
RuBisCO is a key enzyme catalyzing the CO2-fixing
reaction in the initial step of the Calvin cycle. However,
its enzymatic properties are inadequate for plants
because of its small turnover rate of the carboxylase
reaction (Harris and Koniger 1997) and its low affinity
for CO2. Thus, this enzyme limits the rate of carbon
assimilation and net photosynthesis (Yokota and
Shigeoka 2007). To compensate for its enzymatic
inefficiencies, RuBisCO comprises as much as half of
leaf total soluble proteins in higher plants, corresponding
to 30% of total nitrogen compounds in the leaves.
Consequently RuBisCO is regarded as the most abundant
protein in the world (Gatenby and Ellis 1990; Makino et
al. 2003). Indeed, a decrease in the amount of RuBisCO
causes strong inhibition of CO2 assimilation and
subsequent growth retardation (Rodermel et al. 1988;
Quick et al. 1991; Hudson et al. 1992; Masle et al.
1993). Therefore, it is important to understand how
plants synthesize RuBisCO abundantly and maintain a
sufficient amount for growth and development. How is
RuBisCO synthesized optimally in plant chloroplasts?

Gene expression of nuclear- and
chloroplast-encoded subunits of RuBisCO

RuBisCO functions as an enzyme in the chloroplast
stroma with a hexadecameric structure consisting of
eight large (LSU) and eight small subunits (SSU). LSUs
and SSUs are synthesized through distinct processes as
the genes encoding them are individually located on

different genomes (Figure 1). SSU is encoded by rbcS in
the nuclear genome as a multigene family ranging from 2
to 12 members (Gutteridge and Gatenby 1995). The
expression of rbcS is regulated by various endogenous
and/or exogenous signals, such as light/dark transition,
light quality, circadian rhythm, temperature, atmospheric
CO2 concentration, and nitrogen supply. It is also
controlled in an organ- and tissue-specific manner, and
by developmental stages (Sugita and Gruissem 1987;
Dedondar et al. 1993; Pilgrim and McClung 1993; Gesch
et al. 1998; Yoon et al. 2001; Imai et al. 2007). The
relationship between rbcS expression and light
conditions has been studied well. The signal transduction
pathway mediated by phytochrome and the G protein is
involved in light-stimulated transcription and light
quality-dependent expression pattern of rbcS (Zhou
1999). Dark-induced down-regulation of rbcS expression
is regulated by CONSTITUTIVELY MORPHOGENIC/
DE-ETHIOLATED/FUSCA (COP/DET/FUS), which are
well known as repressors of photomorphogenesis (Millar
et al. 1994). However, cis elements or trans-acting
factors involved in the regulation of the rbcS expression
response to various endogenous and/or exogenous
signals are not well understood.

After transcription in the nucleus, rbcS mRNA is
translated on 80S ribosomes in the cytosol to synthesize
the precursor protein of SSU (PreSSU) with the transit
peptide in its N-terminal required for targeting to the
chloroplast. The PreSSU is carried to the chloroplast
outer membrane by heat shock protein70 (hsp70) and 14-
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3-3 protein as the guidance complex, and then imported
into the chloroplast stroma via translocons located within
the outer and inner envelope membranes of chloroplasts
(Toc and Tic complexes, respectively) (Jarvis and Soll
2001; Soll 2002). The transit peptide of preSSU is
cleaved by the stromal processing peptidase (SPP) and
the mature SSU is produced (Jarvis and Soll 2001).

LSU is encoded by rbcL, which is located on the
chloroplast genome. This gene is transcribed by the plas-
tid-encoded plastid RNA polymerase (PEP) which func-
tions in the expression of the other genes related to pho-
tosynthesis. The specificity for target genes and the spa-
tial-temporal regulation of PEP-mediated transcription
are regulated by nuclear-encoded sigma-like transcrip-
tion factors (SIGs) (Isono et al. 1997; Kanamaru and
Tanaka 2004; Tsunoyama et al. 2004; Favory et al. 2005;
Loschelder et al. 2006; Tozawa et al. 2007; Zghidi et al.
2007). AtSIG6, which is one of the six SIGs identified in
Arabidopsis, is involved in rbcL gene expression during
the early developmental stage when the biosynthesis of
RuBisCO is most active (Ishigaki et al. 2005).

