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Molecular characteristics and expression patterns of Rubisco activase,
novel alternative splicing variants in a heterophyllous aquatic plant,
Sagittaria graminea
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Abstract

Two full-length ¢cDNAs (SGreal and SGrea2) encoding ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
activase (RCA) were cloned from a heterophyllous aquatic plant, Sagittaria graminea, using Rapid-Amplification of
cDNA Ends (RACE). SGrcal contains a 1,320 bp open reading frame encoding a protein of 440 amino acids, and SGrea2
is exactly identical to SGreal except for 330 bp missing in the middle of SGreal. Sequence analysis of cDNA and genomic
DNA indicated both two cDNAs were generated from a common gene via alternative splicing. The deduced amino acid
sequence encoded by SGreal showed 75-82% identity with other RCAs from higher plants and showed high homology
in three highly conserved motifs associated with ATP-binding sites. RT-PCR analysis suggested both SGreal and SGrea2
were expressed in green tissues. During a 14 h light/10 h dark photoperiod, both aerial and submerged leaves exhibited
the similar expression pattern of SGrecal and SGrea2 with SGreal as the dominant form, but the accumulation of both
SGrcal and SGrea2 mRNA was significantly inhibited in the submerged leaves. Western blot analysis showed that both
SGrecal and SGrea2 had their translation products, the 43 kDa form and the 31 kDa form expressing in leaves.
Interestingly, the aerial leaves expressed higher amount of the 43 kDa form compared with the 31 kDa form, while it was
reversed in the submerged leaves. The results demonstrated that both environments regulated the RCA gene expression at
both transcriptional and posttranscriptional level. In addition, co-immunoprecipitation assay revealed that the isolated
Rubisco-RCA complex contained both the 43 and 31 kDa forms, and the proportion of the 31 kDa form was obviously
enhanced in the submerged leaves. The results indicated that both the 43 kDa and 31 kDa forms were involved in Rubisco
and RCA interaction and the increased incorporation of the 31 kDa form was associated with submerged photosynthetic
environment.

Additional key words: Alismataceae; aquatic photosynthesis; heterophylly.

Introduction

RCA is required to maintain and regulate the activity of
Rubisco in plants. It functions as a molecular chaperone
(de Jiménez et al. 1995), catalyzing the activation of
Rubisco in vivo by the ATP-dependent removal of various
inhibitory sugar phosphates (Portis 2003). Plants expres-
sing reduced levels of RCA exhibit the decrease of the net
photosynthetic rate (Pn) and/or growth (Mate et al. 1996,
Eckardt et al. 1997, He et al. 1997) and those with
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very low or no RCA expression can not survive in
atmospheric CO; (Somerville et al. 1982, Salvucci et al.
1985, 1986; Mate et al. 1993, von Caemmerer et al. 2005).
The gene expression and activity of RCA are thought to be
the key regulation point for photosynthesis, especially
under environmental stress (Crafts-Brandner and Salvucci
2000, Pollock et al. 2003, Portis 2003, Yamori et al. 2012).
It makes the modulation of RCA an attractive experimental
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goal for the study of photosynthetic carbon assimilation.
RCA belongs to the protein family of ATPases,
associated with diverse cellular activities (AAA" family),
and it contains the common AAA motifs that characterize
the family members, including Walk A, Walk B, and
nucleotide sensor domains (Neuwald ef al. 1999, Portis
2003). RCA is a nuclear-encoded, chloroplast enzyme,
usually present in two isoforms (o- and B-isoform, with
molecular masses of 45—48 kDa and 41-43 kDa, respecti-
vely) in most species studied (Salvucci ef al. 1987, Portis
2003). In plants, such as spinach (Werneke et al. 1988),
Arabidopsis (Werneke et al. 1988), barley (rcad gene,
Rundle and Zielinski 1991), and rice (To et al. 1999,
Zhang and Komatsu 2000), alternative splicing of one
RCA pre-mRNA results in two isoforms of RCA, differing
only at the C-terminus. However, in other species, the
RCA genes are not alternatively spliced. For example, the
RCA a- and B-isoform are encoded by two different genes
in cotton (Salvucci et al. 2003), and another RCA gene
(rcaB) in barley encodes only the B-isoform of RCA.
Furthermore, sequence analysis of RCA cDNAs suggested
that it might be only the B-isoform in tobacco, maize, bean,
cucumber, and mung bean (Portis 2003). In vitro
experiments have shown that both a- and B-isoform are
capable of promoting Rubisco activation but they differ
markedly in their enzyme activity (Shen er al. 1991).
Subsequent studies demonstrated that light regulation of
RCA activity was achieved by the redox regulation of the
o-isoform via thioredoxin-f (Zhang and Portis 1999,
Zhang et al. 2002). Studies in some plants also showed that
the alternative isoforms of RCA have been shown to be

Materials and methods

Plant material and culture condition: The plants of
S. graminea (Alismataceae) were grown in the aquatic-plant
pond in Wuhan Botanical Garden, Chinese Academy of
Sciences. Aerial and submerged leaf tissues used for RNA
and protein experiments were sampled from seedlings with
2-3 aerial leaves using liquid N>, and stored at —80°C.

