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Abstract We report the characterization of three UBA2
genes (UBA2a, -b, and -c; corresponding to At3g56860,
At2g41060, and At3gl15010) encoding Arabidopsis thali-
ana proteins with high homology to Vicia faba AKIP1 and
other heterogeneous nuclear ribonucleoprotein (hnRNP)-
type RNA-binding proteins. In vitro RNA binding assays
revealed that the three UBA2 proteins interact efficiently
with homoribopolymers. Biolistic transient expression of
UBA2-GFPs demonstrated that the three UBA2 proteins
localize to the nucleus. Expression analysis by RNA gel
blot, RT-PCR, and promoter::GUS assays showed that
UBA?2 transcripts are present in all organs. UBA2 genes
are subject to alternative splicing affecting only the
3/-untranslated regions (UTRs): six different splice variants
were detected for UBA2a, and two each were found for
UBA2b and UBA2c. RT-PCR and quantitative real-time
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RT-PCR analysis showed that the levels of UBA2 tran-
scripts are regulated by wounding in a splice variant-
specific manner: splice variants UBA2a.l1 and UBA2c.l
increased following mechanical wounding. Wounding
effects on gene expression are transduced by methyl
jasmonate (MeJA)-dependent and oligogalacturonide
(OGA)-dependent pathways. However, neither MeJA nor
OGA treatment altered levels of any of the UBA2 tran-
scripts, and other plant hormones implicated in wound
responses, ethylene and abscisic acid (ABA), also had no
effect on accumulation of UBA2 transcripts. Taken toge-
ther, these results imply that the three UBA2 genes encode
hnRNP-type nuclear RNA-binding proteins that function in
a novel wound signal transduction pathway.
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Introduction

Posttranscriptional processes, including pre-mRNA splic-
ing, alternative splicing, capping, polyadenylation, mRNA
stability and mRNA transport, are crucial in gene expres-
sion control. Numerous plant RNA-binding proteins have
been identified at the sequence level and are good candi-
dates to exert these functions. Many of these proteins are
characterized by the presence of RNA-recognition motifs
(RRM), also called consensus sequence RNA-binding
domains (CS-RBD). An RRM contains two short consen-
sus sequences consisting of RNP1 (octamer) and RNP2
(hexamer) embedded in a ~80 amino acid region that is
better conserved at the structural than at the sequence level
(Lorkovi¢ and Barta 2002).
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The Arabidopsis genome encodes 196 proteins con-
taining one to four RRMs (Lorkovi¢ and Barta 2002). The
biological functions of only a few of these RRM-contain-
ing proteins have been investigated. Three RRM-
containing proteins are involved in flowering control in
Arabidopsis: FCA (FLOWERING TIME CONTROL
PROTEIN ALPHA) and FPA each have one RRM and
FLK (FLOWERING LATE KH DOMAIN) has three
RRMs (Macknight et al. 1997; Schomburg et al. 2001; Lim
et al. 2004). These three proteins are involved in process-
ing of the transcript of the key regulator of flowering,
Flowering Locus C (FLC; Simpson 2004). It is noteworthy
that FCA has also been characterized as an abscisic acid
receptor and that ABA can exert a direct negative control
on FCA function in flowering control (Razem et al. 2006).
Vicia faba AKIP1 (VfAKIP1), which contains two RRMs,
is part of the ABA signaling pathway that regulates sto-
matal closure. AKIP1 binds a dehydrin transcript when
phosphorylated in response to ABA (Li et al. 2002).

Several glycine-rich RNA-binding proteins (GR-RBPs),
which contain one RRM, are hypothesized to play roles in
post-transcriptional gene regulation under various stress
conditions (Alba and Pages 1998; Sachetto-Martins et al.
2000). For example, the transcript level of GR-RBP4 in
Arabidopsis increases with cold stress and decreases with
salt stress and dehydration (Kwak et al. 2005). Despite this
interesting correlation, overexpression of GR-RBP4 in
Arabidopsis did not affect cold or freezing tolerance and the
role of GR-RBP4 is still unknown. The strongest functional
evidence for GR-RBP participation in stress response has
been obtained for the Arabidopsis atRZ-1a gene. The tran-
script level of this gene is upregulated by cold and atRZ-1a
overexpression leads to faster seed germination, better
seedling growth under cold stress, and enhanced freezing
tolerance in Arabidopsis (Kim et al. 2005).

Here we report characterization of the UBA2 class of
Arabidopsis RNA-binding proteins, which are the proteins in
the Arabidopsis genome with greatest similarity to Vicia
faba AKIP1. This Arabidopsis protein family has three
members, UBA2a, UBA2b and UBA2c, with overall simi-
larity to metazoan hnRNPs of A/B and D types. These
classes of hnRNPs are RRM-containing proteins that in
mammals are known to be involved in many aspects of RNA
metabolism, including pre-mRNA splicing, mRNA locali-
zation, stability, export to the cytoplasm, and translational
control (Dreyfuss et al. 1996, 2002; Krecic and Swanson
1999; Mili et al. 2001; Reed and Magni 2001). UBA2a has
been previously identified by Lambermon and coworkers
(2002) for its ability to interact with UBP1, a hnRNP-like
protein involved in both mRNA splicing and stability
(Lambermon et al. 2000). UBA2b and UBA2c were subse-
quently identified in silico by sequence homology to UBA2a
(Lambermon et al. 2002) but have not yet been studied.
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Materials and methods
Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was used
in this study. Seeds were surface-sterilized in 70% ethanol
for 3 min once and then in 95% ethanol for 1 min three
times. Seeds were dried on filter paper and transferred to
half-strength Murashige and Skoog medium (Murashige
and Skoog 1962) supplemented with 1% sucrose and 1.0%
agar (Sigma). Plates were placed at 4°C for 2 days for
stratification and then placed vertically under short-day
growth conditions (8 h light/16 h dark cycle) at 22°C for
10-12 days. Healthy seedlings were transplanted to soil
(Miracle-Gro) on trays and covered with a plastic lid.
Plants were grown to maturity under short-day conditions
at 22°C at a light intensity of 120 pmol m~> s~'. Plants
were watered with distilled water once a week.

Cloning and constructs of UBA2 cDNAs

Total RNA was isolated from rosette leaf tissues using Trizol
reagent (Invitrogen, Carlsbad, CA) and first-strand cDNA
was synthesized from 5 pg of total RNA using Superscript 11
RNase H™ Reverse Transcriptase (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Full-length
cDNAs of UBA2a, -b and -¢ were amplified from first-strand
cDNA using Platinum Pfx DNA polymerase according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA)
with the following primers: for UBA2a, Al-Ncol primer
(5-CCATGGCAAAGAAGAGA AAGCTCGAAGGAG-3')
and Al-C-terminal primer (5-CATGGGTCACTAAATGT
ATCATGTATCC-3'); for UBA2b, A2-Ncol primer (5'-CCA
TGGCAAAGAAGAGAAAGCTCGAATCTG-3') and A2-
C-terminal primer (5-CATGGGTCGTTAGATTAGCCAC
TCAGG-3'); for UBA2c¢, A3-Ncol primer (5'-CCATGGATA
TGATGAAGAAGCGTAAGC-3") and A3-C-terminal pri-
mer (5-CCCAACGGTCCACCAAACTACTGAAAA-3).
The resulting cDNA products were cloned into the pCR-Blunt
II-TOPO vector using the Zero Blunt PCR cloning kit
according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA). The constructs were confirmed by sequencing.

Homoribopolymer binding assays

Each Nco I-Not 1 fragment of full-length cDNA in the
pCR-Blunt II-UBA2 clones was cloned into the Nco I and
Not 1 restriction sites of pENTR11 gateway vector (Invit-
rogen, Carlsbad, CA). Three UBA2 expression clones with
the N-terminal glutathione S-transferase (GST)-tagged
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recombinant proteins were generated by performing a
recombination reaction between the pENTR-UBA2 entry
clones and gateway destination vector pDEST15 (Invitro-
gen, Carlsbad, CA). GST-UBA2 proteins, purified on
glutathione resin according to the manufacturer’s instruc-
tions (Clontech, MountainView CA), were incubated with
sepharose-bound homoribopolymers (Sigma) in binding
buffer (10 mM Tris—HCI, pH 7.4, containing 250 mM,
500 mM, or 1,000 mM NaCl, 250 mM MgCl,, 0.8% Tri-
ton X-100, 0.5 mM phenylmethylsulphonylfluoride
(PMSF) and Complete EDTA free protease inhibitor
(Roche). After washing four times with binding buffer to
remove nonspecific binding, the homoribopolymer beads
were boiled in SDS sample buffer and proteins in the buffer
were resolved by SDS-polyacrylamide gel electrophoresis
and silver nitrate staining.