rbcL mRNA is translated on prokaryotic-type 70S ri-

bosomes with prokaryotic translation apparatus, such as
initiation factors, elongation factors and termination fac-
tors (Murayama et al. 1993; Millen et al. 2001; Moto-
hashi et al. 2007). Interestingly, it is suggested that LSU
is translated on the membrane-bound ribosomes, as well
as chloroplast-encoded thylakoid membrane proteins
(Mühlbauer and Eichacker 1999). The translation of
rbcL mRNA is enhanced by light via activation of the
translation elongation process (Mühlbauer and Eichacker
1999). It has been proposed that this light-induced en-
hancement of the translation elongation of LSU on thy-
lakoid-bound polysomes is mediated by the proton gradi-
ent formed across the thylakoid membranes (Mühlbauer
and Eichacker 1998; Mühlbauer and Eichacker 1999). In
addition, the specific activity of the elongation factor EF-
G and the expression of EF-Tu are enhanced by light,
and these are also suggested to contribute to the light-in-
duced enhancement of the translation elongation of rbcL
(Akkaya and Breitenberger 1992; Singh et al. 2004;
Marin-Navarro et al. 2007).

The genes encoding LSU and SSU are separately lo-
cated in the different subcellular compartments, but the
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Figure 1. RuBisCO biosynthesis in higher plants. Arrows indicate steps of RuBisCO biosynthesis; transcription, translation, import of pre-SSU,
folding and assembly. Circles show factors involved in steps of RuBisCO biosynthesis before folding and assembly (folding and assembly steps
shown in Figure 2). Large and small subunits of RuBisCO are synthesized in distinct subcellular compartments, but both syntheses are coordinately
regulated. Transcription of rbcS is positively regulated by PHY (grey arrows). Translation of rbcL mRNA in chloroplasts is coupled with
transcription of rbcS in the nucleus via the signaling pathway mediated by GUN1 and ABI4. COP, DET and FUS are negative regulators for
transcription of rbcS (grey T-shaped line). Abbreviations: ABI4, ABSCISIC ACID-INSENSITIVE4; COP, CONSTITUTIVELY
PHOTOMORPHOGENIC; DET, DE-ETHIOLATED; FUS, FUSCA; EF, Prokaryotic-like elongation factor; GUN1, GENOME UNCOUPLED1;
Hsp, Heat shock protein; IF, Prokaryotic-like initiation factor; PEP, Plastid-encoded plastid RNA polymerase; PHY, phytochrome; Pre-SSU, Precursor
of SSU; RF, Prokaryotic-like release factor; SIG, sigma-like factor; TIC/TOC, Translocons at the inner and outer envelope membranes of
chloroplasts, respectively.



synthesis of each subunit of RuBisCO proceeds under
fine controls to ensure that there are no free subunits in
the stroma. In fact, in transgenic tobacco plants express-
ing antisense RNA for rbcS, the translation initiation of
rbcL mRNA was disturbed concomitantly, resulting in a
decreased amount of the RuBisCO holoenzyme (Roder-
mel et al. 1988; Rodermel et al. 1996). This fact indi-
cates that the SSU imported into chloroplasts acts as a
positive regulator of the rbcL translation initiation di-
rectly or indirectly; however the mechanism by which
this occurs is still unknown (Rodermel 1999). Likewise,
it is known well that the reduction of rbcS expression re-
sults from inhibition of chloroplast translation by chlo-
ramphenicol or lincomycin (Nott et al. 2007). Recent ge-
netic studies showed that GENOME UNCOUPLED1
(GUN1), a member of the pentatricopeptide repeat 
protein family, and an APETALA2-type transcription
factor ABSCISIC ACID-INSENSITIVE4 (ABI4) play
key roles in the signaling pathway underlying the coordi-
nated regulation between the translation in the chloro-
plast and gene expression in the nucleus (Koussevitzky et
al. 2007; Zhang 2007). Furthermore, these two regula-
tory events imply that rbcS transcription and the rbcL
translation are the key steps in controlling RuBisCO
biosynthesis. Thus, the syntheses of SSU and LSU are

optimally regulated via intracellular crosstalk between
the nucleus and the chloroplast.