Cloning of full-length RCA ¢cDNA by RACE from
8. graminea: Total RNA from each sample was extracted
using the TaKaRa RNAiso plus reagent (Dalian, China),
and treated with RNase-free DNase I (7TaKaRa, Dalian,
China) according to the manufacturer’s instructions. The
concentration of total RNA was determined via optical
density measurement (DU730, Beckman, Germany). 5’- or
3’-RACE-Ready cDNA was synthesized from 1 pg total
RNA using BD SMART™ RACE c¢DNA Amplification Kit
(Clontech, Palo Alto, USA) according to the manu-
facturer’s instructions. Full-length RCA cDNAs were
cloned in three steps: (/) cloning of specific fragment; (2)
cloning of 5’- and 3’- ¢cDNA ends; (3) cloning of full-
length RCA ¢cDNA. The specific fragment of RCA cDNA
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differentially sensitive to thermal denaturation. Variations
in the expression of the isoforms may play a role in
photosynthetic acclimation to high temperature in these
species (Crafts-Brandner et al. 1997, Law and Crafts-
Brandner 2001, Law ef al. 2001, Wang ef al. 2010). Taken
together, the functional difference and expressional
diversity of the different RCA forms suggest RCA proteins
play the important role in photosynthetic adaptation to
different environments.

Compared to terrestrial plants, little information noc-
cerning RCA is reported in aquatic plants. Development of
heterophylly is one of the ways how aquatic plants adapt
to aerial and submerged environments. S. graminea is the
typical, heterophyllous plant that grows in aqueous habi-
tats. This amphibious plant bears linear, submerged leaves
that utilize water-dissolved inorganic carbon, and also
ovoid, aerial leaves that use atmospheric CO,. The sub-
merged leaves are the first to develop out of a seed or a
dormant rhizome in the spring. As the emerging leaves
grow, they comprise the main photosynthetic biomass
during most of the growing season. There are remarkable
differences between the atmospheric and submerged con-
ditions in light intensity, CO, concentration, and tempera-
ture. This raises the question how rca genes from both leaf
types are expressed and regulated to adapt to such different
conditions. To answer this question, we cloned and
sequenced the cDNAs and genomic DNA encoding RCA
protein from S. graminea plant and sought to compare the
gene expression pattern of RCA between the aerial and
submerged leaf types at both mRNA and protein levels.

was amplified using a primer pair of CF-F and CF-R
(Table 1), which were designed in the conserved regions
of the corresponding genes from Viridiplantae. PCR
conditions: 1 cycle of 94°C for 3 min; 30 cycles of 94°C
for 30 s, 60°C for 30 s, and 72°C for 1 min; with final
extension step of 72°C for 10 min. After electrophoresis in
a 0.8% agarose gel, the PCR product was purified using
the SanPrep Gel Purification Kit (Sangog, Shanghai,
China), and then TA-cloned into pMD19-T vectors using
a pMD® 19-T simple Vector Kit (TaKaRa, Dalian, China)
followed by sequencing. According to the sequence of
specific fragment, a pair of gene-specific primers (5-GSP
for 5’RACE, and 3-GSP for 3’-RACE; Table 1) and a pair
of nested gene-specific primers (5-nGSP for S’RACE, and
3-nGSP for 3’-RACE; Table 1) were designed for amplifi-
cation of the 5’- and 3’- fragments according to the manu-
facturer’s instructions of the BD SMART™ RACE cDNA
Amplification Kit (Clontech, Palo Alto, USA). After
aligning and assembling the 5°- and 3°- fragments, the full-
length cDNA sequence was deduced, and further con-
firmed by PCR using a pair of full-length primer (RCA-F,
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Table 1. Primers designed for rca gene cloning and qRT-PCR analysis.

Primer ID Sequences

Purpose

CF-F 5-TTCATGGACAAGCTYGTYGTYCAC-3’

CF-R 5’-GCCCAGTAGAACTTCTCCAT-3"

5-GSP 5’-GTTCATGGACAAGCTGGTCGTCCAC-3’
5-nGSP  5>-AAATCCTTCCAGTGTGAGCTCGT-3’
3-GSP 5’-GCCCAGTAGAACTTCTCCATACG-3’
3-nGSP  5’-GTGGCGTTCACCATCTGGTTGTT-3’
RCA-F 5’-ATCAGCTAGGTGGTTGAGCAGTT-3’
RCA-R  5-GGTTCTCTTCCGAGGTTGCA-3’

RT-1-F 5’-ACAAGCTGGTCGTCCACATCGCTAA-3’
RT-1-R  5°-AGCTCTCCGGCGCTCATCATG-3’
RT-2-F 5’-CCCAACATCAAGCTCCCAGGG-3’
RT-2-R 5>~ CTGCTCGGGTACGTTGTCGGC-3’
actin-F 5’~AAGTCCTCTTCCAGCCCTCGCTCA-3’
actin-R 5’-GCAATACCCGGGAACATGGTTGTC-3’
DIG-F 5’-ATCAGCTAGGTGGTTGAGCAG-3’
DIG-R 5’-GTTGACATAGTCAATTAAGATAGATAGC-3’

Conserved fragments cloning
5’ RACE PCR

3’RACE PCR

Full length cloning

Real Time qPCR for SGreal

Real Time qPCR for SGrea2
Real Time qPCR for B-actin

Probe labeling

RCA-R; Table 1). PCR was performed as follows: 1 cycle
0f'94°C for 3 min, 35 cycles of 94°C for 45 s, 60°C for 30 s,
72°C for 2 min, and 1 cycle at 72°C for 10 min.

