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Ribulose-l,5-bisphosphate carboxylase/oxygenase (RuBisCO) activase catalyzes the acti-
vation of RuBisCO in vivo. Two full length cDNAs designated as OarcaAl and OsrcaA2
encoding two RuBisCO activase isoforms of 47 and 43 kDa, respectively, have been
cloned and characterized. The two isoforms were 99% identical, the 47 kDa isoform hav-
ing an additional 33 amino acids and a 5 amino acid substitution at the carboxyl termi-
nus. The deduced amino acid sequences of OsrcaAl and OsrcoA2 showed 73—89%
identity with RuBisCO activase from other higher plants. Two highly conserved ATP
binding sites were identified. The Osrca mRNAs, and the RuBisCO activase proteins of
43 and 47 kDa were specifically detected in leaf, but not in root or etiolated seedling tis-
sues. During leaf development, the abundance of Osrca mRNAs increased from the 7th
to the 3rd leaf, and reached a mairiimim in the 2nd leaf, although the amounts of the 43
and 47 kDa RuBisCO activase remained almost unchanged among the six leaves, indi-
cating the involvement of post-transcription control in the regulation of RuBisCO acti-
vase expression in rice. The co-immunoprecipitation of RuBisCO LSU and SSU with
RuBisCO activase suggests that RuBisCO activase interacts with RuBisCO in vivo.
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The photosynthetic assimilation of CO2 is catalyzed by rib-
ulose-l,5-bisphosphate carboxylase/oxygenase (RuBisCO,
EC 4.1.1.39). RuBisCO must be activated before it exhibits
its catalytic activity, and this activation requires the ATP-
dependent enzyme RuBisCO activase (1). RuBisCO acti-
vase was first discovered on analysis of a mutant of Arabi-
dopsis that could grow only with an elevated CO2 concen-
tration (2). Subsequent analysis showed that the RuBisCO
activase protein is present in all higher plants examined
(3). RuBisCO activase changes the activity of RuBisCO by
removing the otherwise inhibitory sugar phosphates, ribu-
lose bisphosphate and, in some plants, 2-carboxyarabinitol-
1-phosphate (4). RuBisCO activase is nuclear-encoded, syn-
thesized in the cytosol as a precursor and processed into a
mature polypeptide during import to the chloroplast
stroma (4). RuBisCO activase cDNA clones have been iso-
lated from many higher plants and green algae (5-15). hi
most plants examined to date, there are 2 isoforms of
RuBisCO activase arising through alternative pre-mRNA
splicing. Both isoforms catalyze the activation of RuBisCO
and ATP hydrolysis in vitro (16). Recently, it was found
that the larger isoform is more thermostable (17), and
plays a unique role in the regulation of RuBisCO activity
(18).
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In our previous study, a gibberellin (GA)-binding protein
with a Mr of 47 kDa and a pi of 5.1 was identified in rice by
means of a ligand-binding assay (19). Partial amino acid
sequences of the purified GA-binding protein were deter-
mined from both the N-terminal and internal regions. A
sequence homology search indicated that the amino acid
sequence of the GA-binding protein was homologous to that
of RuBisCO activase. Two proteins of 43 and 47 kDa cross-
reacted with an antibody raised against the 47 kDa GA-
binding protein (19). hi this paper, the characterization of
the cDNAs encoding two RuBisCO activase isoforms of 43
and 47 kDa in rice is described. The expression of the gene
was analyzed at the mRNA and protein levels. Immunopre-
cipitation analysis showed that both the RuBisCO large
subunit (LSU) and small subunit (SSU) co-immunoprecipi-
tated with RuBisCO activase.