UBA2-GFP constructs

For transient expression analyses, UBA2 cDNA inserts
were fused in-frame with GFP at the C-terminus following
the protocol of Lambermon et al. (2002), with some
modifications. The UBA2a-GFP clone was a kind gift from
Dr Zdravko Lorkovi¢. The pUBA2a-GFP clone was gen-
erated as described by Lambermon et al. (2002). The
coding regions of UBA2b and UBA2c¢ were amplified by
PCR from the pCR-Blunt-UBA2 plasmids using the fol-
lowing primers: for pUBA2b-GFP, A2-Sall 5'primer
(5-GTCGACAATAAACCATGACAAAGAAGAGAAAG
CTCGAA-3') and A2-BamHI 3'primer (5-GGATCCA
CGACCCATGTAAGGACCACC-3); for pUBA2c-GFP,
A3-Sall 5'primer (5-GTCGACAATAAACCATGGATAT
GATGAAGAAGCGTAAGC-3’) and A3-BamHI 3'primer
(GGATCCGTAGTTTGGTGGACCGTTGGG-3').  The
GFP vector contains a double CaMV 35S promoter
(Lambermon et al. 2000). The 5" primers introduced a Sal T
restriction site (in bold type), followed by the plant con-
sensus translation initiation sequence (in italic type),
whereas the 3’ primers introduced a BamH I restriction site
(in bold type) in place of the stop codon. The PCR products
were first cloned into the pCR-Blunt II-TOPO vector and
then the fragments were cut with Sal I and BamH I and
ligated into the GFP vector, from which the UBA2a insert
had been removed with the same restriction enzymes,
resulting in pUBA2b-GFP or pUBA2c-GFP.

Biolistic transient assay of UBA2-GFP localization

The first fully expanded leaves of 4- to 5-week-old Vicia
faba plants were used for particle bombardment with

pUBA2-GFP plasmids as previously described (Li et al.
2000, 2002; Ng et al. 2004). Leaves were bombarded with
1.5 pg plasmid DNA and immediately floated abaxial side
down on 25 ml of 10 mM MES, 50 mM KCI, pH 6.2
buffer with or without the addition of 50 uM ABA. Leaves
were incubated at room temperature in closed Petri dishes
in the dark for 18-20 h before examination.

Epidermal peels were taken and examined using an
Olympus BX-60 epi-fluorescence digital microscope
equipped with a Hamamatsu Orca-100 camera and Simple
PCI software. Images (tif format) were collected using a
60x%/1.4 oil immersion plan-apochromat lens and a FITC/
RSGFP/Bodipy/Fluo 3/DiO Filter Cube. Nuclei having
areas of intense punctuate signal regardless of the size or
number of “speckles” were designated as “speckled”.
“Smooth” nuclei had a uniform intensity of signal
throughout the entire nucleus. In the “intermediate” nuclei,
there were no clearly delineated punctuate areas, but the
signal was not uniform in intensity throughout the entire
nucleus. At least three independent experiments were
performed for each construct and in each of these experi-
ments at least 50 cells were assessed for each of the two
conditions (control or +ABA).

To assess the relative level of expression, epidermal
peels were examined using a confocal LSM 510 Meta
microscope (Zeiss) equipped with a 20x/0.75 plan-apo-
chromat lens and a 40x/0.75 plan-apochromat water
immersion lens. Samples were excited using a 488 nm
25 mW laser at 15% power. Signal was collected using the
lambda function of the imaging software over an emission
range of 510-565 nm. Peak emission (Relative Fluores-
cence Units) was compared while keeping excitation
energy, pinhole, and gain settings constant.

RNA extraction and RNA gel blot analysis

Total RNA was extracted from the frozen samples using
the Plant RNeasy extraction kit (Qiagen, Valencia, CA).
Total RNA was treated with DNase I on column to remove
genomic DNA contamination according to the manufac-
turer’s protocol (Qiagen, Valencia, CA). The concentration
of RNA was quantified by spectrophotometric measure-
ment. For RNA gel blot analysis, 8 pg of total RNA was
denatured and separated on a 1.2% agarose-formaldehyde
gel, and transferred onto a nylon membrane (Hybond-N
plus, Amersham Biosciences, NJ). The filters were prehy-
bridized for 30 min and incubated for 16 h at 60—65°C in
Church’s hybridization solution. The RNA blots were
hybridized with gene-specific probes in Church’s hybrid-
ization solution (Church and Gilbert 1984) as described
previously (Kim et al. 2003). The membranes were washed
three times for 10 min in 2x SSC with 0.1% SDS and three
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times for 10 min in 0.2x SSC with 0.1% SDS at 60-65°C.
Equal RNA loading was visualized by staining the rRNAs
with ethidium bromide.

The probes were synthesized with o-[**P]JdCTP via a
random primer labeling system (Qiagen, Valencia, CA).
The labeled probes were cleaned using Bio-spin P-30
columns (Bio-Rad, Hercules, CA) according to the manu-
facturer’s instructions. An EcoR I-Hind 111 fragment (about
460 bp) corresponding to amino acids 1-159 of the pre-
dicted UBA2a protein was used as a UBA2a gene-specific
probe. An EcoR I-Pst 1 fragment (about 300 bp) for
UBA2b and an EcoR 1-Pst 1 fragment (about 830 bp) for
UBA2c¢ were used as gene-specific probes (Fig. 4). To
detect the previously known splice variants of UBA2a
transcripts, 3'-UTR regions specific to UBA2a.l and to
UBA2a.2 and UBA2a.3 were amplified by PCR using
specific primer pairs and were added as probes for RNA gel
blot hybridization (Fig. S1). (We noted later that the
3/-UTR probe originally designed against UBA2a.2
sequence may also hybridize with other splice variants that
were subsequently discovered, including UBA2a.3 and
UBA2a.4).

Reporter gene analysis of UBA2 expression patterns

Promoter regions of UBA2a (1,120 bp upstream of the start
codon plus 47 bp of the coding region for a fusion in frame
with uidA CDS), UBA2b (1,182 + 29 bp) and UBA2c
(1,126 + 65 bp) were amplified using Pfx DNA polymerase
according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA) with the following primers: for UBA2a
promoter, pAIF 5-GGATCCCTACTCTTGGAATTGAC
TCAAC-3’and pAIR 5-TCAGCTTCGTTAGATTCTT
CTC-3'; for UBA2b promoter, pA2F 5-GGATCCC
GACATTCACATATCAACACC-3' and pA2R 5'-TCAG
ATTCGAGCTTTCTCTTC-3'; for UBA2c¢ promoter, pA3F
5'-GGATCCTCCTCCGCCTCATATGGGTG-3' and pA3R
5'-CCGCCACCGTTGGTATTGAG-3'. The PCR products
were cloned into the pCR4-Blunt-TOPO vector using the
Zero Blunt TOPO PCR cloning kit (Invitrogen, Carlsbad,
CA) and subcloned into the pPENTR11 vector between the
BamH 1 and Not 1 restriction sites present in the polylinkers
of both vectors. The promoters were finally transferred by
LR recombination reaction using the Gateway™ technol-
ogy kit (Invitrogen, Carlsbad, CA) into the pGWB3 vector
that contains the uidA gene without start codon. The con-
structs were introduced into Agrobacterium C58C1 strain,
and used to transform Arabidopsis plants by the floral-dip
method (Clough and Bent 1998). GUS staining with
5-bromo-4-chloro-3-indolyl-8-p-glucuronic acid was per-
formed as described by Carrington (1995).
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Plant treatments

In initial experiments (Fig. S1) for mechanical wounding
treatment we used detachment of rosette leaves from
5-week-old Arabidopsis plants. Detached leaves were
placed in incubation buffer (10 mM MES, 50 mM KClI, pH
6.2). Subsequently, leaf discs were collected from rosette
leaves of Arabidopsis plants using a cork borer (10 or
6 mm in diameter for RT-PCR and Q-PCR analyses,
respectively). Tissue samples were kept in the incubation
buffer for various periods, harvested and immediately
immersed in liquid nitrogen. For hormone treatments,
5-week-old plants were sprayed with solutions containing
0.01% (~424 uM) methyl jasmonate (95% methyl
jasmonate solution, Sigma-Aldrich) or 100 uM ABA
(A.G. Scientific, San Diego) and water was used as control.
For ethylene treatment, 5-week-old plants were exposed to
5 ppm ethylene gas in a tightly sealed plastic container and
harvested at various time points. Ethylene gas concentra-
tion in the box was verified using a Hewlett-Packard gas
chromatograph model 5840A equipped with a flame ioni-
zation detector and a column of activated alumina (Clark
et al. 1997).