Cloning of genomic rca coding gene from S. graminea:
Genomic DNA was isolated using a Plant Genomic DNA
isolation Kit (Sangog, Shanghai, China). Using the full-
length primers (RCA-F/R; Table 1), the genomic RCA
DNA was amplified by PCR with the genomic DNA as
template. PCR using LA-Taq DNA polymerase (TaKaRa,
Dalian, China) was performed as follows: 1 cycle of 94°C
for 5 min, 30 cycles of 98°C for 15 s, 60°C for 30 s, 72°C
for 5 min, and 1 cycle at 72°C for 10 min.

Southern hybridization: Genomic DNA (20 pg) of
S. graminea was digested with BamH I, EcoR I or Bgl I
separately. After electrophoresis in a 0.8% agarose gel, the
digested DNA fragments were transferred onto a nitro-
cellulose membrane (Roche, Germany). The DIG-F and
DIG-R primers (Table 1), which were used to synthesize
DIG-labeled probes, were designed based on the 500 bp
fragment at 5'-end of genomic S. graminea rca gene.
Specific rca probe labeling, blot hybridization, and immu-
nodetection were performed using a DIG High Prime DNA
Labeling and Detection Starter Kit I (Roche, Germany)
according to the manufacturer’s instructions.

Bioinformatics analysis and phylogenetic tree con-
struction: The nucleotide sequence, deduced amino acid
sequence, and open reading frame (ORF) were analyzed
using DNAstar software, and the sequence comparison
was conducted through a database search using BLAST.
The S. graminea RCA amino acid sequence and other
RCA amino acid sequences retrieved from NCBI were
aligned using ClustalX, and then a phylogenetic tree was
constructed using neighbor-joining method with the
software MEGAS, and the bootstrap test was carried out

with 1,000 iterations. Chloroplast transit peptide was
predicted by ChloroP 1.1 Server network analysis
(http://www.cbs.dtu.dk/services/ChloroP/).

Semiquantitative RT-PCR and quantitative real-time
PCR (qRT-PCR): Tissues-specific expression of rca
coding gene was determined by semi-quantitative RT-CR.
Total RNA was isolated from root, flower, sepal, aerial and
submerged leaf using the TaKaRa RNAiso plus reagent
(Dalian, China). For each sample, 1| pg DNase I-treated
total RNA was used for first-strand cDNA synthesis using
an oligo(dT) primer and PrimeScript reverse transcriptase
(TaKaRa, Dalian, China) according to the supplier’s
manual. One pl of cDNA was used as the template for a
50 pl PCR amplification with full length primers (RCA-F/
RCA-R, Table 1). Actin was used as an internal standard
(actin-F/R, Table 1). PCR was performed as follows: 1
cycle of 94°C for 3 min, 22 cycles of 94°C for 45 s, 60°C
for 30 s, 72°C for 2 min, and 1 cycle at 72°C for 10 min.
Steady-state mRNA expression analyses of SGreal
and SGrca2 were carried out by quantitative real-time
PCR (qRT-PCR). Total RNA was isolated from the aerial
and submerged leaves, which were sampled every 3 h
during a 24-h time course (14 h light/10 h dark). For each
sample, 2 pg DNase I-treated total RNA was used for first-
strand cDNA synthesis using random hexamer primers and
a PrimeScript® RT reagent kit (TaKaRa, Dalian, China).
First-strand cDNA was diluted for 1:30 with nuclease-free
water prior to qRT-PCR. A pair of SGrcal-specific pfi-
mers (RT-1-F/R, Table 1) located in the characteristic exon
of SGrcal, and a pair of SGrea2-specific primers (RT-2-
F/R, Table 1) covered the predicted alternative spliced
sites were designed for quantitative analysis of the two
transcripts. Reaction specificity for each primer pair was
tested using PCR amplification of cDNA, electrophoresis
gels, cloning and sequencing of each plasmid, and melting
curve analysis. B-actin was chosen as a reference gene.
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qRT-PCR was carried out on an Applied Biosystems
StepOne Real-Time PCR System (Life Technologies Co.,
Carlsbad, USA) using the comparative CT method. All
reactions were measured in triplicate, using 2x SYBR®
Premix Ex Tag™ (TaKaRa, Dalian, China). The amplifi-
cation program was performed as follows: 95°C for 30 s,
40 cycles of 95°C for 5 s, 63°C for 30 s.

Leaf protein extraction and Western blot analysis:
About 0.2 g of frozen leaves were ground to a fine powder
with liquid N using mortar and pestle, a small amount of
quartz sand, and insoluble polyvinyl-polypyrrolidone
(PVPP). Then the samples were homogenized with 1 ml of
cooled extraction buffer at 0—4°C. The extraction buffer
contained 10 mM BIS-TRIS propane (BTP), pH 7.0, 5 mM
MgCl,, 1 mM EDTA, 0.4 mM ATP, 15 mM DTT, | mM
phenyl-methylsulfonyl fluoride (PMSF), 2 mM benzami-
dine, and 0.01 mM leupetine. The homogenate was centri-
fuged at 15,000 x g for 10 min at 4°C. The supernatant was
used to determine the amount of total protein using