MATERIALS AND METHODS

Plant Material and Growth Conditions—Rice (Oryza
satwa L. cv. Nipponbare) seedlings were grown in a growth
chamber with 12 h of light and 12 h of darkness, and eti-
olated seedlings were grown in continuous darkness at
25"C for 2 weeks.

cDNA Library Construction and Screening—Total RNA
was isolated from rice leaves by the method of Chomczyn-
ski and Sacchi (20). The mRNA was isolated from total
RNA using a Quick Prep Micro mRNA purification kit
(Pharmacia Biotech, Uppsala, Sweden). A cDNA library
was constructed from mRNA using a XZAP II cDNA clon-
ing kit according to the manufacturer's instructions (Strat-
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agene, La Jolla, CA, USA). The probe for screening cDNAs
encoding RuBisCO activase was prepared by reverse tran-
scriptase-PCR (RT-PCR) using a StrataScript™ RT-PCR
kit (Stratagene). Degenerate primers were designed based
on the aminn acid sequence of the 47 kDa GA-binding pro-
tein, which was characterized as RuBisCO activase {19). A
sense primer corresponding to the amino acid sequence
DEGKQTDQ was designed: 5'-GAY GAR GGN AAR CAR
CAN GAY CAR-3'. An antisense primer corresponding to
the amino acid sequence GNAGEPAK was used: 5'-YTT
NGC NGG YTC NCC NGC RTT NCC-3'. The RT-PCR was
performed for 30 cycles of 95*C for 1 min, 54°C for 2 min,
and 72"C for 3 min. The PCR product was subcloned into
the pT7 Blue T-vector and confirmed by nucleotide sequenc-
ing. Then a cDNA fragment of 388 bp was cut out from the
PCR product with Sacl, labeled with digoxigenin-dUTP by
random priming (Boehringer Mannheim, Mannheim, Ger-
many), and then used as a probe to screen the cDNA
library. Hybridization was performed at 47'C in a solution
containing 50% formamide, 5 X SSC, 0.1% AT-lauroylsar-
cosine, 0.02% SDS, and 2% blocking reagent. Positive
plaques were excised as pBluescript clones according to the
manufacturer's instructions (Stratagene). Serial deletion
constructs were generated using a kilo-deletion kit (TaKa-
Ra, Osaka), and the cDNA clones were sequenced for both
strands using a dideoxy dye terminator (Perkin-Eliner, Fos-
ter City, CA, USA). DNA sequences were analyzed using
the GCG software package (Genetics Computer Group,
Madison, WI, USA) and GENETYX-MAC 10.1 (Software
Development, Tokyo).

Southern and Northern Blot Analyses—Rice genomic
DNA was digested with restriction enzymes (BamHl,
EcoBI, .EcoRV, or Hindm), and then electrophoresed in
0.8% agarose gels. Total RNA was isolated from leaf blade,
leaf sheath, root or etiolated seedling tissues, and then elec-
trophoresed in 1.2% formaldehyde denatured agarose gels.
DNA and total RNA were blotted onto positively charged
nylon membranes (Boehringer Mannheim) and then hy-
bridized with two digoxigenin-labeled cDNA fragments, one
of 388-bp and the other of 464-bp cut out from the 3' end of
a cDNA {OsrcaAl) with Xhol. Hybridization was carried
out under the same conditions as used for cDNA library
screening.

Protein Extraction—All procedures were conducted at
4"C. A portion of leaf blade (50 mg), leaf sheath (100 mg), or
etiolated (200 mg) tissues was homogenized in 1 ml extrac-
tion buffer containing 50 mM Tris-HCl (pH 7.8), 250 mM
sucrose, 10 mM EGTA, 1 mM PMSF, and 1 mM DTT. The
homogenate was centrifuged at 15,000 Xg for 10 min. The
supernatant was used as the protein extract. To extract
root proteins, root segments (500 mg) were homogenized in
1 ml extraction buffer. The homogenate was centrifuged at
15,000 Xg for 10 min, and the supernatant was precipi-
tated with 10% trichloroacetic acid on ice for 20 min. Sam-
ples were then centrifuged at 15,000 Xg for 10 min, and the
pellet was washed twice with extraction buffer and resus-
pended in 50 fjtl extraction buffer. The protein concentration
was measured using a protein assay kit (Bio-Rad, Rich-
mond, CA, USA) with BSA as a standard.

