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The unconventional, lysine-63-linked ubiquitination has been shown to play a central role in regulating human and
animal innate and adaptive immunity. By contrast, the role and mechanism of K63-linked ubiquitination in plant
biology remain largely unexplored. The tomato (Solanum lycopersicum) Fni3 ubiquitin-conjugating enzyme and its co-
factor, Suv ubiquitin E2 variant (Uev) were shown recently to catalyze K63-linked ubiquitination and are essential for
protein Fen and other resistance protein-mediated plant immunity. In this study we detected the subcellular
localization of Fen, Fni3 and Suv and confirmed the interaction of Fni3 with Suv in tomato protoplasts. Additionally,
we identified 2 tomato Uev1 homologs, SlUev1C and SlUev1D, respectively and showed they are not required for
Fen-mediated programmed cell death in Nicotiana benthamiana, suggesting Uev homologs play differential role in
the cell.

Plants have evolved a sophisticated innate immune system to
ward off infection by many pathogens.1 Ubiquitination, a major
post-translational protein modification process in eukaryotic
cells, has emerged in recent years as a key component of plant
immune system and the importance of ubiquitination in the
regulation of plant immunity has been increasingly appreci-
ated.2-4

Conventionally, ubiquitination is known as lysine (K)-48-
linked polyubiquitination that serves as the principal signal
for 26S proteasome-mediated protein degradation.5 Neverthe-
less, various types of unconventional ubiquitination including
mono-ubiquitination and poly-ubiquitination linking through
other lysine residues of the ubiquitin molecule have also been
discovered to exist commonly and many serve as non-
degradative, regulatory signals.6 For example, the K63-linked
polyubiquitination that is often catalyzed by the Ubc13 ubiqui-
tin-conjugating enzyme (E2) and its co-factor, a ubiquitin E2
variant (Uev) has hitherto been shown to play non-proteolytic,
regulative role in several physiological processes. In particular,
K63-linked ubiquitination has been demonstrated to be a

central player in the regulation of human and animal innate
and adaptive immunity.7

Tomato (Solanum lycopersicum) immunity against the bacte-
rial pathogen Pseudomonas syringae pv. tomato (Pst) is mainly con-
ferred by the Ser/Thr kinase protein Pto, which is also dependent
on a leucine-rich repeat-containing protein, Prf. In addition to
Pto, another tomato kinase protein, Fen also confers immunity
against certain strains of the Pst pathogen.8 The Fen protein con-
tains a putative N-myristoylation signal and a mutation in the
signal renders the Fen protein functionally inactive.9,10 The myr-
istoylation signal usually targets a protein to membrane of the
cell. To assess whether Fen is localized to the membrane region,
we examined the localization of Fen-GFP fusion protein in
tomato protoplasts derived from tomato pto11 plants.8,11 Inter-
estingly, Fen was found to localize to both nucleus and cytoplasm
regardless the GFP protein is fused to the N- or C-terminal of
Fen, which is similar to the localization of the GFP protein alone
(Fig. 1A).

The tomato Fni3 protein is a homolog of the Ubc13 type
ubiquitin E2 enzyme. The Suv Uev protein acted as the co-factor
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of Fni3 in catalyzing K63-specific ubiquitination.12 Ubc13 and
its homologs are unique among ubiquitin-conjugating enzymes
in that they catalyze exclusively K63-linked ubiquitination and a
Uev which serves as co-factor is essential for their catalytic activ-
ity. Fni3 was found to interact with Fen and Suv in yeast 2-
hybrid (Y2H) and GST pull-down assay but Suv did not interact
with Fen in the assays.12 Similar to the subcellular localization of
Fen, both Fni3 and Suv are targeted to nucleus and cytoplasm of
tomato protoplast (Fig. 1A). Using yellow fluorescence protein
(YFP)-based bimolecular fluorescence complementation (BiFC)
assay, we confirmed Fni3 interacts with Suv in tomato cell but no
interaction between Fen and Suv was detected, which is in consis-
tence with the findings in Y2H and pull-down assay (Fig. 1B).

Previously four homologous Uev1 proteins, UEV1A-1D
were identified from Arabidopsis and Uev1D was shown to
be involved in DNA damage response.13 Using Blast search
of the Sol Genomics Network (SGN) database (http://solge-
nomics.net) we identified two homologs of Suv from tomato
genome. Phylogenetic analysis indicated the two tomato Suv
homologs show higher similarity to AtUEV1C and 1D than
to AtUEV1A and 1B and they were named SlUev1C and
1D, respectively (Fig. 2A, left panel). SlUev1C and 1D share
91.6% identity in nucleotide sequence (Fig. 2B) and 98.5%
identity in amino acid sequence (data not shown). Compared
to SlUev1C and SlUev1D, Suv is more homologous to
AtUEV1B. We were, however, unable to identify the close
tomato homolog of AtUEV1A from the SGN database. Since
Uev proteins often interact with Ubc13 type ubiquitin E2
enzyme acting as a co-factor in catalyzing K63-linked ubiqui-
tination, we tested whether SlUev1C and SlUev1D interact
with Fni3 and its homolog, SlUbc13-2 using Y2H.12 Indeed,
both SlUev1C and SlUev1D interacted with Fni3 and
SlUbc13-2, respectively (Fig. 2A, right panel). The interac-
tion of SlUev1C and SlUev1D with Fni3 and SlUbc13-2
prompted us to examine if, like Suv, the SlUev1C and
SlUev1D genes are required for programmed cell death
(PCD) induced by overexpression of Fen in Nicotiana ben-
thamiana plants.12 To this end we used the tobacco rattle
virus (TRV)-based virus-induced gene silencing (VIGS) sys-
tem to silence SlUev1C and SlUev1D gene in N. benthamiana
plants.14 We then overexpressed the Fen protein on the leaves
of these plants using Agrobacterium-mediated transient expres-
sion as described previously.15 We also performed VIGS
using the Fni3 and Suv gene and the TRV empty vector as
control. As shown in Figure 2C, overexpression of Fen in
TRV control plants resulted in strong cell death and silencing
of the Fni3 and Suv gene significantly diminished PCD trig-
gered by overexpression of Fen, which is in consistence with
previous findings.12 By contrast, silencing of SlUev1C and
SlUev1D gene did not affect Fen-mediated PCD. This

Figure 1. Subcellular localization and bimolecular fluorescence comple-
mentation (BiFC) assay using tomato protoplasts. (A). The subcellular
localization of Fen, Fni3 and Suv in tomato protoplast. Except for Fen-
cGFP in which GFP was fused to the C-terminal of Fen, the GFP protein
was in the N terminal in all other fusion proteins. (B) Examination of
interaction of Fen and Fni3 with Suv using bimolecular fluorescence
complementation (BiFC) assay. Presence of green fluorescence denotes
the occurrence of interaction of the 2 proteins in the cell.
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Figure 2. SlUev1C and SlUev1D are not involved in Fen-mediated PCD in Nicotiana benthamiana. (A) Phylogenetic tree of AtUEV1A-1D and tomato Uev1
homologs. The Amino acid sequences of the proteins were aligned using Clustal W, which was followed by generation of phylogenetic tree using MEGA
6.16,17 (B) Interaction of SlUev1C and SlUev1D with Fni3 and SlUbc13-2, respectively in yeast cells. (C) Alignment of the nucleotide sequence of SlUev1C
and 1D using Clustal W. (D) Silencing SlUev1C and SlUev1D gene did not affect Fen-mediated cell death in N. benthamiana leaf.
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differential requirement of tomato Uev proteins for Fen-
mediated PCD in N. benthamiana suggests that they may
play different role in the cell.
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