Results

Cloning and sequence analysis of full-length ¢cDNAs
from 8. graminealeaves: The 5° and 3°-cDNA ends of rca
from S. graminea were cloned by RACE PCR to explore
the rca coding gene. Full-length cDNA of S. graminea rca
was reconstructed by joining the sequences of a single
5’-end and 3’-end. The sequence of full-length cDNA was
further confirmed by full-length amplification using a pair
of primer (SG-full-F/ SG-full-R, Table 1), which were
designed in 5’- and 3’-untranslated region (UTR). Sequen-
cing of 50 random clones revealed two different cDNA
clones produced by full-length PCR. The longer one was
1,631 bp (designated as SGreal, GeneBank accession
number KC678993), and the short one was 1,301 bp
(designated as SGrca2, GeneBank accession number
KC678994). SGreal had an 1,320 bp open reading frame
encoding a polypeptide of 440 amino acids with the
calculated molecular mass of 48.2 kDa and the isoelectric
point of 7.824. SGrca2 had an 990 bp open reading frame
encoding a polypeptide of 330 amino acids with the
calculated molecular mass of 36.4 kDa and the isoelectric
point of 6.623. Sequence alignment suggested that SGrea2
was exactly identical to SGreal except for 330 bp missing
in the middle of SGreal (571-900 bp, Fig. 1), which was
110 amino acids shorter than SGrcal. The identical
5’-UTR was 114 bp upstream of the translation start codon
ATG and the identical 3’-UTR was 193 bp downstream
from the stop codon. The two cDNA clones shared the
common sequence of 5’- and 3°-UTR indicating that both
cDNAs represented mRNAs transcribed from the common
gene. ChloroP 1.1 Server network analysis indicated that
about 55 amino acids at the N-terminal of both clones
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Coomassie Brilliant Blue method (Bradford, 1976). The
equal amount of total proteins from each sample was
separated by SDS-PAGE and transferred to a polyviny-
lidene fluoride (PVDF) membrane. Blots were probed with
monoclonal antibody against rice RCA (Wang et al. 2009)
and visualized using alkaline phosphatase conjugated to a
secondary antibody.

Co-immunoprecipitation assay: Total soluble proteins
from the aerial or submerged leaf samples were isolated
rapidly with extraction buffer as described above, except
that 5 mM ATP was included in the extraction buffer. The
Rubisco-RCA complex was isolated from the leaf extracts
with antibody against rice Rubisco large subunit as
described previously (Wang et al. 2010). The isolated
Rubisco-RCA complex was separated by SDS-PAGE and
transferred to the PVDF membrane, followed by
immunoblot analysis using the monoclonal antibody
against rice RCA.

constitute a putative chloroplast transit peptide. Cutting off
the chloroplast transit peptide, the transcripts of SGreal
and SGrca2 encode 43 and 31 kDa mature proteins,
respectively.

Cloning and sequencing of S. graminea rca genomic
clone: Sequencing of 30 random genomic rca DNA clones
revealed only one gene type was obtained. This genomic
amplification product was 1,748 bp and it was designated
as SGrca (GeneBank accession number KC553979). The
PCR amplification products of full-length primer using
cDNA or genomic DNA as template were compared
through gel electrophoresis (Fig. 2). Two amplification
products (confirmed by sequencing as SGrcal and
SGreca2, respectively) from cDNA template and only one
amplification product (SGrea) from the genomic DNA
template supported the conclusion that both two transcripts
were generated from one gene via alternative splicing.
Gene structure analysis was performed by comparing the
genomic sequence and cDNA sequence. SGrea was com-
posed of two introns and three exons (Fig. 3). Compared
with SGreal, SGrea2 had 171 bp missing at the 3’-end of
exon 2 and 159 bp missing at the 5’-end of exon 3, which
suggested that both two mRNA could be generated from
the common gene by reserving or discarding 171 bp at the
3’-end of exon 2 and 159 bp at the 5’-end of exon 3.

Genome analysis: The S. graminea genomic blot (Fig. 4)
was probed with a specific probe containing the 5'-end
region (501 bp) of genomic rca clone in order to estimate
the copy number of the gene. No BamH I or EcoR I sites
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1575 gaaccgaacicgagggligcagtiglaiglaaaaaaaaaaaaaaaaaaaaaa

—
RCA-R

Fig. 1. The nucleotide and deduced amino acid sequence of SGrecal and SGrea2. The number of nucleotide sequence is on the left and
the number of deduced amino acid sequence is on the right. The high conserved P-loop NTPase Super family domain is marked with
gray background. The 330 bp fragment missing in SGrea2 is indicated with black frame. The cleavage site of putative chloroplast
transit peptide is indicated by triangle. The horizontal arrows show the full length primers RCA-F/R.

CDNA DNA

Template:

SGreal SGreca

SGrea2

Fig. 2. Amplification products of rca gene using cDNA (two
panels on the left) or genomic DNA (two panels on the right) as
templates. PCRs were performed using full-length primer pair
RCA-F/R (Table 1).

1 2 3
SGreal Wﬁ/_
1 2 3

SGrca2 ﬂ/l\/_

Fig. 3. Gene structure of SGreal and SGrea2 cDNA. Black bars
indicate the exons and gray bars indicate the missing fragments
in SGrea2. Splicing patterns were indicated by fold lines.

were found in the rca genomic clone. A single band
hybridized specifically to the rca probe was observed
when genomic DNA was digested with BamH I or EcoR I.
One restriction site for Bg/ [ was found in the genomic rca
clone. Two bands hybridized specifically to the rca probe
were observed upon Bg/ I digestion of the genomic DNA.
Taken together, these results indicated that there was only
one rca gene per genome in S. graminea.

