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Abstract 

Sodium carbonate (NaHCO3、Na2CO3) causing stress for plants is called “carbonate stress” in this study. 

Some genes that related to carbonate stress were screened from rice (Oryza sativa. L) root cDNA library, 
rice mitochondrial ATP synthase 6kDa subunit gene (shortened form: RMtATP6 gene) is one of these 
genes. The encoded amino acid sequence has homology to mitochondrial ATP synthase 6kDa subunit 
(F0 part of F1F0-ATP synthase) purified from potato (Solanum tuberosum) mitochondria by Jansch et al. 
(1996), but the function of this small protein is not clear and the gene has not been identified. In this 
report, the gene was cloned (Genebank accession no: AB055076), and its expression in plant and yeast 
under carbonate stress and subcellular targeting were characterized. Results suggested that the 
RMtATP6 gene encoding protein is rice mitochondrial ATP synthase 6kDa subunit. Southern analysis 
suggested that the RMtATP6 gene is a single-copy gene in the rice genome. Through analyzing the 
RMtATP6 gene expression in plant, and its expression in yeast under carbonate stress, we can infer that 
RMtATP6 gene is probably related to carbonate stress. Moreover, experimental data indicated the 
moderate expression of RMtATP6 gene in yeast can improve the ability against carbonate stress. 
RMtATP6 protein is targeted to mitochondria in yeast cells as shown by RMtATP6-GFP fusion protein.  

Media summary heading  

The RMtATP6 gene was cloned, and its expression in plant and yeast under carbonate stress and 
subcellular targeting were characterized. 
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Introduction 

F1F0-ATP synthase complexes play a central role in the synthesis of ATP in all living organisms. It is a 
multimeric enzyme composed of a water-soluble portion, F1, which performs the ATP synthesis and 
hydrolysis reactions; and a membrane portion, F0, which mediates the proton transport. They are found in 
the plasma membranes of bacteria, thylakoid membranes of chloroplasts, and in the inner membrane of 
mitochondria (Lefebvre-Legendre et al., 2001). The plant mitochondrial ATP synthase displays the 
classical F1 five subunits structure (Heazlewood et al., 2003). The F0 structure of the plant mitochondrial 
F1F0-ATP synthase is more complicated. The mitochondrial F1F0-ATP synthase from beef heart 
mitochondria comprises 16 different subunits, five of which are part of F1 (Collinson et al., 1994). The 
corresponding protein complex from plants, which had been isolated from spinach leaf mitochondria, 
could be resolved into 12 different polypeptides (Hamasur and Glaser, 1991; Hamasur and Glaser, 1992). 
Jansch et al. purified the mitochondrial F1F0-ATP synthase (complex V) from potato (Solanum tuberosum) 
mitochondria. It is resolved by BN-PAGE in two forms: the intact F1F0 complex (580 kDa) comprising six 
polypeptides. The potato F0 section is composed of at least seven polypeptides with apparent molecular 
mass of 27, 23, 20, 20, 15, 6, and 6 kDa, one of the two 6 kDa proteins is the F0 part of complex V, it 
does not exhibit significant similarity to any published primary structure (Jansch et al., 1996), but the 
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function of this small protein is not clear and the gene has not been identified. In this report, the gene was 
cloned and characterized.  

Materials and methods 

Plant Materials, Construction of Expression Vectors and media 

Rice (Oryza sativa, cultivar: Nipponbare) plants were grown in soil-containing pots in the green house 
under controlled environmental conditions. Roots were harvested for construction of cDNA library; leaves 
were harvested for extraction of total DNA. RMtATP6, GFP and RMtATP6-GFP genes were respectively 
constructed into vector pYES2. The following media were used for growth of yeast cells: rich medium 
(YP) (1% yeast extract and 2% peptone) supplemented with different carbon sources, 2% glucose (YPD); 
2% galactose and 1% raffinose (YPGR); 1.94% galactose, 0.06% glucose and 1% raffinose (YPGDR).  

Construction and Screening of a cDNA Library 

A cDNA library of rice root (cultivar: Nipponbare) was constructed by SMART cDNA Library Construction 
Kit (Clonthech, USA). The library was screened with cDNA fragments as probes. 

DNA Sequence Analysis 

DNA sequence was determined from DNA cycle sequencing reactions, which was performed with 
fluorescent dye terminators followed by product analysis on an automated model 373 DNA sequencer. 

Nucleotides Blot Analysis 

Nucleotides blot hybridization was performed with the DIG DNA labeling and detection kit (Boehringer 
Mannheim, Germany). Signal was detected under Luminescent Image Analyzer LAS-1000 plus (Fujifilm, 
Japan). 

Staining of mitochondria and analysis by confocal microscopy 

Yeast mid-log-phase cells were dyed with Mitotracker Red CmxRos (Molecular Probes) Confocal 
microscopy was performed with FV500 laser-scanning confocal imaging system (OLYMPUS).  

Results 

Cloning and characterization of gene expression 

The length of RMtATP6 cDNA is 505 bp. The open reading frame encodes a predicted 58 amino acids 
protein with a calculated molecular mass 6.578kDa. Protein databases in DDBJ were searched for amino 
acid sequences with similarity to RMtATP6 encoding protein. The BLAST algorithm identified two amino 
acid sequences from Arabidopsis thaliana and potato (Solanum tuberosum) encoding proteins with 
greater similarity to RMtATP6 protein (Fig.1). RMtATP6 protein is most homologous to the Arabidopsis 
thaliana putative protein (accession no: AL133298-15), with 76% of the amino acids identical in total. Also 
RMtATP6 protein is more similar to ATP synthase 6kDa subunit in mitochondria of potato (Solanum 
tuberosum) (protein ID: P80497) with 73% of the amino acids identical in 25 length. According to these, 
we can predict that RMtATP6 protein and the two proteins is probably the identical protein. 