For treatment with OGAs, the protocol of Rojo et al.
(1999) was followed. Seeds were surface-sterilized and
sown in 12-well (30 seeds per well) tissue culture clusters
(Costar Corp., Cambridge, MA), containing 2 ml per well
of sterile MS medium (Murashige and Skoog salts; JRH
Bioscience, Inc., Lenexas, Kansas) supplemented with
0.5% sucrose, and grown with shaking (150 rpm) in a
culture room under 16 h day/8 h night diurnal cycles for
10 days. Prior to treatments, the liquid medium was
removed from the wells and replaced with 2 ml of fresh
medium with or without 250 pg ml~' OGAs. OGAs, pre-
pared as described in Spiro et al. (1993), were kindly
provided by Dr. Mark Spiro.

Touch stress was applied by bending leaves (from
independent plants) 10 times back and forth (Lee et al.
2005). Leaf discs and the middle third (9 mm wide bands
along the apical-distal axis) of wounded leaves (area sur-
rounding the holes), bent leaves, unwounded leaves from
wounded plants to assay for systemic induction, and leaves
from unstressed plants (control) were collected 2 and 6 h
after wounding for Q-PCR analysis.

For bacterial inoculation, the avirulent pathogen
Pseudomonas syringae pv tomato (P. s. t.) DC3000
(avrRpt2) bacterial strain was grown at 28°C on Pseu-
domonas agar F (Sigma, St. Louis) media supplemented
with 100 pg ml™" rifampicin and 25 pg ml~' kanamycin.
Leaves of 5-week-old plants were syringe-inoculated with
bacteria suspended in 10 mM MgCl, at a concentration
of 1 x 10° cfu mI™" as described by Jambunathan and
McNellis (2003).
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RT-PCR analysis

For RT-PCR experiments RNA was treated with DNase I
on column according to the manufacturer’s specifications
(Qiagen, Valencia, CA), or treated with RQI DNase (Pro-
mega) followed by a phenol/chloroform extraction. One pg
of total RNA was used in the RT-PCR system according to
the manufacturer’s instructions (Invitrogen, Carlsbad, CA)
together with gene-specific primers. PCR was performed
with denaturation at 96°C for 10 min, followed by 25
cycles of denaturation at 94°C for 15 s, annealing at 58°C
for 30 s, and extension at 72°C for 1 min. A final extension
at 72°C for 10 min was performed to complete the reac-
tion. Control RT-PCR was performed with the same
amount of total RNA using a primer pair specific to the
Actin2 (At3g18780) gene. Twelve ul of each RT-PCR
product was analyzed on a 1.0% (w/v) agarose gel to
visualize the amplified cDNAs.

To obtain additional insight into the splice variants of
the three UBA?2 transcripts, we performed RT-PCR analy-
ses using UBA2-splice variant-specific primers on RNA
samples from wounded (leaf disc) tissue. Positions of
primers relative to the sequences of the UBA2 transcripts
are indicated by arrows in Fig. 6a. The primers used in
this study are as follows: for UBA2a, Al-specific
(5-CTATCGCTGCTGCAGCTGTTTCAG-3') and Al-C-
terminal primers (5-GGATACATGATACATTTAGT
GACCCATG-3'); for UBA2a.l, Al-specific and Al-a type
primers (5'-GACTTCATTTAGCATCAGCTCCTT-3); for
UBA2a.2, Al-C-For (5'-CAAGGCGGTACAAGTAGA
GGGCAAC-3) and Al-b type primers (5'-CACGCC
TTTATAAACTCCTCTGAA-3'); for UBA2a.3, A1-C-For
and Al-c type primers (5-AATAATATTCAAAGCTC
GTACTCTTGTG-3'); for UBA2b, A2-specific (5'-GGG
AACCCTGTTGTGGCTCCTG-3') and A2-C-terminal pri-
mers  (5-CCTGAGTGGCTAATCTAACGACCCATG-3);
for UBA2b.1, A2-specific and A2-a type primers
(5-GGTACCCCATAGATTTTTGTTGG-3'); for UBA2c,
A3-For (5-CTGGTAAATCTAGAGGCTTTGCAT-3') and
A3-C-terminal primer (5-TTTTCAGTAGTTTGGTGGAC
CGTTGGG-3'); for UBA2c.1, A3-For and A3-a type
primers (5-CAATCAGGTAATCACCACTAAGCA-3).

Quantitative real-time RT-PCR analysis

Four-week-old plants were transferred to continuous light
5 days before stress application to avoid any inadvertent
diurnal stimulus (see “Plant treatments”). Total RNA was
extracted using Trizol (Invitrogen) and treated with RQI
DNase (Promega), according to the manufacturers’
instructions. After purification with chloroform—phenol-
isoamyl alcohol, 1 pg of RNA was reverse-transcribed

using the SuperScript III First-Strand Synthesis System for
RT-PCR (Invitrogen). Real-time PCR analysis was per-
formed in 25 pl reactions containing 5 pl of 1:12.5 diluted
cDNA samples, 12.5 pl IQ SYBR Green Supermix (Bio-
Rad), and 0.2 pM of each primer, using an iQ5 Real-Time
PCR detection system (Bio-Rad). These quantitative assays
were performed twice on independent biological duplicates
and the results of the four experiments were averaged to
determine the fold change in RNA expression using the
threshold cycles method. The amplicon of Actin2/8 (for-
ward primer 5'-GGTAACATTGTGCTCAGTGGTGG-3'
and reverse primer 5-AACGACCTTAATCTTCATG
CTGC-3') was used to normalize the data (Charrier et al.
2002). The different transcripts were amplified using 20 s
of elongation time and specific primer pairs and annealing
temperature: for UBA2a all splice variants: all a forward
primer 5-CAGGGAATGGAGTTGGAATG-3, all a
reverse primer 5-TTAGTGACCCATGTAAGGAGT-3/,
60.3°C; UBA2a.I: a.lfor 5’-CCACTCAGATATCAGAAA
TCAG-3, a.lrev 5-TTATGAGTTTGGCCTTAGGA-3/,
58.0°C; UBA2a.2: al2for 5'-CCATCCACTCAGTCAA
ACTT-3, a2rev 5-CTCCTCTGAAACATTAAGGGAA-3,
59.8°C; UBA2a.3: a3for 5-TTGTTTATTGGTCCTAGT
CCCT-3/, a.3rev 5'-ATTCAAAGCTCGTACTCTTGTG-3/,
60.9°C; UBA2a.4: adfor 5'-CATCCACTCAGGTAATT
GACT-3, adrev 5-CAGAACCAATTGCATTCAGA-3,
58.7°C; UBA2a.5: a.for 5-CCATCCACTCAGTCAA
ACTT-3, alrev 5-GGTACATGCTCTCCTTCAAT-3,
59.5°C; UBA2b all splice variants: all b forward primer
5-TTTAAGAGCAAGCTGAACGG-3’, all b reverse
primer 5'-GCTACCAATTCATAGATTCATCCC-3, 60.9°C;
UBA2b.I: b.dfor 5'-GCCACTCAGGTAATTTAAGAGC-3,
b.lrev 5'-GCTACCAATTCATAGATTCATCCC-3, 61.3°C;
UBA2b.2: b2for 5-CGCTTTCACTATGTTTGAATCC-3,
b2rev  5-GTGGTAATCAAGATAAGCCGT-3, 60.2°C;
UBA2c all splice variants: all ¢ forward primer 5'-ATAGC
TGCTTTGACCTATCTG-3, all ¢ reverse primer 5'-AATC
AGGAAGCCCAATAGAG-3, 59.1°C; UBA2c.I: c.1for 5'-TA
CGGTCTTTCATCATCTGCT-3, c.lrev 5-CATCTTCACC
CAATATGCTGTC-3, 61.3°C; UBA2c¢.2: c.2for Y-TAACGCA
TGAAAGATAGCCAG-3, c.2rev 5~ ATCAACACCCATTCA
CAACTC-3, 60.5°C; WR3: WR3-Qfor 5-GATCCTCTTT
GCTTCACTTCTC-3', WR3-Qrev 5-TAATGTTCAACGTA
TCCTTGCC-3', 61.0°C. Absence of genomic DNA contami-
nation was verified by running the PCRs on aliquots of the
original DNase-treated RNAs, without reverse transcription.