1 2 3
[kb]

15.0 |
10.0
75

50—

2.5 —

1.0

Fig. 4. Genomic Southern blot analysis of the rca gene.
Sagittaria graminea genomic DNA was digested completely
with BamH I (lane 1), EcoR I (lane 2) or Bgl I (lane 3) separately,
separated by 0.8% agarose electrophoresis, and then blotted onto
a nitrocellulose membrane. The blot was hybridized to a 501 bp
specific DIG-labeling probe. Molecular size markers are
indicated on the left.

Bioinformatics analysis of SGrcal and SGrea2
encoding proteins: Multiple alignment analysis was
performed using RCA protein sequence from 9 different
plant species. Homology analysis showed that the protein
encoded by SGrceal shared 75-82% homology to RCAs
from higher plants. Conserved motifs and critical residues
associated with enzyme activity were marked in Fig. 5.
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Fig. 5. Alignment of representative RCA sequences. Multiple alignment of the amino acid sequence of RCA among Sagittaria graminea
(Sg), Nicotiana tabacum (Nt), Impomea batatas (Ib), Oryza sativa (Os), Hordeum vulgare (Hv), Arabidopsis thaliana (At), Spinacia
oleracea (So), and Ricinus communis (Rc) were performed using Clustal-X. In the alignment, similar residues are shown in gray and
identical residues in black background. Gray bar indicates the missing amino acid residues in SGrea2. Black bar indicates the instable
N-linker. Symbols below the sequence indicate highly conserved key amino acid residues associated with representative functions.
Three pore loop motifs essential for ATP binding and hydrolysis, and C-extension of RCA o isoform are indicated with black frames.
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Fig. 6. Phylogenetic tree of RCAs from various species. Multiple alignment of the amino acid sequence of RCA among Spinacia
oleracea (So), Arabidopsis thaliana (At), Impomea batatas (Ib), Nicotiana tabacum (Nt), Solanum pennellii (Sp), Gossypium hirsutum
(Gh), Acer rubrum (Ar), Ricinus communis (Rc), Glycine max (Gm), Zea mays (Zm), Oryza sativa (Os), Hordeum vulgare (Hv),
Sagittaria graminea (Sg), Picea sitchensis (Ps), and Chlamydomonas reinhardtii (Cr) were performed using Clustal-X. Phylogenetic
tree was constructed using neighbor-joining method with the software MEGA 5.

The putative amino acid sequence of SGreal contained
three pore loop motifs (GGKGQGKS, Loop 1;
GNMCCLFIND, Loop 2; TGNDFSTL, Loop 3), which
are essential for ATP binding and hydrolysis. However,
the absense of 110 amino acids in the amino acid sequence
of SGrca2 resulted in two of the three pore loop motifs
missing (pore loop 1 and pore loop 2). It has been
demonstrated that mutation of several critical residues in
pore loop 1 or pore loop 2 would led to the function loss
of ATPase activity (Stotz ef al. 2011). The entire missing
of pore loop 1 and pore loop 2 likely causes the loss of the
ATPase functions. However, SGrea?2 still reserved some
highly conserved motifs containing critical residues that
are associated with Rubisco binding (residue 74, 375, and
378) and RCA subunit interaction (residue 150, 353, 358,
and 361). In addition, both SGreal and SGrea2 do not
encode both of the critical cysteine residues that would be
required for redox regulation by a isoform (Zhang et al.
2002, Zhang and Portis 1999), suggesting that two proteins
encoded by SGrcal and SGrea2 belong to B isoform
(Fig. 5). Phylogenetic tree was constructed using the entire
RCA amino acid sequence by neighbor-joining method.
As shown in Fig. 6, SGreal is in the base of angiosperm
group, and it is closely related to gymnospermous Picea
sitchensis in accordance with its taxonomic status.

Expression of RCA protein in aerial and submerged
leaves of S. graminea: To investigate the RCA protein