Western Blot Analysis—Protein extracts were separated
by SDS-PAGE. The gels were either stained with Coo-
massie Brilliant Blue (CBB) or electroblotted onto polyvi-
nylidene difluoride (PVDF) membranes (Pall BioSupport

Division, Port Washington, NY, USA). The blots were cross-
reacted with the antibodies raised against the 47 kDa GA-
binding protein, RuBisCO LSU or SSU, and then visualized
by incubation with horseradish peroxidase-conjugated goat
anti-rabbit IgG followed by color development with 4-
chloro-1-naphthol (Bio-Rad).

Immunoprecipitation—A protein extract (100 pJ) pre-
pared from rice leaves was incubated with 20 JJLI antibody
raised against the 47 kDa GA-binding protein for 1 h at
4°C, and then with protein A-Sepharose (Sigma, MO, USA)
for 1 h. The mixture was centrifuged at 15,000 Xg for 30 s,
and then the pellet was washed 3 times with the buffer
containing 50 mM Tris-HCl (pH 7.8), 250 mM sucrose, and
0.1% Triton X-100. Then the pellet was resuspended in 20
(jj SDS sample buffer, boiled for 5 min and centrifuged at
15,000 Xg for 30 s. The supernatant was subjected to SDS-
PAGE.

N-Terminal Amino Acid Sequencing—The proteins were
subjected to SDS-PAGE, electroblotted onto PVDF mem-
branes and then visualized by CBB staining. The protein
was cut out, and the N-terminal amino acid sequence was
determined by automated Edman degradation with a pro-
tein sequencer (model 492, Applied Biosystems).

Preparation of Polyclonal Antibodies—The proteins ex-
tracted from rice leaves were separated by two dimensional
(2D)-PAGE (21), and then RuBisCO LSU and SSU were
electroeluted from the 2D-PAGE gels. The protein solutions
were dialyzed against deionized water for 2 d and then
dried. Polyclonal antibodies, recognizing RuBisCO LSU and
SSU, were raised in adult rabbits by the method of Bailey
(22).