AGI locus numbers

Arabidopsis Genome Initiative locus numbers for the genes
described in this work are as follows: UBA2a (At3g56860),
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UBA2b  (A2g41060), UBA2c  (At3gl5010), WR3
(At5¢50200), VSPI (At5g24780), HELI (At3g04720), Rab18
(At5g66400), PR-1 (At2g19990), Actin2 (At3g18780).

Results

Identification of hnRNP-type RNA-binding proteins
from Arabidopsis

Arabidopsis ¢cDNAs corresponding to the genes UBA2a
(At3g56860), UBA2b (At2g41060), and UBA2c¢ (At3g15010)
were isolated by RT-PCR. The identities to VFAKIP1 of
UBAZ2a, -b, and -c at the amino acid levels are 49.4%, 49.7%,
and 30.4%, respectively (Fig. 1). Each of these hnRNP-type
RNA binding proteins contains two RRM domains, each
containing two short highly conserved RNA binding regions
(RNP1 and RNP2), and the three proteins each have a
C-terminal auxiliary glycine (G)-rich domain (Fig. 1). UBA2a
and -b proteins have an N-terminal aspartate (p)/glutamate
(E)-rich domain that is absent from UBA2c (Fig. 1).

UBA2a RVECEESNTAEFESOELKQTPEEEQQOLVI 34
UBA2b $¥ESE-ENBTSIHETENQQQQCEKED-PEL 32
UBA2c S#DEN-— - ——— - _____ 12
AKIP1 S8V AK-ESEPEEEPLEQHHSQPOPDPEPE 53

KNQDNEGDVEEVEYEEVIZEEQEEREDDDDEDDGDENEDQTDGNRIFAAATECSENE---ED 93
RNVDNERDDDi - - ~QVVIZQDTLKMHEEEAK - ~GEDN-—— - —— - — TSAETSEGSENGCNEDD 143
—————————————————————————————————————————————— GNGLN/UNGEGTIGPTR 28

PYIPTEEVEEEYEEVEEEYEEVESIEVEEEEEEEEEE- - - - —-—— DGGEQAQEGE--YLE 104

K] V TRIAVA EDPV €
RHIADV I I ADIZDIRY G
T RH [LES\YSLTENSIBT S REMAA
AlS A\ T REGEA DE DRV G
[ALKQPEKKIEHS K 217
A KK T! I 205
ALKEPEKKIMN T S 152
{EP@KKT! I 228

€2V FGGAPTIAAAAVSAPAGHSNS[ZHINOIX 0 AE] [O/K L iy 279
€06 I SA (0K Lt 261
G KIYV PF IPAD Gl 201
G AQTP****QPAVQLV P-GSEYIGeS= WG PE| HIOBF A

GRKIZC Kt Q HH 334

Gi I/ 7777777 316

EKINGE ————————— 254

A TQHPQPQ)| L VN 347

NPHAYNNP---------— I YORNDNNG Y Gt PPGGHESLVAGNPAGM- - - - - GGPTAEV 376
NSHNQ S 77777777777 13\ Y ORNDNING Y Gl APGGH F GN 7777777777 NQ 'VeA 352
QAQDGGSG----—--—----— HGHVHGE@ME - - - - -MVRPAGPYCIAG————————— GISAYGG 291
SLNQF QLNQLNPATQRTQ VGGS SVAVSQP L PAGPTIGYNQAAAS AGG 409
IN---- FNP IGQA! AAGV - - - - NEEN] GT 430
F -—— FGQA! AS-———————| AVG GT 403
fffffff GPPAH THSSI I GS GYGGH GY[@GPGCTGVYGGLEGEYEGIEGTGSG 346
L IAVRIPAT COALTAL T ASOCAINT CESEREEty SNALNHGGVIZAAEHEY/O! SA 466

-

G
- € - - - T PELCCTOT HOEE T S HERHEVC PYC TRIEH - - -~ - - 478
Sk GVY € - - Al vliceiOTO! AGLEPHEAC-YCGPIMER - -~ 451
YRIPIES ST ECEGY PESCHYGLS SSACY] HHQA TSPVPRVPHG! IYPNGPPNY 404

PTESIESVIUGANENSVPEVELEVQMPNQE TiE) YEGA---AS

Fig. 1 Sequence alignment of three UBA2 hnRNP proteins and
VfAKIP1. Sequences alignment of the four proteins was performed
using Clustal W and sequence similarities were highlighted using
Genedoc software. The dashed lines show the RNP1 (octamer) and
RNP2 (hexamer) domains and the solid lines indicates the RRMs. The
arrows following and preceding the letters D and G delimit the D/E-
rich domain of UBA2a, UBA2b and AKIPI1 and the G-rich domains
of the four proteins
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Homoribopolymer binding assays

To assess whether these three putative RNA binding pro-
teins can indeed bind RNA, as suggested by their structure
and their similarity to VfAKIPI, purified recombinant
GST-UBAZ2 proteins were used for in vitro RNA binding
experiments with homoribopolymers (Hirose et al. 1993;
Kwak et al. 2005). Figure 2 shows the interaction of
recombinant GST-UBA2 proteins with poly(A), poly(C),
poly(G) and poly(U) in the presence of 0.25, 0.5 and 1 M
NaCl. GST-UBA2a bound all RNA homoribopolymers,
with a stronger binding to poly(G) and poly(U) at low salt
concentration. GST-UBAZ2b barely bound poly(A), weakly
bound poly(C), and bound poly(G) and poly(U) more
strongly. GST-UBAZ2c has an overall higher affinity for the
four RNA homoribopolymers as revealed by stronger
bands at 0.5 and 1 M NaCl relative to the other two UBA2
proteins. Purified GST protein did not show affinity for the
ribonucleotide homopolymers under identical conditions.

Subcellular localization of UBA2 proteins
and ABA-induction of UBA2 nuclear speckles

To examine the subcellular localization of UBA2 proteins,
the three UBA2-GFP fusion constructs were transiently
expressed in leaves of Vicia faba under control of the 35S
promoter (Li et al. 2000). Fluorescence microscopy of leaf
tissues revealed that all three UBA2-GFP fusion proteins
localized to the nuclei of leaf cells (Fig. 3). In less than 5%
of transformed cells, localization to the cytosol was also
observed (data not shown). Cytosolic localization did not
correlate with expression level (fluorescence intensities
quantified using the lambda function of a LSM 510 Meta
system and the accompanying software; data not shown).

poly A poly C poly U poly G
= =] = =
NacllnM & 2 8 2 8 8 8 8 8 8 8 8
GST-UBA2a s
GST-UBA2b o
GST-UBA2¢c
GST

Fig. 2 In vitro RNA binding anaysis. GST-UBA2 proteins were
incubated with the indicated Sepharose-homoribopolymers and
washed with buffers of increasing stringency (250, 500, and
1,000 mM NaCl). The proteins interacting with the synthetic RNA
were subsequently revealed by silver nitrate-stained SDS-PAGE
analysis
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However, most, although not all, of the cells exhibiting
cytosolic localization also exhibited aberrant cellular
morphology such as a deformed nucleus.

<« Fig. 3 Subcellular localization and effect of ABA on nuclear speckles
of UBA2-GFP proteins. Subcellular localization of (a) UBA2a-GFP,
(b) UBA2b-GFP, and (c) UBA2c-GFP transiently expressed in Vicia
faba. After an 18 h period to allow expression of the construct and
treatment (no ABA indicated by solid bars, 50 pM ABA indicated by
open bars), epidermal peels from Vicia faba leaves were examined.
Each panel represents the mean of percentages from three independent
experiments for each construct. For all three constructs the percent of
speckled nuclei in the ABA treated leaves was significantly greater
(P < 0.05) than for the control (Student’s t-test)

As ABA induces subnuclear relocalization of the related
hnRNP, Vicia faba AKIP1, from a diffuse localization in
the nucleus to punctuate “nuclear speckles” (Li et al. 2002;
Ng et al. 2004), we assessed this phenomenon for the
UBA2 proteins. We observed that UBA2a-GFP and
UBA2b-GFP both showed localization in nuclear speckles
upon ABA treatment (Fig. 3a, b). Interestingly, we found
that UBA2c-GFP fusion protein formed speckles in the
majority of nuclei even without ABA treatment (Fig. 3c;
74% for control vs. 84% for ABA). By contrast, in the
absence of ABA treatment, only a minority of nuclei with
UBAZ2a-GFP or UBA2b-GFP expression exhibited nuclear
speckles. However, for all three constructs, the percent of
speckled nuclei in the ABA treated leaves was significantly
greater (P < 0.05) than for the control (Student’s z-test).