Folding and assembly into the RuBisCO
holoenzyme in chloroplasts

The processes of folding and assembly of RuBisCO in
higher plants are shown in Figure 2. Newly synthesized
LSU forms a multimeric complex with several
chloroplast molecular chaperones. Likewise, SSU is also
associated with the chloroplast chaperones after cleavage
of a transit peptide (Gutteridge and Gatenby 1995).
These chaperones promote protein folding of each
subunit and assembly of RuBisCO’s LSUs and SSUs
(Houtz and Portis 2003). LSU is assembled with SSU
after dissociation from the chaperone complex to
construct a holoenzyme, but the process remains to be
revealed in higher plants. The model for assembly of
LSU and SSU has been proposed in cyanobacteria; in
this model, LSU8SSU8 is formed through the octameric
LSU intermediate (LSU8 core), and the LSU8 core and
SSUs assemble to form LSU8SSU8 (Golouginoff et al.
1989). A LSU8 core-like particle has been detected in an
in vitro assay using isolated intact chloroplasts under
relatively high ionic strength conditions (Hubbs and Roy
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Figure 2. Schematic model for folding and assembly of LSU and SSU into the RuBisCO holoenzyme in chloroplasts. Schematic model is
fundamentally based on reports of Brutnell et al. (1999), Roy (1989) and Saschenbrecker et al. (2007). Newly synthesized LSU is folded through the
chaperone systems containing DnaJ-, DnaK (Hsp70)-, and GrpE-like proteins and the cpn60/cpn21 complex. BSD2 may be also involved in this
process. After import into chloroplasts and processing of the transit peptide by SPP, SSU is folded by cpn60 possibly cooperating with Hsp100 and
Hsp70. After release from the Cpn60/Cpn21 complex, the folded monomer of LSU may be assembled to intermediate dimeric (LSU2) and octameric
structures (LSU8 core) as observed in cyanobacteria. In the final step, the LSU8 core and SSUs assemble. BSD2, RbcX-like proteins and other
unknown factors may be involved in the assembly process. Abbreviations : BSD2, BUNDLE SHEATH DEFECTIVE2; Cpn, chaperonins; SPP,
Stromal processing peptidase.



1993). Therefore, it is predicted that the assembly of
RuBisCO in higher plants may follow a similar assembly
process to that of cyanobacteria.

It was proposed that a bacterial-type chaperone system
was involved in the process of folding and assembly into
LSU8SSU8 (Brutnell et al. 1999; Jarvis and Soll 2001;
Houtz and Portis 2003; Kessler and Schnell 2006). In-
deed, homologs of DnaJ/DnaK/GrpE possess putative
chloroplast-targeted sequences (Wang et al. 1993; Brut-
nell et al. 1999). Chaperonin60 (cpn60) and its co-factor,
chaperonin21 (cpn21) of chloroplasts correspond to
GroEL and GroES in Escherichia coli, respectively.
Cpn10 is also known as a co-chaperonin of cpn60. How-
ever, it is suggested that cpn10 and cpn21 work inde-
pendently because the gene expression and protein accu-
mulation pattern of these two chaperonins differ from
each other (Koumoto et al. 2001). We need further stud-
ies to elucidate a functional relationship between these
two chaperonins. Although cpn60 was first isolated as a
RuBisCO-binding protein, it also interacts with a wide
range of chloroplast proteins (Lubben et al. 1993). The
cotyledon-specific chloroplast maturation factor CYO1 is
a chaperone-like protein that possesses protein disul-
phide isomerase activity and a C4-type zinc finger do-
main essential for DnaJ function. These attributes sug-
gest that this chaperone-like protein is required for the
folding of multiple chloroplast proteins in Arabidopsis
(Shimada et al. 2007). On the other hand, maize BUN-
DLE SHEATH DEFECTIVE2 (BSD2) is suggested to be
the only factor that is specific for folding and assembly
of RuBisCO (Brutnell et al. 1999). BSD2 is localized in
the chloroplast and possesses a cysteine-rich Zn-binding
domain that is thought to play a key role in the protein-
protein interaction in DnaJ. Therefore, it is speculated
that BSD2 may function in LSU folding or assembly of
the holoenzyme by direct interaction with the LSU
polypeptide or via binding with other chaperone-related
proteins. C3 plants, such as tobacco and Arabidopsis,
also possess homologous genes to maize BSD2, it is sug-
gested that the tobacco homolog may function in a simi-
lar manner as observed in maize (Wostrikoff and Stern
2007). However, the actual biosynthesis step of Ru-
BisCO mediated by BSD2 is still unknown.