RESULTS

Isolation of cDNA Clones Encoding RuBisCO Activase—
In our previous study, a GA-binding protein candidate was
identified in rice (19). To clone genes encoding the GA-bind-
ing protein, degenerate primers were designed based on
the aminn acid sequences of the protein, which is homolo-
gous to RuBisCO activase, and were used to generate a
hybridization probe by RT-PCR The RCR product was used
to screen a A. ZAP II cDNA library constructed from rice
leaf mRNA. Seven positive \ clones were obtained and ex-
cised as pBluescript clones. The cDNA clones were named
Osrca. The insert size of the clones was compared by diges-
tion with restriction enzymes (Ba/nHI, Pstl, Sacl, Accl, and
ApaT), and the 5' and 3' ends of the longest clones, that
ranged in size from 1.6 to 1.7 kb, were compared by se-
quencing. Based on the results, these clones were classified
into two groups and two distinct cDNAs representative of
each group were sequenced on both DNA strands. Two of
these cDNAs, designated as OsrcaAl and OsrcaA2 (Gen-
Bank accession numbers AB034698 and AB034748, respec-
tively), are described. The two cDNAs differ in sequence in
the inclusion of an 85-bp insert in OsrcaA2 (Fig. 1, double
lined). The coding sequences of OsrcaAl and OsrcaA2 are
GC-rich, i.e. about 59%, which is characteristic of many
monocot genes (23). The deduced amino acid sequences of
OsrcaAl and OsrcaA2 are 99% identical, the larger isoform
having an additional 33 amino acids and a 5 amino acid
substitution at the carboxyl terminus (Fig. 1). A cDNA
(rcall) encoding a RuBisCO activase has been isolated from
rice (24), and the deduced amino acid sequences of OsrcaA2
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and rcall are nearly completely homologous, OsrcaA2 hav- angles). The N-terminal residue was identical to Phe87 of
ing one different (Ala127 instead of Ser127 in rcall) and one the deduced amino acid sequence of rcall (24), but, judging
additional (Ala190) amino acid (Fig. 1, indicated by open tri- from our results (19), the transit peptdde cleavage site lies
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Fig. 1. Nucleotide and predicted amino acid sequences of OarcaA2. Open triangles indicate the different amino acid residues
OsrcaAl and OsrcaA2. The peptides corresponding to the se- deduced from OsrcaA2 and rcall (24). Asterisks indicate the stop
quences of the purified 47 kDa GA-binding protein are boxed. An ar- codon. The accession Noa for OsrcaAl and OsrcaA2 are AB034698
rowhead indicates the N-terminal residue Lines indicate consensus and AB034748, respectively.
ATP-binding sites. The double line indicates the 85-bp insert in
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between Ala48 and Lys49 (Fig. 1). Therefore, the mature pro-
teins encoded by OsrcaAl and OsrcaA2 were calculated to
be 46.5 and 42.9 kDa, respectively, which is in good agree-
ment with our estimates on SDS-PAGE (47 and 43 kDa,
respectively) (19). This is not consistent with that of To et
al. (24), in that two RuBisCO activase polypeptddes (RCAI
and RCAII) were calculated to be 45 and 41 kDa, respec-
tively. The transit peptdde containing 48 amino acid resi-
dues encoded by OsrcaA (Al and A2) and barley rcaA are
quite similar (6). Thirty-nine of the first amino acid resi-
dues are the same. This sequence is followed by one of little
amino acid sequence similarity consisting of 6 residues.
Finally, a conserved tripeptide sequence of Val-Met-Ala
immediately proceeds the putative transit peptdde cleavage
site. Similar cleavage patterns were found for spinach and
Arabidopsis (5). Two conserved ATP-binding sites, GGKG-
QGKS (amino acid positions 157-164) and GKMCCLFIND
(amino acid positions 212—221), were identified (Fig. 1),
which is consistent with the ATP requirement for RuBisCO
activase—mediated activation of RuBisCO in vitro (25). Two
isoforms of rice RuBisCO activase exhibit 73-89% identity
to the RuBisCO activase from higher plants including spin-
ach and Arabidopsis (5), barley (6), cucumber (7), tobacco
(8), apple (9), Phaseolus vulgaris (10), tomato (11), maize
(12), and Datisca glomerata (13). The rice RuBisCO acti-
vase proteins are more closely related to those from a
monocot plant, barley (86-89% identity), and also show
about 62-63% identity to RuBisCO activase proteins from
green algae including Chlamydomonas (14) and Anabaena
(15).

Genome Analysis—Rice genomic DNA was digested with
restriction enzymes whose recognition sites are not located
in the coding regions of OsrcaAl and 0srcaA2, and South-
ern blot analysis was performed with two digoxigenin-
labeled cDNA fragments as probes (Fig. 2). After EcoRV

Sad Sac] Xhol Xhol

± OsrcaAl
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(388 bp)

probe B
(464 bp)

kb

23.1 —
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6.6 —
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Fig. 2. Genomic Southern blot analysis of the rca gene. Rice
genomic DNA was digested completely with BamHI, HindUI, EcoRI,
or EcoRV, separated by 0.8% agarose electrophoresis, and then blot-
ted onto positively charged nylon membranes. The blots were hy-
bridized to two partial cDNA fragment1; of 388-bp probeA (A) or 464-
bp probe B (B), as indicated. Molecular size markers are indicated on
the lea.

digestion, two bands corresponding to 8.8 and 6.0 kb hy-
bridized to probe A, and a 6.0 kb band hybridized to probe
B. With HindUI digestion, two bands, a strongly hybridiz-
ing one (14 kb) and a weakly hybridizing one (8.4 kb), were
detected by probe B, but only a 14 kb band hybridized to
probe A. On digestion of genomic DNA with BamHI, two
DNA bands were found to hybridize with both probe A (20
and 4.0 kb) and probe B (20 and 5.2 kb). This suggests that
more than one rca gene is present in the rice genome.