Expression patterns of UBA2 genes in Arabidopsis
tissues

To study the expression patterns of the three UBA2
hnRNP-type RNA-binding genes in Arabidopsis, northern
blot analysis was employed using total RNA isolated from
leaves, roots, stems, flower buds, and cauline leaves from 8
to 10 weeks old plants. As shown in Fig. 4, UBA2a and
UBAZ2c are expressed in all tissues and UBA2b is present at
very low abundance in all tissues assayed. In all tissues, at
least two bands were found to hybridize with a UBA2a
probe (EcoR 1-Hind 1II fragment, about 460 bp), and an
additional hybridizing band was also detected with a
UBA2c probe (EcoR 1-Pst 1 fragment, 830 bp) in root and
flower tissues. These bands were later found to correspond
to splice variants (see next section).

UBA? expression patterns were investigated at the tissue
level using GUS staining after fusion of each of the three
corresponding promoters with the uidA gene (Fig. 5). By
this technique, UBA2a showed a higher expression in the
youngest leaves, in flowers and in 2-day-old imbibed
embryos (Fig. 5a, d, e). UBA2b expression was detected in
flowers, and in the shoot meristem area and in adjacent
developing organs (Fig. 5b, f, g). UBA2c expression was
observed in young leaves, the root apical and lateral mer-
istems and the radicle of 2-day-old imbibed embryos
(Fig. 5c, h—j).
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UBA2b

UBAZ2c

rRNA

Fig. 4 Northern blot analysis of UBA2 mRNA expression. Accumu-
lation patterns of UBA2 transcripts in mature rosette leaves (leaf),
roots, stems, flower buds (flower), and cauline leaves of 8 to 10-week-
old plants. Arrows indicate the presence of bands subsequently
confirmed to be splice variants. An EcoR 1-Hind 1l fragment
corresponding to amino acids 1-159 of the predicted UBA2a protein
was used as a UBA2a gene-specific probe. An EcoR I-Pst 1 fragment
(~300 bp) for UBA2b and an EcoR 1-Pst I fragment (~ 830 bp) for
UBA2c were used as gene-specific probes

Expression analysis of UBA?2 splice variants

During further expression analysis of UBA2 transcripts by
northern blotting, we observed that accumulation of
UBA2a and UBA2c transcripts was enhanced by leaf
detachment from soil-grown 5-week-old Arabidopsis
plants (Supplemental Fig. 1), suggesting induction of these
UBA?2 genes by wounding. Through TAIR database com-
parisons of cDNA and EST sequences to genomic
sequences, we found that three types of UBA2a splice
variants (At3g56860.1, At3g56860.2, and At3g56860.3),
one splice variant of UBA2b (At2g41060.1), and two splice
variants of UBA2c¢ (At3g15010.1 and At3g15010.2) have
been previously reported. Remarkably, all of the previously
reported splice variants from each gene, as well as new
variants that we discovered in the course of this analysis
(see below) arise solely as a result of unique processing of
the 3’-UTR. Thus, all splice variants for each UBA2 gene
have identical coding sequences and are expected to give
rise to an identical protein product.

Schematic structures of splice variants detected for each
UBA?2 gene are shown in Fig. 6a—c based on both database
analysis and our experimental results. We initially discov-
ered the new splice variants by RT-PCR, during attempts to
monitor variations in accumulation of each splice variant
then present in TAIR database. First, an additional

Fig. 5 Expression patterns of UBA2-promoter::GUS constructs.
UBA2a is expressed in the young rosette leaves (a), flowers (d),
and the embryo (e); UBA2b is expressed in the shoot apical meristem
and adjacent young organs (b, g) and in the flowers (f); UBA2c is
expressed in the young rosette leaves (c), strongly in the root apical
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(h) and lateral (i) meristems of seedlings and in the embryo radicle
(j). Panels a, b, ¢, g, h, and i are images taken from 3-week-old plants,
panels e and j are images of embryos after imbition in water for 48 h,
and panels d and f are images of open flowers
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Fig. 6 RT-PCR analysis of (A) UBA2a (3353 bp)

(B) UBA2b (2570 bp)
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transcript, which we named UBA2a.4 (At3g56860.4,
2,688 bp), was detected in addition to UBA2a.2 when
UBA2a.2-specific primers were used. Two new splice
variants, named UBA2a.5 (At3g56860.5) and UBA2a.6
(At3g56860.6), were also amplified with UBA2a.3-specific
primers. We confirmed the identities of the UBA2a.4,
UBA2a.5, and UBA2a.6 splice variants by cloning and
sequencing the PCR products (data not shown). We also
found a new splice variant of UBA2b (Fig. 6b, e), in addi-
tion to the known UBA2b.1 variant (1,782 bp). This
additional transcript was named UBA2b.2 (2,302 bp); it was
amplified when UBA2b. I-specific primers were used.

To investigate the regulation of alternative splicing by
wounding, we performed RT-PCR experiments using
total RNA isolated from wounded tissues (i.e. leaf discs of
rosette leaves) and different pairs of primers specific to the
different splice variants (black arrows in Fig. 6a—). To
confirm the effectiveness of leaf disc excision as a wounding
treatment, the expression of WOUND-RESPONSIVE GENE3

12 24

(hrs) 0 12 2 4 8 12 24 (hrs)
UBA2a UBA2b
< UBA2b.2
UBA2a.1 UBA2b.1
UBA2a.4 F -

UBAZe 2 (F) Leaf Discs

0 12 2 4 8 12 24 (hrs)

-UBA2a.3
-UBA2a.5
~UBA2a.6

UBA2c

UBA2c.2
WR3 UBAZ2c.1

Act2 UBA2c.2

(WR3) (At5g50200) was tested under identical conditions
(Rojo et al. 1998). The WR3 gene was greatly induced
by wounding damage via leaf disc excision (Fig. 6d). Actin2
gene primers were used to confirm that equal amounts of RNA
were used for cDNA synthesis throughout the time course
(Fig. 6d).

RT-PCR experiments (Fig. 6d—f) and our northern blot
analysis performed at the same stage of rosette development
(Supplemental Fig. 1) consistently showed that total tran-
scripts of UBA2a and UBA2c, which were amplified from
all splice variants by a pair of primers within the coding
sequence, are induced in response to mechanical wounding
(top panels in each of Fig. 6d—f). The expression level of the
UBA2a.l splice variant (1,899 bp, At3g56860.2) began to
increase at 2 h with a maximum level at 8 h. UBA2a total
transcripts and UBA2a.2, UBA2a.4, and UBA2a.5 splice
variants showed a transient decrease at 30 min.

In multiple experiments, none of the UBA2b-related
transcripts showed alterations in amount following
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wounding, as assessed by this RT-PCR method. As shown
in Fig. 6f, of the two UBAZ2c splice variants, the UBA2c.1
variant (At3g15010.1) but not the UBA2c.2 variant
(At3g15010.2) increased following wounding.

To quantify and extend these results, splice variant-
specific quantitative real-time PCR (Q-PCR) experiments
were performed. We were able to design splice variant-
specific Q-PCR primer pairs for all the splice variants of all
the UBA2 genes, except for UBA2a.6. In these experi-
ments, transcript levels were evaluated not only in
wounded tissues (Fig. 7), but also in distal leaves (Sup-
plemental Fig. 2), to assess whether there was a systemic
induction of UBA2 transcript levels after wounding. In
addition, because transcript increases following wounding
could reflect a touch response, we also applied an estab-
lished methodology for mechanical stimulation, consisting
of gently bending a leaf several times (Lee et al. 2005),
was applied, to assess whether a touch stimulus was suf-
ficient for UBA2 gene induction (Supplemental Fig. 2).