expression in different leaf types of S. graminea, a specific
monoclonal antibody (MAb, Wang et al. 2009) against rice
RCA was used for Western blot assay (Fig. 7). Arabidopsis
and spinach leaves were used as a positive control. Two
RCA isoforms with molecular mass of 4145 kDa were
recognized in leaf extracts from Arabidopsis and spinach,
respectively, indicating that the used MAb had a good
specificity to RCA proteins from different plants. Both in
the aerial and submerged leaves of S. graminea, two RCA
polypeptides were detected, the longer one with molecular
mass about 43 kDa and the shorter one with a molecular
mass about 31 kDa (Fig. 74). The densitometric analysis
of protein bands (Fig. 7B) showed that the 43/41 kDa RCA
ratio of the aerial leaf was 1.818 + 0.421 (n = 3), while that
of the submerged leaf was 0.591 = 0.111 (n = 3). Hence,
the 43 kDa RCA was the dominant form in the aerial
leaves, whereas it was reversed in the submerged leaves.
It was reported that the N terminal of RCA seemed to
be unstable and likely to be cleaved proteolytically at the
site of N-linker (Fig. 5). This might lead to a proteolytic
product that should have the similar molecular mass with
the polypeptide encoded by SGrca2. The proteolytic
product should contain 110 amino acids (110 AA) that
were absent in SGrca2 coding protein. To clarify whether
the detected 31 kDa isoform was the proteolytic product or
the expressed protein encoded by SGrea2, a fusion protein
(Fig. 84) containing 110 AA was expressed in E. coli
BL21 (DE3) cells. Then it was used as the antigen to
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Fig. 7. Western blotting analysis of the Rubsico activase from S.
graminea leaves. A: Leaf tissues from aerial (A) and submerged
(S) leaf of S. graminea were extracted in buffer, and the crude
extracts (8 pg total protein) were separated by SDS-PAGE and
transferred to a PVDF membrane. Blots were probed with
monoclonal antibody against rice RCA and visualized using
alkaline phosphatase conjugated to a secondary antibody.
Samples (4 pg total protein) from Spinacia oleracea (So) and
Arabidopsis thaliana (At) leaf were used as control. B: The
densitometric analysis of protein bands was performed with
Quantity One software, and the calculated ratios of SGreal/rca2
from different tissues were shown. Symbols marked with the
same letters were not significantly different (p<0.05) for different
samples. The results presented are the means + SD (n = 3).

produce specific polyclonal antibody (Fig. 8B). After affi-
nity purification with MAb against RCA mentioned above,
the two RCA isoforms from S. graminea leaf extract were
separated by SDS-PAGE and probed with the polyclonal
antibody anti-110 AA. As shown in Fig. 8C, this poly-
clonal antibody could only recognize the 43 kDa isoform
but not the 31 kDa isoform, suggesting that the 31 kDa
protein did not contain the 110 AA. Hence, the 31 kDa
protein should not be the proteolytic product of the 43 kDa
form. These results demonstrated that both SGreal and

Discussion
Alternative mRNA splicing amplifies genetic diversity by
producing two or more forms of a protein from a single

gene. Alternative splicing at 3’-end of RCA coding gene
was reported in Arabidopsis (Werneke et al. 1989),
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SGrca2 had their translation products in S. graminea
leaves.

Accumulation patterns of SGrecal and SGrca2 mRNA:
To determine the tissue expression pattern of SGreal and
SGrea2, their mRNA accumulation was examined in
different tissues by semiquantitative RT-PCR using the
full-length primer. As shown in Fig. 9, both SGrcal and
SGrea2 were expressed in leaves and sepals (green tissue)
but not in roots and petals (Fig. 94). The calculated ratios
of SGreal/rca2 ranged from 1.862 to 2.508 in different
tissues (Fig. 9B). To further investigate the response of
RCA gene expression to photoperiod, the SGreal and
SGrca2 mRNA accumulations were examined by qRT-
PCR during the 24-h time course. For SGreal, the mRNA
accumulation increased significantly in the aerial leaves
after the start of illumination and it reached its maximum
level at 9:00 h, while that of the submerged leaves reached
its maximums at 12:00 h (Fig. 104). The mRNA accumu-
lation of both the aerial and submerged leaves decreased
gradually after midday and reached their minimum levels
at midnight. The SGrcal mRNA ratio of the aerial/
submerged leaves (Fig. 10B) ranged from 1.34 (3:00 h) to
5.17 (6:00 h). For SGrea2, the similar mRNA accumu-
lation pattern was observed in the aerial and submerged
leaves (Fig. 10C). A delayed maximum level of SGreca2
mRNA accumulation occurred also in the submerged
leaves. The SGreca2 mRNA ratio of the aerial/submerged
leaves (Fig. 10D) ranged from 1.53 (3:00 h) to 4.48 (6:00 h).

Immunoblot analysis of Rubisco-RCA complex in
aerial and submerged leaves: To further investigate the
interaction between Rubisco and RCA, the Rubisco-RCA
complex in leaf extracts was isolated using Rubisco
antibody, and then it was probed with RCA antibody
(Fig. 114). Both 43 and 31 kDa RCA isoforms were detec-
ted in Rubisco-RCA complex, indicating that both two
isoforms could participated in the activation of Rubisco.
Interestingly, the relative abundance of the 43 and 31 kDa
RCA isoforms in the Rubisco-RCA complex differed
between the aerial and submerged leaves. The densito-
metric analysis of protein bands (Fig. 115) showed that the
43/41 kDa RCA ratio in complex was 1.825 £ 0.237
(n = 3) in the aerial leaves, while that of the submerged
leaves was 0.458 £ 0.047 (n = 3). The ratio of two isoform
suggested that the 43 kDa RCA was the dominant isoform
in Rubisco-RCA complex of the aerial leaves, while higher
amount of the 31 kDa compared to the 43 kDa isoform was
detected in the submerged leaves.

spinach (Werneke et al. 1989), barley (Rundle and
Zielinski 1991), and rice (To et al. 1999, Zhang and
Komatsu 2000). This kind of alternative slicing results in
two RCA polypeptides that only differ in C-terminal end
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Fig. 9. RT-PCR analysis of SGrcal and SGrca2 expression
activity in different plant tissues. 4: RT-PCR analysis was
performed with actin as a control. The amplification products
were separated on a 2% agarose gel. R — root; La — aerial leaf;
Ls — submerged leaf; P — petal; S — sepal. B: The densitometric
analysis of bands was performed with the Quantity One software,
and the calculated ratios of SGreal/rca2 from different tissues
were shown.