The genomic organization of RMtATP6 was analyzed by Southern blot (Fig.2). Results suggested that 
RMtATP6 gene lies in rice genomic DNA and that RMtATP6 gene is a single-copy gene in rice. We tested 
the RMtATP6 gene expression in rice leaf and root under carbonate stress (leaf and root treated by 
60mM NaHCO3, respectively), results indicated the RMtATP6 gene was induced by this stress (Fig.3 
(1~2)). 



Role of the RMtATP6 gene against carbonate stress and subcellular targeting in yeast 

Yeast cells containing the plasmid pYES2-RMtATP6 and pYES2 were used to investigate the growth in 
three media under carbonate stress condition. In YPD medium, transcription from the GALI promoter of 
yeast strain INVSc1 is repressed in the presence of glucose, so the pYES2-RMtATP6 recombinant gene 
expression was repressed and the growth rate was the same to pYES2 cells, both of them almost have 
the same ability against the carbonate stress (Fig.4A). In YPGR medium containing galactose with high 
concentration, the pYES2-RMtATP6 recombinant gene expressed a great lot, the pYES2-RMtATP6 cells 
have a reduced growth rate in comparison to that of the pYES2 cells and show the decreased ability 
against the carbonate stress (Fig. 4B). Consequently, we controlled the RMtATP6 gene expression 
through adding 0.06% glucose to medium (YPGDR medium) to improve the gene ability against the 
carbonate stress. In YPGDR medium, pYES2-RMtATP6 recombinant gene expressed moderately and 
the normal activity of yeast cells was not affected seriously, the growth rate of yeast cells is more rapidly 
than pYES2 cells and ability against carbonate stress was strengthened (Fig.4C).  

We used the GFP protein to determine the localization of RMtATP6 gene encoding protein in vivo, we 
fused the yeast protein with the GFP at the C terminus. The mitochondria were visualized using a 
mitochondria-specific dye for living cells, Mitotracker. As controls, we used construct encoding GFP 
protein to study its targeting in yeast cell (Fig.5d-f). The green fluorescence of GFP protein is almost 
distributed throughout the yeast cell (Fig.5d), the localization signal is not consistent with the 
mitochondrial localization signal (red fluorescence area) (Fig. 5e-f). This result indicates the GFP protein 
is not targeting specific sites in yeast cell. The RMtATP6-GFP fusion protein is evenly distributed 
throughout the mitochondria, as can be observed by the RMtATP6-GFP/Mitotracker double staining 
(Fig.5a-c). The result of in vivo localization of RMtATP6-GFP protein maybe suggest that RMtATP6 gene 
of rice nucleus genome finishes transcription and translation to produce the RMtATP6 protein, which is 
localized in mitochondria. 

 

Fig.1 Comparison of amino acid sequences among rice (Oryza sativa), Arabidopsis thaliana and 
potato (Solanum tuberosum). 

 

Fig.2 Southern blot analysis of RMtATP6 gene. Lane1-5: Rice (Oryza sativa)genomic DNA was 
digested respectively with EcoRI, EcoRV, HindIII, BamHI and XbaI. 



 

Fig.3 (1) Northern blot analysis of RMtATP6 gene expression in rice leaf treated by 60mM Na2CO3. 

A. Northern blot, B. Et-Br staining, Probe: RMtATP6 cDNA DIG labeling, lane1. control (pH7.0), 
lane2-5. treated respectively by 60mM Na2CO3 for 4, 8, 12, 16hours. (2) Northern blot analysis of 
RMtATP6 gene expression in rice root treated by 60mM Na2CO3. A. Northern blot, B. Et-Br staining, 
Probe: RMtATP6 cDNA  

 

DIG labeling, lane1. control (pH7.0), lane2-6. treated respectively by 60mM Na2CO3 for 4, 8, 12, 16, 
20hours. 

Fig.4 The analysis of pYES2-RMtATP6 recombinant gene against carbonate stress. Yeast cells 
were grown in liquid medium at 30 ℃. The cultures were then normalized to the same OD600 
before making serial dilutions and spotting them in 6 ?l droplets onto each medium. In every 
picture, the upper line represents the yeast cells containing pYES2-RMtATP6 plasmid; the lower 
line represents the pYES2-CV plasmid. A: YPD medium; B: YPGR medium; C: YPGDR medium. 

 

Fig.5 RMtATP6-GFP fusion protein is located at specific sites of mitochondrion in yeast. RMtATP6 
has been cloned in frame at the C-terminal end with the GFP gene in the pYES2 vector and 
expressed in the yeast strain INVSc1. Live cells were incubated with Mitotracker as described in 
Materials and Methods, and the localization of RMtATP6-GFP was determined using a confocal 
microscope. a-c: expression of the RMtATP6-GFP fusion constructs in yeast; b-d: expression of 
the GFP protein in yeast. Scale bars, 2μm. 

Conclusion 

In this report, we cloned the investigated the expression of a 6 kDa mitochondrial ATP synthase subunit 
gene of rice, which most likely represents a plant specific subunit of this protein complex, in plant and 
yeast cells under carbonate stress. We found that this gene is related to the carbonate stress and 



moderate expression of this plant protein improves yeast growth in the presence of stress. The protein is 
targeted to mitochondria in yeast cells as shown by a GFP fusion protein. 
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