Expression of RuBisCO Activase in Rice—Northern and
Western blot analyses were performed to determine the
patterns of accumulation of the mRNAs and proteins in
various tissues (Fig. 3). Both RuBisCO activase mRNAs
and proteins were highly expressed in leaf blade and
sheath, but not in root tissues (Fig. 3A). The major band of
Osrca mRNAs was estimated to correspond to about 1,700
nucleotides long (Fig. 3), a value that is consistent with the
size of cDNAs (OsrcaAl and OsrcaA2). An additional faint
band corresponding to about 3,500 nucleotides was also de-
tected for leaf blade tissue (Fig. 3A). Two proteins of 43 and
47 kDa cross-reacted with the antibody raised against the
47 kDa GA-binding protein (Fig. 3A). The relative amounts
of the two isoforms of RuBisCO activase are the same in
leaf blade and sheath tissues. In contrast to the strong sig-
nals observed for light-grown seedlings (Fig. 3A, lanes S
and L), RuBisCO activase mRNAs and proteins cannot be
detected in dark-grown seedlings (Fig. 3A, lane E), This
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Fig. 3. Northern and Western blot analyses of the expression
of RuBisCO activase in rice. (A) Tissue-specific expression of
RuBisCO activase. (B) Expression of RuBisCO activase in different
developed leaf tissues. Total RNA and soluble protein were ex-
tracted from leaf blade Qane L), sheath (lane S), root (lane R), or eti-
olated seedling (lane E) tissue, or the 2nd, 3rd, 4th, 5th, 6th, or 7th
leaf blades of 30-d-old rice seedlings (lanes 1,2, 3, 4, 5, and 6). RNA
(30 (ig) was probed with the digoxigenin-labeled 388-bp cDNA frag-
ment. Staining with ethidium bromide is shown in the rRNA panel.
For Western blot analysis, soluble proteins were separated by SDS-
PAGE. Gels were blotted onto PVDF membranes and then probed
with antibodies raised against the 47 kDa GA-binding protein. Ex-
tracts were assayed on the basis of an equal amount of soluble pro-
tein (A) or equal fresh weight of starting tissue (B). Staining with
CBB is shown in panel.

J. Biochem.

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Characterization of RuBisCO Activase in Rice 387

shows that RuBisCO activase is specifically expressed in
the photosynthetdc tissues.

To investigate the expression of Osrca in different devel-
oped leaf tissues, 30-d-old rice seedlings, which consist of
seven leaves, were used. Because the first leaves were
dead, total RNA and protein were extracted from the 2nd
to 7th leaf blades (base to top). The accumulation of Osrca
mRNAs increases from the 7th to the 3rd leaf, and reaches
a maximum in the 2nd leaf In contrast, the amounts of the
43 and 47 kDa RuBisCO activase are almost the same
among the six leaves (Fig. 3B).

Co-Immunoprecipitation of RuBisCO LSU and SSU with
RuBisCO Activase—Immunoprecipitation analysis was per-
formed to identify proteins interacting with RuBisCO acti-
vase in viva Antibodies raised against the 47 kDa GA-bind-
ing protein were added to the protein extract. The immuno-
precipitated proteins were separated by centrifugation with
protein A-Sepharose and then analyzed by SDS-PAGE.
Two major proteins of 49 kDa (pp49) and 16 kDa (ppl6)
were co-immunoprecipitated with RuBisCO activase (Fig.
4). The N-terminal amino acid sequences of the 16 and 49
kDa proteins show homology to those of RuBisCO SSU (26)
and LSU (27) from rice, respectively (Fig. 4C). Two proteins

kDa

B

94

6"