In our Q-PCR experiments, increases greater than 2-fold
were considered significant. As shown in Fig. 7, overall
UBAZ2a transcript levels were increased about 4.5-fold in
wounded leaf discs at 6 h, due primarily to increases in
UBA2a.l transcripts, with a lesser contribution from
UBA2a.4. Overall UBA2c transcript levels increased
approximately 3-fold at this time point, with the major
contribution from UBA2c.I. Total transcript levels of
UBA2b and UBA2b splice variants increased slightly more
than 2-fold following wounding; such an increase may not
have been detectable by the less sensitive RT-PCR method.
Overall, there was very good agreement between our
RT-PCR and Q-PCR results, although the time course of
the wounding effects seemed somewhat more rapid in the
RT-PCR experiments. As expected, WR3 responded
strongly to wounding in leaf discs, with a 13.7-fold
increase observed at the 6 h time point.

With regard to the touch stimulus, this stimulus does not
appear to be effective for UBA2b or UBA2c¢ (Supplemental
Fig. 2). UBA2a transcripts exhibit an approximately 2-fold
increase 2-6 h after touch, but experimental variability
precludes a definitive conclusion as to whether UBA2a is
touch-induced. WR3 exhibits moderate touch-induction
(3.9- and 3.6-fold, 2 and 6 h after treatment, respectively).
None of the three UBA2 transcripts show systemic induc-
tion following wounding; WR3 shows moderate systemic
induction (Supplemental Fig. 2).

UBA?2 transcript response to wounding-related stimuli

Upon wounding, JA biosynthesis is induced, resulting in
higher endogenous JA levels (Creelman et al. 1992; Pena-
Cortes et al. 1995). Two separate pathways in wound signal
transduction have been reported in Arabidopsis; one is
JA-dependent and the other is JA-independent (Titarenko
et al. 1997; Ledn et al. 1998; Rojo et al. 1998). Thus, some
JA-inducible genes are activated by wounding through
JA, while other genes, including choline kinase (CK) and
WR3, are activated by wounding independently of JA. To test
whether the induction of UBA2 transcripts by wounding
functions through the JA signal transduction pathway, we
monitored UBA2 transcript levels following MeJA treatment
by RT-PCR. The expression patterns of several splice vari-
ants, including all variants that were shown to respond to
wounding in our RT-PCR experiments, are shown in Fig. 8.
While the JA-responsive gene, VSPI (At5g24780; Ellis and
Turner 2001), was dramatically induced in response to our
MelJA treatment, no significant induction of any UBA2 total
transcript or splice variant by MeJA treatment was seen that
was greater than that seen with the water control. Use of
splice variant-specific primers further confirmed that none of
the six UBA2a splice variants were regulated by MeJA (data

UBA2a all splicevariants ;
ka—l
UBA2a.1

UBA2a2.2 ==
UBA2a.3 ==
UBAZ2a.4 o=
UBAZ2a.5 |

UBAZ2b all splicevariants e
UBA2b.1 =
UBA2b.2 e

UBAZc all splicevariants e
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UBA2c2 =

=

WR3

o
N
I

Fig. 7 RT-QPCR analysis of UBA2 splice variants following
mechanical wounding. Accumulation of overall transcripts and
individual splice variants of UBA2a, UBA2b, UBA2c, and accumu-
lation of WR3 transcript in leaf discs 2 h (black bars) and 6 h (gray
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bars) after disc collection. RNA levels are given relative to control
leaves collected at the same times and after normalization with an
Actin2/8 amplicon
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Fig. 8 UBA2 mRNA expression is not hormonally regulated.
Arabidopsis plants were treated with MeJA (0.01%) (a), ethylene
(5 ppm) (b) or ABA (100 uM) (c) and rosette leaves were collected at
the indicated time points after treatment. As a control, water was
applied to the plants. Primer sets for Actin2 gene were used as a
control to confirm equal RNA amounts used for cDNA synthesis.
Arrowheads indicate the position where possible genomic DNA
contamination would occur

not shown). These results imply that the induction of
UBA2a.l1 and UBA2c.] transcripts upon wounding occurs
via a JA-independent signaling pathway.

Ethylene and ABA are necessary for activation of the
proteinase inhibitor II gene (Pin2) upon wounding in tomato

(O’Donnell et al. 1996) and potato (Pena-Cortes et al. 1995),
and we also observed that ABA induces UBA2a and UBA2b
relocalization into nuclear speckles (Fig. 3a, b). Therefore,
we also examined whether UBA2 transcript levels are
responsive to these hormones (Fig. 8b, c). However, neither
ABA nor ethylene induced the expression of any UBA2
genes, although the ethylene-responsive transcript, HELI
and the ABA-responsive transcript, Rabl8 were clearly
induced as expected. Ozone treatment also did not change
levels of any of the UBA2 transcripts (data not shown).
Gene induction in response to oligosaccharides via
oligosaccharide-dependent (OSD) pathways is on
JA-independent pathway of wounding and pathogen
response (Rojo et al. 1999; Leoén et al. 2001). Thus, we
assessed UBA2 transcript levels after applying a standard
oligogalacturonide (OGA) treatment (Rojo et al. 1999).
However, no elevation of transcript levels for any of the
UBA?2 genes was observed, while the OGA-regulated tran-
scripts, CK1 and WR3, accumulated as expected (Fig. 9).
We also examined whether UBA2 transcripts are
responsive to bacterial pathogen infection. For bacterial
infection, an avirulent bacterial strain of Pseudomonas
syringae pv tomato DC3000 (avrRpt2) was inoculated in
leaves of soil-grown 5-week-old Arabidopsis plants.
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UBA2a

UBA2a.1
UBA2b

UBA2c

UBAZ2c.2
UBAZ2c.1

CK1

WR3

actin2

Fig. 9 UBA2 mRNA expression is not regulated by OGAs. Ten-day-
old Arabidopsis seedlings grown in liquid culture were treated with
250 ug ml~' OGAs or water and collected at the indicated time
points (in h) for RT-PCR analyses of UBA2a (all splice variants),
UBA2a.1, UBA2b (all splice variants), UBA2c (all splice variants) and
UBA2c.] transcript accumulation. RT-PCR was performed on Actin2
transcript to confirm equal RNA amounts used for RT-PCR, and on
CK1 and WR3 transcripts to assess the effectiveness of the treatment.
In control experiments (not shown) in which the reverse transcriptase
step was omitted, no genomic DNA contamination was detected
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Fig. 10 UBA2 transcripts are not induced by avirulent bacterial
pathogen. Rosette leaves of 5-week-old Arabidopsis plants were
challenged with P. syringae pv tomato DC3000 (avrRpt2) and
harvested at the indicated time points for RNA extraction. Primer sets
for Actin2 gene were used as a control to confirm equal RNA amounts
used for cDNA synthesis. Arrows indicate the second splice variant
(UBA2b.2) derived from the UBA2b gene and revealed during PCR
when UBA2b.1-based primers were used. Arrowheads indicate the
position where possible genomic DNA contamination would occur

However, no induction of any UBA2 transcript was
detected in response to bacterial inoculation (Fig. 10). A
positive control, the PR-1 gene (At2g19990), showed a
dramatic induction pattern at 24 h post-inoculation of
bacteria, as expected. We note that accumulation of
UBA2a.l1 and UBA2c.1 transcripts at 6 h was detected,
however, such accumulation was also observed in the mock
inoculation and thus presumably results from wounding
incurred during the inoculation process.

Discussion
UBAZ2 proteins are RNA-binding proteins

Forty-four hnRNP-like proteins are found in the Arabid-
opsis genome according to sequence analysis, including the
three UBA2 proteins (Wang and Brendel 2004). Arabid-
opsis UBA2 proteins share highest similarity with hnRNP
D and hnRNP A/B mammalian proteins. hnRNP proteins
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play roles in diverse aspects of mRNA metabolism,
including pre-mRNA splicing, mRNA localization, mRNA
stability, nuclear export of mRNA, and translational con-
trol (Dreyfuss et al. 1996, 2002; Krecic and Swanson 1999;
Mili et al. 2001; Reed and Magni 2001). As noted by
Lorkovi¢ and Barta (2002), UBA2 proteins are plant-spe-
cific hnRNP proteins with no real orthologues in metazoan
genomes (Lambermon et al. 2002).