Although research on the specific factors for RuBisCO
assembly has been underway for a long time, they are yet
to be identified in higher plants. Recently, it was shown
that RbcX is a specific assembly chaperone of the hexa-
decameric RuBisCO holoenzyme in Synechococcus sp.
PCC7002 (Onizuka et al. 2004; Saschenbrecker et al.
2007). The RbcX directly binds to the C-terminal
polypeptide of LSU to stabilize the LSU8 core structure
and protect it from aggregation. RbcXs bound to the
LSU8 core are subsequently displaced by SSUs to form
the LSU8SSU8 RuBisCO (Saschenbrecker et al. 2007).
Interestingly, two homologous genes of cyanobacterial

rbcX can be found in the Arabidopsis genome and the
RbcX recognition polypeptide is also conserved in
higher plants’ C-terminal of the LSU sequence. These
RbcX homologs are also expected to be involved in Ru-
BisCO assembly in plants.

Many factors required for assembly of the photosyn-
thetic supercomplexes located within the chloroplast thy-
lakoid membranes have been identified in recent years. It
should be noted that some of these factors include im-
munophilin family proteins. Immunophilins were origi-
nally discovered in animals as receptors for immunore-
cessive drugs and are classified into two subgroups; cy-
clophilins (CYPs) and FK506-binding proteins (FKBPs).
It is thought that immunophilins are protein foldases or
chaperones with peptidyl prolyl isomerase activity. Inter-
estingly, they are also present as large protein families in
higher plants, 5 CYPs and 11 FKBPs are located in the
chloroplast lumen (He et al. 2004; Romano et al. 2004).
In Arabidopsis, it is suggested that CYP38 is involved in
the assembly of photosystem II (PSII) and FKBP20-2 is
an essential factor for maintenance of the PSII complex
(He et al. 2007; Lima et al. 2007), suggesting the possi-
bility that one or several immunophilins may also be re-
quired for RuBisCO assembly (Houtz and Portis 2003).
Indeed, several immunophilin proteins are observed or
predicted to be in the chloroplast stroma (He et al. 2004).
The relationship between the functions of these stromal
immunophilins and the assembly of RuBisCO attracts
our interest.

Conclusion and future perspective

Higher plants synthesize large amounts of RuBisCO,
which comprises a substantial portion of leaf soluble
proteins to compensate for its catalytic inefficiencies.
The massive production of RuBisCO is essential for
optimal photosynthesis and plant growth. To achieve
this, there is a complex regulatory mechanism regulated
by many factors. Nevertheless, many questions remain to
be answered concerning the molecular mechanisms for
RuBisCO biosynthesis. To address these questions, it is
necessary to understand the molecular entities involved
in RuBisCO biosynthesis. Because RuBisCO is a
metabolically essential enzyme, plants defective in its
biosynthesis will exhibit apparent phenotypes (Kanevski
and Maliga 1994). In addition, the plant leaves contain
this enzyme abundantly. Considering these features of
RuBisCO, genetic and biochemical methods are suitable
to analyze its biosynthesis. Therefore, comprehensive
screening of mutant plants with decreased amounts of
RuBisCO is an effective and fascinating approach to
explore the molecular entities required for its synthesis.
Using this approach, we may be able to isolate genes that
are involved in RuBisCO biosynthesis.

As mentioned above, the RuBisCO holoenzyme is
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composed of nuclear- and chloroplast-encoded subunits.
Therefore, RuBisCO is a suitable model protein to un-
derstand the biogenesis of chloroplast proteins. Indeed,
many processes of protein biosynthesis overlap between
RuBisCO and other chloroplast proteins. Therefore,
analysis of RuBisCO biosynthesis should provide benefi-
cial information about biosynthesis of various chloro-
plast proteins.

In recent years, chloroplasts have attracted attention as
a place to synthesize large amounts of foreign proteins
because of their high potential for protein synthesis, as in
the case of RuBisCO. Since chloroplast transformation
was established, there have been some reports on produc-
tion of biopharmaceuticals in the chloroplasts of plant
leaves. More effective production of these biopharma-
ceuticals will be achieved using information of chloro-
plast protein biosynthesis that results from analysis of
the molecular mechanisms of RuBisCO biosynthesis.