of the enzyme. In this research, we reported a novel
alternative splicing manner of RCA coding gene in the
aquatic species, S. graminea. Two cloned cDNAs (SGreal
and SGrca2) possessed the identical 5’- and 3’-
untranslated region and only differed in the middle of the

Fig. 8. Identification of the 31 kDa isoform of RCA
in Sagittaria graminea. A: Schematic structure of the
fusion protein pET-32a-110AA. A 330 bp DNA
fragment encoding the 110 AA missing in SGrea2
was cloned into multiple clone site (MCS) of
Escherichia coli expression vector pET-32a.
B: Identification of the fusion protein pET-32a-
110AA. Equal amount of lysates of recombinant
bacteria (lane 2), IPTG induced recombinant bacteria
(lane 3) and purified pET-32a-110AA (lane 4) were
separated by SDS-PAGE, while lysates of E. coli
BL21 strain with pET-32a (lane 1) and protein
marker (lane M) as controls. Purified pET-32a-
110AA peptide was further transferred to a PVDF
membrane. Blots were probed with antibody to His

S tag (lane 5) and visualized using alkaline phospha-
tase conjugated to a secondary antibody. C: Immuno-
blot analysis of S. graminea RCA using antibody
against pET-32a-110AA fusion protein. Leaf tissues
from aerial (A) or submerged (S) leaf were extracted
in buffer, and the RCA proteins in each crude extract
was immunopurified using RCA specific monoclonal
antibody, followed by Western blot analysis with
antibody against 110-AA fusion peptide as described
in materials and methods. Negative control sample
(NC) were isolated with irrelevant antibody (anti-6 x
His taq) instead of RCA antibodies.

coding region by the presence or absence of the 330-bp
sequence (Fig. 1), indicating that both cDNAs represented
mRNA transcribed from the common gene. Gene structure
analysis revealed that there were three exons and two
introns in the genomic DNA clone of SGrca, and the
alternative splicing of the 330-bp exon was located
between the 3’-end of exon 2 and the 5’-end of exon 3
(Fig. 3). According to multiple sequence alignment, this
novel alternative splicing pattern produced two mRNAs,
both encoding P isoform of RCA (Fig. 5). This was
different from four reported terrestrial species, in which
the alternative splicing at 3’-end of mRNA resulted in two
different isoforms belonging to a or B isoform, respecti-
vely (Werneke et al. 1989, Rundle and Zielinski 1991, To
et al. 1999, Zhang and Komatsu 2000).

Higher plants usually express one or two RCA proteins
with a molecular mass ranging from 41 to 47 kDa (Portis
2003). Interestingly, our results showed that two RCA
polypeptides, one about 43 kDa and the other about
31 kDa, were detected by RCA specific antibody in both
the aerial and submerged S. graminea leaves (Fig. 74).
These two RCA proteins were consistent in their molecular
mass with the deduced mature polypeptides encoded by
SGreal and SGrea2 cDNA clones, suggesting that they
might be the translation products of those two cDNA
clones. A recent study on RCA protein structure revealed
that the N terminal of tobacco RCA was flexibly attached
(Stotz et al. 2011). This lead to a question whether the
31 kDa isoform was the proteolytic product of the 43 kDa
isoform. Our result using polyclonal antibody against the
110 AA, which was absent in the SGrca2 encoding
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Fig. 10. qRT-PCR analysis of SGreal and SGrea2 mRNA levels in aerial and submerged leaves. (4) SGreal. (B) Aerial/submerged
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protein, gave evidence that the observed 31 kDa RCA
protein did not contain the 110 AA (Fig. 8C). Since the
110 AA was located in the middle of ORF, it is impossible
that the proteolytic product of the 43 kDa form without this
110 AA peptide could possess the molecular mass exceed-
ing 20 kDa. Hence, this result demonstrated the 31 kDa
RCA protein was not the proteolytic product of the 43 kDa
form, but it should be encoded by SGrca2. Taken together,
the results of mRNA accumulation (Fig. 2) and protein
expression (Fig. 7) suggested both the alternative splicing
products of SGrecal and SGreca2 were expressed in
S. graminea leaves.