Our RNA homoribopolymer binding assays showed that
UBA2 proteins can indeed interact in vitro with RNAs.
UBAZ2a and UBA2b show a possible preference for U-rich
and G-rich sequences, while UBA2c has strong affinity for
all four homoribopolymers. The binding specificities of
UBAZ2a are different than those reported by Lambermon
and colleagues (2002) who, using UV cross-linking
experiments, showed a strong specificity of UBA2a for
poly(U) alone. The difference between this result and ours
may be due to the fact that, in the UV cross-linking
experiment, homoribopolymers were used as competitors
of an arbitrary CaMV 3’-UTR RNA while, in the homori-
bopolymer binding assays, binding preferences were
measured directly at more stringent (higher salt) concen-
trations and without any competitor (this paper; Domon
et al. 1998; Lambermon et al. 2002).

Affinity without specificity for the four homoribopoly-
mers has been previously shown for GR-RBP4, an RNA-
binding protein whose transcript level increases in response
to abiotic stresses (Kwak et al. 2005), while poly(U) and
poly(G) selectivity have been observed for other RRM-
containing RNA-binding proteins such as Physcomitrella
patens PpGRP1, PpGRP2 and PpGRP3 whose expression is
induced by cold, Nicotiana sylvestris RGP-1, maize MA16
which is expressed during late embryogenesis and responds
to ABA, and Arabidopsis AtRZ-1a which is involved in
cold stress response and freezing tolerance (Hirose et al.
1993; Ludevid et al. 1992; Nomata et al. 2004; Kim et al.
2005). The role of the RRMs in UBA2a RNA-binding
capacity has been demonstrated by the fact that the RNA
binding ability of UBA2a was decreased by approximately
90% upon site-directed mutation of the aromatic residues in
the RNP1 motifs to alanines (Lambermon et al. 2002).

UBA2 proteins localize to the nucleus

Our results show that all three UBA2-GFP proteins localize
to the nucleus. Nuclear localization has also been observed
for UBA2a both by GFP-fusion and immunodetection
(Lambermon et al. 2002; Riera et al. 2006) and for UBA2c
by proteomic analysis (Brown et al. 2004). Many mam-
malian hnRNPs shuttle between the nucleus and cytoplasm
(Dreyfus et al. 2002). We occasionally observed localiza-
tion of each of the UBA2-GFPs in the cytosol; however,
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because in only a few of these cases did the cell appear
undamaged, it remains premature to conclude that such
localization occurs in the normal situation in planta.

Within the nucleus, we observed that UBA2c-GFP was
detected both throughout the nucleoplasm and also as strong
fluorescent dots constituting a speckled pattern. Nuclear
speckles, also known as interchromatin granule clusters or
‘splicing factor compartments’, are dynamic nuclear struc-
tures of variable size (from 0.4 to 1.5 um in diameter in
Arabidopsis (Fang et al. 2004)) and irregular shape (Lamond
and Spector 2003). Situated in close proximity to transcrip-
tionally active genes (Shopland et al. 2003), speckles are
believed to be storage or modification/assembly sites of
spliceosomal components recruited to transcription sites
(Lamond and Spector 2003; Fang et al. 2004) and could also
be the site of transcription-, splicing- and transport-related
processes (Shopland et al. 2002 and references therein).
Some of the plant RRM-containing splicing factors (Lopato
et al. 2002; Ali et al. 2003; Docquier et al. 2004; Fang et al.
2004; Tillemans et al. 2005) and the Vicia faba UBA2
orthologue AKIP1 (Li et al. 2002; Ng et al. 2004) have been
observed in speckles. We previously reported a rapid
increase in the number of VFAKIPI nuclear speckles in
response to ABA, reflecting the activation of this hnRNP in
response to a hormonal signal (Li et al. 2002; Ng et al.
2004). In the present studies, ABA-induction of UBA2
localization in apparent nuclear speckles was also observed
for UBA2a and UBA2b, as also reported for UBA2a by Riera
et al. (2006). By contrast, UBA2c typically exhibited
localization in speckle-like structures even in the absence of
ABA treatment (Fig. 3c), an observation also reported in the
Arabidopsis nucleolar protein database (http://bioinf.
scri.sari.ac.uk/cgi-bin/atnopdb/home; Brown et al. 2004).
ABA-induced subnuclear speckling of VFAKIP1 is inhibited
both by inhibitors of transcription and by Ca®* chelators (Ng
et al. 2004), suggesting that interaction between VfAKIP1
and its mRNA targets is needed for its ABA-dependent
relocalization. It would be interesting to test the dependence
of UBA2a and UBA2b subnuclear organization on calcium-
regulated gene transcription. In addition, while the subnu-
clear structures visualized by the GFP-tagged UBA2a,
UBA2b, and UBA2c proteins have the characteristic
appearance of nuclear speckles, it will be important to con-
firm that the UBA2 proteins indeed co-localize with splicing
factors or other proteins known to typify these subnuclear
domains.

Expression of UBA2 splice variants
The transcript accumulation of UBA2a and UBA2c¢ genes

was detected by northern blot analyses in all organs tested.
UBA2b transcripts were barely detectable by northern blot

but could be detected by RT-PCR, indicating a lower
expression level relative to the other two UBA2 genes.
GUS staining experiments showed that UBA2a and UBA2c
are expressed in stamens. The expression detected in the
leaves appears stronger in the young leaves for UBA2a and
UBA2c. A weak but clear GUS staining was observed in
the shoot meristem area for UBA2b and a strong staining
was detected in the root apical and lateral meristems for
UBA2c.

An interesting feature of some RNA processing genes is
that their mRNAs are themselves subjected to posttran-
scriptional controls. Three tobacco RNA-binding Glycine-
rich Protein-1 genes (RGP-1a, 1b and Ic) are alternatively
spliced, two of them in a tissue-specific manner (Hirose
et al. 1993). The FCA transcript is subject to alternative
splicing (Macknight et al. 2002) and in this process the FCA
protein negatively regulates its own mRNA by promoting
premature cleavage and polyadenylation (Quesada et al.
2003). This FCA pre-mRNA processing is negatively reg-
ulated by ABA (Razem et al. 2006). AtGRP7 protein and
transcript are under the control of the circadian clock
(Heintzen et al. 1997). AtGRP7 can bind AtGRP7 mRNA
in vitro and the overexpression of AtGRP7 depresses the
oscillation of AtGRP7 and AtGRPS transcripts and promotes
a change in splice site within these mRNAs, generating
unstable transcripts with a premature stop codon (Heintzen
et al. 1997; Staiger et al. 2003; Schoning et al. 2007).

Our analysis reveals that alternative splicing is also a
mechanism of UBA2 gene expression control. Splice
variants for two of the genes were present in Genbank and
we have confirmed these and also identified new splice
variants for UBA2a and UBA2b by RT-PCR. Alternative
splicing is apparent only in the 3’-UTRs and in fact none of
the UBA2 genes contain introns in their coding regions. We
observed the preferential accumulation of one of the splice
variants of UBA2a (UBA2a.1) and one of the splice vari-
ants of UBA2c¢ (UBA2c.1) in response to wounding (see
below). This result shows that UBA2 gene expression is at
least partly controlled at the posttranscriptional level
through alternative splicing of the 3’-UTR. In addition,
given environmental (wounding) regulation of splice vari-
ant abundance, it is possible that still more splice variants
of the UBA2 genes await discovery in plants grown under
different environmental regimes.

The different UTRs of the splice variants, by their
sequences, structures, and polyadenylation sites, contain a
unique set of information that may influence the stability
and fate of each transcript. Cis-acting sequences important
for RNA stability are indeed known to frequently reside in
3’-UTRs (Hollams et al. 2002) and evidence that 3’-UTRs
can have a major role in posttranscriptional regulation
through control of mRNA stability has been obtained in
plants (Chan and Yu 1998; Ortega et al. 2006). One
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previous example in which an environmental stress has
been shown to regulate alternative splicing in the 3'-UTR is
provided by the CLT cold-responsive gene of trifoliate
orange (Jia et al. 2004). Recently it has been shown that a
riboswitch present in the 3’-UTR of the Arabidopsis thia-
min biosynthetic gene THIC senses thiamin pyrophosphate
(TPP) and thereby controls the formation of transcripts
with alternatively spliced 3’ UTRs; this alternative splicing
in turn affects transcript stability and protein production
(Bocobza et al. 2007; Wachter et al. 2007).

Bioinformatic analyses reveal that about 9% of tran-
scripts contain introns in their UTR regions (Zhu et al.
2003). Alternative splicing in the 5’ and 3’ UTRs represents
22-29% of the total alternative splicing events (Ner-Gaon
et al. 2004; Reddy 2007) and this high rate of alternative
splicing of introns present in UTR regions suggests a
regulatory role for such events in RNA metabolism
(Ner-Gaon et al. 2004). However, of this 22-29% only 6%
are estimated to occur in 3’-UTRs (Reddy 2007), sug-
gesting that the UBA2 transcript variants exhibit regulation
by a relatively unusual mechanism.