43

3(1

2(1

14

1 2

• — pp49

— p p l 6

1 2r
RuBisCO
LSU

— RnBnCO
SSU

p p l 6 F Q V W P I F. G I K K F E T L S Y L P P

1 1 I I I I I I I I I I I I I I I I I
R U B B C O SSU M Q V W P I E C I K K F E T L S Y L P P

pp49 T K H T D I L A A F

I I I I I I I I I !
RuBisf •

Fig. 4. Co-immunoprecipitation of pp49 and ppl6 associated
with RuBisCO activase. Antibodies raised against the 47 kDa
GA-binding protein were added to a protein extract prepared from
rice leaves (lane 2), or to extraction buffer saved as a control (lane 1).
(A) Immunoprecipitated proteins were analyzed by SDS-PAGE and
stained with CBB. (B) The gels were blotted onto PVDF membranes
and then probed with antibodies against RuBisCO LSU or SSU (C)
The N-terminal amino acid sequences of ppl6 and pp49 are homolo-
gous to those of RuBisCO SSU (27) and LSU (26), respectively.

of 16 and 49 kDa cross-reacted with the antibodies raised
against RuBisCO SSU and LSU, respectively (Fig. 4B). The
results show that both RuBisCO SSU and LSU co-immuno-
precipitated with RuBisCO activase.

DISCUSSION

RuBisCO activase is conserved in photosynthetic organ-
isms across a wide range of genera, including lower eukary-
otes. Two isoforms of RuBisCO activase with molecular
weights of 43 and 47 kDa were found in rice, and two full-
length cDNAs encoding the two isoforms were isolated and
characterized in this study. It is evident that the two iso-
forms of RuBisCO activase arose through differential splic-
ing of a common pre-mRNA in spinach, Arabidopsis and
barley (5, 6). In these plants, the last intron of the rca gene
can be excised in two ways, including or excluding a 10-,
22-, and 50- bp insert for spinach, Arabidopsis and barley,
respectively. The two cDNAs of OsrcaAl and OsrcaA2
encoding the isoforms of RuBisCO activase differ in se-
quence in the inclusion of 85 bp in OsrcaA2, which results
in the insertion of an in-frame termination codon (Fig. 1).
As a consequence, OsrcaA2 encodes 433 amino acids; and
OsrcaAl encodes 466 amino acids, i.e. there are an addi-
tional 33 amino acids and a 5 amino acid substitution at
the carboxyl terminus (Fig. 1), similar to that found in spin-
ach, Arabidopsis and barley (5, 6). These results suggest
that the two cDNAs of OsrcaAl and OsrcaA2 might also be
generated through an alternative splicing mechanism. Re-
cently, two different 3' ends of rca mRNA were detected in
rice on RT-PCR, and a partial genomic DNA fragment has
also been cloned. Sequence comparison showed that an
alternative splicing mechanism for a common rca mRNA
precursor near the 3' end exists in rice (24). Comparing the
sequences of OsrcaAl and 0srcaA2 with that of the partial
genomic DNA (24), we concluded that the two mRNAs of
OsrcaAl and OsrcaA2 are generated from a common Osrca
mRNA through alternative splicing as described by To et al.
(24). On Northern blot analysis, two mRNAs of 1,700 and
3,500 nucleotides were detected (Fig. 3A). Consistent with
the sizes of the cDNA clones, we concluded that the 1,700-
nucleotdde mRNA represented the mature message, and
might contain the two mRNAs of OsrcaAl and OsrcaA2.
The 3,500-nucleotdde (Fig. 3A), whose level was very low
and which could not be consistently detected, may be the
pre-mRNA.

Genomic Southern blot analysis suggested that more
than one rca gene is present in rice. Our result is not con-
sistent with that of To et al. (24), in that only one band
could be detected for EcoBl and HindUI digests. We notice
that the bands detected for EcoBl and Hin<UH digests
ranged from 4.4 to 23.1 kb in size (24), so it is difficult to
conclude that there was only one band. In another mono-
cotyledon, barley, RuBisCO activase proteins are encoded
by two closely linked, tandemly oriented nuclear genes
(rcaA and rcaB). rcaA produces two mRNAs, which encode
polypeptides of 42 and 46 kDa through alternative splicing
mechanism. rcaB is transcribed to a single mRNA, which
encodes a mature peptide of 42 kDa. The rcaA mRNAs are
20-100-fold more abundant than rcaB mRNA, and among
the 27 barley rca cDNA clones isolated, rcaAs sequences
accounted for 25 clones, while the rcaB class was repre-
sented by two cDNA clones (6). We confirmed that the 7
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Osrca cDNA clones isolated were generated from one gene
through an alternative splicing mechanism. But, judging
from the Southern blot results, we suggest that an addition
genome gene and a third class mRNA are present in rice.
This conclusion will be verified through the analysis of
genomic clones and more cDNA clones.