In plants, such as spinach (Werneke et al. 1988),
Arabidopsis (Werneke et al. 1988), barley (Rundle and
Zielinski 1991), and rice (To et al. 1999, Zhang and
Komatsu 2000), alternative splicing of one RCA pre-mRNA
results in two isoforms of RCA (o and B isoform) differing
only at the C-terminus. Although both the a- and B-isoform
are capable of promoting Rubisco activation, they differ
markedly in their enzyme activity (Shen et al. 1991).
Experiments examining the reduction and oxidation of the
native proteins and mixtures of the recombinant isoforms
indicated that the redox changes in the larger isoform can
alter the activity of the smaller isoform, through an
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inhibitory role of C-extension in ATP hydrolysis (Zhang
and Portis 1999, Zhang et al. 2002, Wang and Portis 2006).
In aquatic plant, S. graminea, the alternative splicing of
RCA mRNA resulted in two protein forms which all
belongs to B isoform. RCA functions as a chaperone with
a classical AAA+ module that mediates Rubisco remo-
deling (Neuwald et al. 1999, Portis 2003). Bioinformatics
and phylogenetic analysis showed that the 43 kDa protein
encoded by SGrcal had a high homology with RCA
protein from other plants (75-82%) and possessed con-
served motifs associated with ATPase activity and activase
activity (Fig. 5), indicating that it should have similar
functions as the RCA [ isoform from other plants.
However, the 31 kDa protein encoded by SGrca2 had
110 AA missing in the conserved pore loop motif
concerning ATPase activity (Fig. 5), which suggested that
its ATPase activity might be lost or it might have altered
functions. In addition, the detection of both 43 and 31 kDa
RCA isoform in Rubisco-RCA complex (Fig. 11) implied
both two forms were associated with the interaction
between Rubisco and RCA. In vitro experiments have
shown that increased self-association of activase increases
its activity, which is typical for many AAA proteins that
typically function in an oligomeric ring structure
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Fig. 11. Immunoblot analysis of RCA proteins in the Rubisco-
RCA complex from different leaf type. 4: Rubisco-RCA
complexes in leaf extracts of aerial (A) or submerged (S) leaf
were isolated by co-immunoprecipitation using monoclonal
antibody to Rubisco. The eluted complex was separated by SDS-
PAGE, transferred to a PVDF membrane, then probed with
monoclonal antibody to rice RCA and visualized using alkaline
phosphatase conjugated to a secondary antibody. Aerial (C1) or
submerged (C2) leaf extracts isolated with irrelevant antibody
(anti-6 x His taq) instead of Rubisco antibody were used as
negative control. B: The densitometric analysis of protein bands
was performed with Quantity One software, and the calculated
ratios of SGrcal/rca2 from different tissues were shown in B.
Symbols marked with the same letters were not significantly
different (»p<0.05) for different samples. The results presented are
the means + SD (n = 3).

(Salvucci 1992, Wang et al. 1993, Lilley and Portis 1997).
A recent study on crystal structure of tobacco RCA
demonstrates that RCA functions as a hexamer (Stotz et al.
2011). Hence, it is possible that the 31 kDa isoform
participates in the formation of RCA hexamer before
interacting with Rubisco, because it still possesses the con-
served residues concerning RCA subunit interface and the
critical residues associated with Rubisco binding (Fig. 5).

Green-tissues-specific expression of RCA genes are
reported in many species (Watillon et al. 1993, Liu et al.
1996, Zhang and Komatsu 2000, Xu et al. 2010). Our
results in aquatic plant, S. graminea, also showed both
SGrcal and SGrca2 were expressed only in leaves and
sepals, and the two transcripts had the similar ratio in

different tissues (Fig. 9B). The gene expression analysis of
the two transcripts from the aerial and submerged leaves
showed during the 24-h time course that the accumulations
of SGreal and SGreca2 mRNA were regulated by light,
which was consistent with the studies in other species
(Watillon et al. 1993, Liu et al. 1996, To et al. 1999, Law
and Crafts-Brandner 2001, Ayala-Ochoa et al. 2004, Xu et
al. 2010). The similar accumulation patterns of SGreal
and SGrca2 mRNA indicated the two alternative splicing
products kept a relative balance during the photoperiod.
However, in terms of different leaf types, the mRNA
accumulation level of the two transcripts significantly
increased in the aerial leaves than in the submerged leaves
(Fig. 10B,D), suggesting that the total RCA gene expres-
sion was inhibited by the submerged environment at the
transcriptional level. Furthermore, the submerged leaves
reached their maximum of both SGrcal and SGreca2
mRNA accumulation 3 h later than that of the aerial leaves
during a 24-h photoperiod (Fig. 104,C). The delayed
appearance of the maximum value and the obvious
inhibition of mRNA accumulation demonstrated that the
submerged environment had the significantly inhibiting
effect on the RCA gene expression. Studies of several
heterophyllous aquatic plants have shown that the aerial
leaves often exhibited higher photosynthetic capability
than the submerged leaves (Nekrasova et al. 1998, Snir et
al. 2006, Hyldgaard and Brix 2011). Hence, the unequally
RCA mRNA accumulation between the aerial and
submerged leaves of S. graminea could just meet the
different demands of photosynthetic capability in different
leaf types. At the protein level, the 43 kDa RCA encoded
by SGrcal was the dominant form in the aerial leaves,
which agreed with its mRNA accumulation, while a
relatively higher amount of the 31 kDa RCA form,
encoded by SGrea2, was observed in the submerged leaves
(Fig. 7). The inconsistency between SGrca2 mRNA and
protein accumulation suggested that the 31 kDa isoform
might undergo a post-transcriptional regulation. Consi-
dering the incompleteness of pore loop motifin the 31 kDa
isoform, we speculated that this isoform might function as
a negative regulator. The formation of low-active or
inactive RCA-self oligomer in the submerged leaf can save
the ATP consumption of RCA in the submerged condition.

In summary, the data presented here demonstrated the
existence of the novel alternative splicing in aquatic plant
species, S. graminea. The protein expression pattern of the
two RCA splicing variants and their molecular charac-
teristics imply that they might have altered functions. Our
results of RCA mRNA accumulation and protein
immunoblot suggested also that the RCA gene expression
was regulated by the aerial or submerged environment at
both the transcriptional and post-transcriptional levels,
which provides new insight into photosynthesis of the
heterophyllous aquatic plant S. graminea.
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