Regulation of UBA2 splice variant accumulation
by wounding

UBA2a and UBA2c transcript accumulation is enhanced
after mechanical wounding. Based on RT-PCR analysis
using primers that enabled identification of specific splice
variants, we were able to attribute the overall accumulation
of UBA2a transcript primarily to just one of the six splice
variants, UBA2a.1, which is generated by an intron reten-
tion and a premature polyadenylation site. Wounding
increase the level of the spliced form of UBA2¢ (UBA2c.1).
Because the RT-PCR product corresponding to the unsp-
liced transcript (UBA2c.2) would merge with genomic
DNA contamination, if it were present in our RT-PCR
analyses, it was difficult to definitely monitor the level of
this transcript (Fig. 6f). However, the absence of genomic
contamination in our Q-PCR experiments (assessed by the
absence of any amplification product in reactions per-
formed on non-reverse transcribed RNAs; data not shown)
demonstrated that UBA2c.2 transcript levels in fact did not
increase significantly following wounding (Fig. 7).
UBA2a (UBA2a.l splice variant) and UBA2c (UBA2c.1
splice variant) are wounding responsive genes. They thus
join a small group of plant genes encoding RRM-contain-
ing proteins whose transcript accumulation is affected upon
wounding: maize MA16 and CHEM?2 (Gomez et al. 1988;
Didierjean et al. 1996), carrot DcGRP-1 (Sturm 1992; gene
subsequently named by Sachetto-Martins et al. 2000),
tomato clone B1-20 (chloroplast mRNA-binding protein;

@ Springer

Vian et al. 1999), and tobacco clone MTL-8 (daSilva et al.
2002).

While alternative splicing in response to biotic stressors
and temperature is a well-documented phenomenon, only a
few transcripts to date have been reported to be alternatively
spliced in response to wounding (reviewed in Reddy 2007).
Titarenko et al. (1997) observed a switch in the accumu-
lation of splicing variants for VSP2 and JRI genes, between
2 and 8 h after wounding, and it is interesting to speculate
that UBA2 gene expression might be under a similar control.
The peach homologue of the ethylene receptor, PPETRI,
has a splice variant by intron retention that responds more
rapidly (1 h) than the fully spliced transcript (4 h) to
wounding in the fruit (Bassett et al. 2002). The significance
of this regulation has not been addressed.

Because the alternative splicing of UBA2 genes affects
only the 3’-UTRs, the specific accumulation patterns of
UBA2a.l and UBA2c.1 splice variants when UBA2a and
UBAZ2c expression increases following wounding raises the
possibility that UBA2a and UBA2c transcripts are them-
selves targets of UBA2 proteins. UBA?2 proteins could either
be involved in alternative splicing or preferentially stabilize
transcripts as a result of the differential 3’-UTR composition.

An estimated ~6% of alternative splicing events in
Arabidopsis occur in the 3’-UTR (Reddy 2007), and such
events have been documented to affect transcript stability
and translation in mammalian systems (e.g. Chowdhury
et al. 2005; Banihashemi et al. 2006; Thiele et al. 2006).
Lambermon et al. (2002) originally identified UBA2a, one
of the three proteins studied in this report, by two-hybrid
screens with UBP1, a hnRNP-like protein involved in
mRNA splicing and stability (Lambermon et al. 2000).
Their results suggested that a major function of UBA2a
may be to stabilize RNAs: UBA2a overexpression in N.
plumbaginifolia protoplasts increased the steady-state level
of a reporter RNA but did not affect splicing of the par-
ticular reporter constructs tested (Lambermon et al. 2002).
It is of interest that Arabidopsis RNases are, like UBA2s,
wound-induced (LeBrasseur et al. 2002). One speculative
hypothesis is that increased stability conferred to particular
transcripts by UBA2 induction following wounding coun-
terbalances or protects these transcripts against the increase
in general RNase activity that occurs following wounding.

Regulation of UBA2 transcripts
by wounding-associated signals

Transcriptome data from microarray analyses show that
many wound-responsive genes are also pathogen respon-
sive genes (Cheong et al. 2002). However, this does not
appear to be the case for the UBA2 genes as we did not
observe any significant variation in the UBA2 transcript
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levels in response to an avirulent strain of Pseudomonas
syringae (avrRpt2) when compared to the control plant.

We could not definitely ascertain whether mechanical
stimulation without wounding was sufficient for transcript
induction: in some experiments (e.g. Fig. 7) spraying with
water appeared to increase transcript levels, and this was
the method by which the original TOUCH genes were
identified (Braam and Davis 1990). However, use of a
standard touch stimulus consisting of leaf bending (Lee
et al. 2005) did not reliably elevate levels of any of the
UBA?2 transcripts (Supplemental Fig. 2).

Neither MJ, ABA nor ethylene seem to participate in
transducing the wound stimulus, as UBA2 transcript levels
were unresponsive to application of these hormones,
despite the high concentrations used. These three hormones
were indeed tested because of their demonstrated roles in
wounding response. Two distinct pathways have been
identified in wounding response in plants, the JA-depen-
dent and the OSD pathways (Rojo et al. 1999; Ledn et al.
2001). Ethylene acts as a cross regulator between these two
pathways and at the local response level, represses the
JA-dependent pathway (Rojo et al. 1999). ABA does not
appear to be a primary signal in wound signaling
(Birkenmeier and Ryan 1998) and its role may be related to
the desiccation resulting from wounding (Reymond et al.
2000; Delessert et al. 2004). The oligosaccharides involved
in the OSD pathway are oligogalacturonides (OGAs)
probably released from cell walls by mechanical or enzy-
matic disruption of pectic components (Benhamou et al.
1990). On the one hand, OGAs induce the expression of
JA-independent wounding response genes such as acyl
CoA oxidase (Aco), CK and WR3. On the other hand,
OGAs repress JA-dependent gene expression in locally
damaged tissues through an ethylene production- and per-
ception-dependent pathway (Titarenko et al. 1997; Rojo
et al. 1999; Cheong et al. 2002). However, overall UBA2
transcript levels, as well as levels of the wounding-
responsive splice variants, were unresponsive to OGAs.
Therefore, the position of the UBA2 transcripts in the
current models of gene regulation in response to wounding
in Arabidopsis (Rojo et al. 1999; Le6n et al. 2001) is still
unknown. It is of interest that wound-induced accumulation
of RNS1 and other RNase activities was similarly shown to
occur independently of JA and oligosaccharides (LeBras-
seur et al. 2002). These results suggest that transcripts of
RNA-binding proteins could be regulated by wounding via
a novel pathway.

Conclusions

Our homoribopolymer-binding assays demonstrated the
RNA-binding capabilities of each of the UBA2s, as

predicted from sequence analysis. Our observation of the
nuclear-localization of UBA2a, UBA2b, and UBA2c sug-
gests that these hnRNPs do not affect translational
processes, but rather participate in nuclear-localized RNA
processing events. The functions of UBA2a and UBA2b
but not UBA2c proteins may be regulated by ABA, given
that ABA reorganizes distribution of the first two proteins
within the nucleus. This observation, along with the greater
sequence similarity of UBA2a and UBA2b as compared to
UBA2c suggests that UBA2a and UBA2b may function
redundantly; indeed Riera et al. (2006) detected no alter-
ation in ABA-responsiveness of uba2a T-DNA mutants.

We characterized previously unknown UBA2 splice
variants and demonstrated that specific splice variants of
UBA2a and UBA2c are increased in a hormone-indepen-
dent manner by wounding. Our results imply targeted post-
transcriptional regulation of these specific splice variants
by the wounding stimulus, possibly by a mechanism
involving interaction between UBA2 3'-UTRs and UBA2
proteins themselves, given precedence for such self-regu-
lation by the Arabidopsis RNA-binding proteins FCA and
AtGRP7. The signaling mechanism that initiates such
regulation following wounding appears novel, as none of
the wounding-associated plant hormones suffice to alter
UBA?2 expression levels. In the future, functional analyses
by reverse genetics and the identification of the RNA tar-
gets of UBA2 proteins will further our understanding of the
biological and biochemical functions of the UBA?2 proteins
in stress responses.
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