As expected for a protein that functions in the photosyn-
thetic carbon reduction cycle, the expression of RuBisCO
activase in rice was found to be tissue-specific. Both rca
mRNAs and proteins were predominantly detected in leaf
blades and sheaths, the photosynthetic tissues, but were
not detected in root tissue or etiolated seedlings (Fig. 3A). A
light-inducible element of the rca promoter has been identi-
fied in spinach (28) and Arabidopsis (29). Although the
effect of illumination of etiolated seedlings on the expres-
sion of RuBisCO activase in rice was not examined, it is
reasonable to assume that the expression of rca in rice is
regulated by light. The sizes of the two mRNAs encoding
the 43 and 47 kDa RuBisCO activase are very close, thus
they cannot be distinguished on Northern blot assaying
with the 388-bp cDNA fragment as a probe (Pig. 3). But we
noted that two RuBisCO activase proteins are present in
different tissues (leaf blade and sheath) or different devel-
oped leaves in the same relative amounts, and the 43 kDa
isoform was more immunologically stained than the 47
kDa isoform (Fig. 3). This suggests that either alternative
splicing favors the production of OsrcaA2 mRNA, or that
the 0srcaA2 mRNA can be preferentially translated. The
accumulation of OsrcaA mRNA increased from the 7th to
the 2nd leaf, in contrast, the amounts of the 43 and 47 kDa
RuBisCO activase proteins showed no obvious differences
among the six leaves (Fig. 3B), suggesting post-transcrip-
tion control is involved in the regulation of RuBisCO acti-
vase expression in rice. Further experiments will be per-
formed to analyze the accumulation pattern of the different
mRNAs in different tissues and during leaf development
using gene specific probes.

RuBisCO activase was considered to belong to the AAA+

class, the proteins of this class often performing chaperone-
like functions that assist in the assembly, operation or dis-
assembly of protein complexes (30). There is evidence that
RuBisCO activase may function as a molecular chaperone
rather than a conventional enzyme in the activation of
RuBisCO (30,31). RuBisCO is conformed by LSU arranged
as an octameric core and SSU in two layers of four, on
opposite sides of the molecule (32). Both RuBisCO LSU and
SSU were co-immunoprecipitated with the antibody
against the GA-binding protein, which was identified as
RuBisCO activase (Fig. 4), suggesting that RuBisCO acti-
vase associates with RuBisCO in vivo and may be involved
in the assembly or protection of the holoenzyme RuBisCO.
Further experiments are needed to confirm this and to clar-
ify the mechanism of the interaction between the RuBisCO
and RuBisCO activase.

RuBisCO activase is conserved in photosynthetic organ-
isms and has no reported alternative functions. The two
RuBisCO activases examined to date differ only in their
carboxyl terminals, but recent evidence showed that the
two isoforms play different roles in the regulation of
RuBisCO activity (18). Although both isoforms can catalyze
the activation of RuBisCO and ATP hydrolysis in vitro (16),
the larger isoform exhibited minimal ATP hydrolysis and
RuBisCO activation activity in comparison with the 43 kDa

isoform with physiological ratios of ADP/ATP (IS). Our
early work showed that only the 47 kDa isoform has GA-
binding activity (19). The amount of the protein was not
affected by GA treatment (date not shown), but the 47 kDa
protein was specificly phosphorylated with Ca2+, Mg2"1", and
ATP on GA treatment (19). Analysis of the function of the
47 kDa GA-binding protein in the GA signal transduction
pathway is in progress.

Z. Zhang is a Japan Science and Technology Agency Fellow from
the China Agricultural University in P.R. China.
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