yuan J. et al., 2008). In plants, studies on the
responses of MTs to stress conditions, such as
drought and reactive oxygen species (ROS), have also
been conducted widely (Akashi et al., 2004; Wong et
al., 2004). It is well known that both abiotic and biotic
stresses can induce the increased ROS such as superoxide, hydrogen peroxide, singlet oxygen, and
hydroxyl radicals at certain stages of stress exposure.
These ROS may cause non-specific oxidation of
proteins and membrane lipids or DNA injury (Pastori
and Foyer, 2002; Apel and Hirt, 2004). MTs can improve the stress tolerance of plants by participating in
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a complex ROS scavenging system to minimize the
effects of oxidative stress (Yang et al., 2009). We
speculate that OsUbc13 might participate in DNA
protection by an ROS-scavenging pathway considering the fact that OsUbc13 interacted with OsB22EL8
(Fig. 5b; Table 1).
OsUbc13 is also probably involved in floral organ identity. OsMADS1, a rice MADS-box factor,
which is the last OsUbc13-interacting protein identified in our study (Fig. 5b; Table 1), controls both
differentiation and proliferation of specific lemma
and palea cell types and is an early-acting regulator of
inner floral organs (Prasad et al., 2005). Both the
gain-of-function and the loss-of-function of OsMADS1
can lead to severe defects in the specification of lemma
and palea (Agrawal et al., 2005). Previous studies on
Ubc13 focused on error-free DDT pathways and other
cellular processes, and our findings that OsUbc13
interacted with OsMADS1 could open a new research
area of Ubc13 in plant flower development.
However, we selected only four of the candidate
genes to confirm the interactions without re-testing
the others such as hypersensitive response (HR)-like
lesion-inducer family protein, pollen allergen Lol p2
family protein, cysteine protease inhibitor, RNA
polymerase subunit, and Oryza sativa SKP1 (S-phase
kinase-associated protein 1)-like protein 1 (OSK1), so
it is not clear whether the interactions are valid for the
other proteins. Since the regulation network of these
important protein-protein interactions is vital for
the study of the function of OsUbc13 in depth, the
follow-up work we are carrying out will be focused
on confirming all the candidate OsUbc13-interacting
genes and then the function analysis of the re-tested
genes where the function is unknown. In summary,
our findings provide a preliminary foundation for
understanding the function of OsUbc13.
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中文概要：
本文题目：水稻泛素缀合酶基因 OsUbc13的分子特征和蛋白互作研究
Molecular identification and interaction assay of the gene (OsUbc13) encoding a ubiquitinconjugating enzyme in rice
研究目的：通过研究水稻泛素缀合酶基因 OsUbc13的序列特征、表达模式、亚细胞定位模式及其互作
分子，为深入研究该基因的生物学功能和分子作用机理奠定基础。
创新要点：首次对植物 Ubc13进行了亚细胞定位研究及蛋白互作研究。
研究方法：通过序列比对及聚类分析进行 OsUbc13的序列特征研究；通过实时荧光定量聚合酶链式反
应（PCR）进行 OsUbc13的表达模式分析；通过聚乙二醇（PEG）介导转化烟草 BY-2原生
质体进行 OsUbc13亚细胞定位研究（见图4）；通过酵母双杂交进行 OsUbc13的蛋白质互
作分析（见图5和表1）。
重要结论：OsUbc13编码具有153个氨基酸的蛋白质，其推断的氨基酸序列与其它同源序列具有很高的
相似性；该基因在水稻各组织中均有表达，其中内稃、雌蕊、雄蕊和叶片中的表达量较高，
而根、茎和外稃中的表达量较低； 低温、甲基磺酸甲酯（MMS）和过氧化氢（H2O2）胁
迫处理使胚性愈伤中 OsUbc13的表达量显著上调，甘露醇、脱落酸（ABA）和氯化钠（NaCl）
胁迫则使愈伤组织中该基因的表达量降低；OsUbc13与绿色荧光蛋白（GFP）的融合蛋白
表达于质膜和核膜处；酵母双杂交结果表明约有20个蛋白可能与 OsUbc13存在相互作用，
其中 OsVDAC（与细胞凋亡有关）、OsMADS1（与花器官发育有关）、OsB22EL8（与活
性氧清除及 DNA 保护有关）和 OsCROC-1（为 Lys63聚合泛素链形成及运行无误性 DNA
损伤耐受机制所必需）四个蛋白经验证确与 OsUbc13互作。
关键词组：水稻；泛素缀合酶；实时定量聚合酶链式反应；酵母双杂交