Acknowledgements

This work was supported partly by Grants-in-Aid (17208031 and
18688021) for Scientific Research from the Japan Society for the
Promotion of Science (JSPS), partly by a grant (FY2004–2006) for
the General Science and Technology from the Asahi Glass
Foundation, and partly by a grant (FY2005–2007) from the Nissan
Science Foundation. KN and TO are research associates for the
NAIST Global COE (Centers of Excellence) Program.

References

Akkaya MS, Breitenberger CA (1992) Light regulation of protein
synthesis factor EF-G in pea chloroplasts. Plant Mol Biol 20:
791–800

Andrews TJ, Lorimer GH (1985) Catalytic properties of a hybrid
between cyanobacterial large subunits and higher plant small
subunits of ribulose bisphosphate carboxylase-oxygenase. Biol
Chem 260: 4632–4636

Brutnell TP, Sawers RJ, Mant A, Langdale JA (1999) BUNDLE
SHEATH DEFECTIVE2, a novel protein required for post-
translational regulation of the rbcL gene of maize. Plant Cell
11: 849–864

Dedonder A, Rethy R, Fredericq H, Van Montagu M, Krebbers E
(1993) Arabidopsis rbcS genes are differentially regulated by
light. Plant Physiol 101: 801–808

Favory JJ, Kobayshi M, Tanaka K, Peltier G, Kreis M, Valay JG,
Lerbs-Mache S (2005) Specific function of a plastid sigma
factor for ndhF gene transcription. Nucleic Acids Res 33:
5991–5999

Fu A, He Z, Cho HS, Lima A, Buchanan BB, Luan S (2007) A
chloroplast cyclophilin functions in the assembly and
maintenance of photosystem II in Arabidopsis thaliana. Proc
Natl Acad Sci USA 104: 15947–15952

Gatenby AA, Ellis RJ (1990) Chaperone function: the assembly of
ribulose bisphosphate carboxylase-oxygenase. Annu Rev Cell
Biol 6: 125–149

Gesch RW, Boote KJ, Vu JC, Hartwell Allen Jr L, Bowes G (1998)
Changes in growth CO2 result in rapid adjustments of ribulose-1,

5-bisphosphate carboxylase/oxygenase small subunit gene
expression in expanding and mature leaves of rice. Plant
Physiol 118: 521–529

Gutteridge S, Gatenby AA (1995) Rubisco synthesis, assembly,
mechanism, and regulation. Plant Cell 7: 809–819

Harris GC, Koniger M (1997) The ‘high’ concentrations of
enzymes within the chloroplast. Photosynth Res 54: 5–23

He Z, Li L, Luan S (2004) Immunophilins and parvulins.
Superfamily of peptidyl prolyl isomerases in Arabidopsis.
Plant Physiol 134: 1248–1267

Hudson GS, Evans JR, von Caemmerer S, Arvidsson YB, Andrews
TJ (1992) Reduction of ribulose-1,5-bisphosphate
carboxylase/oxygenase content by antisense RNA reduces
photosynthesis in transgenic tobacco plants. Plant Physiol 98:
294–302

Houtz RL, Portis AR Jr (2003) The life of ribulose 1,5-
bisphosphate carboxylase/oxygenase—posttranslational facts
and mysteries. Arch Biochem Biophys 414: 150–158

Hubbs AE, Roy H (1993) Assembly of in vitro synthesized large
subunits into ribulose-bisphosphate carboxylase/oxygenase.
Formation and discharge of an L8-like species. J Biol Chem
268: 13519–13525

Imai K, Suzuki Y, Mae T, Makino A (2007) Changes in the
synthesis of Rubisco in rice leaves in relation to senescence and
N influx. Ann Bot 101: 135–144

Ishizaki Y, Tsunoyama Y, Hatano K, Ando K, Kato K, Shinmyo A,
Kobori M, Takeba G, Nakahira Y, Shiina T (2005) A nuclear-
encoded sigma factor, Arabidopsis SIG6, recognizes sigma-70
type chloroplast promoters and regulates early chloroplast
development in cotyledons. Plant J 42: 133–144

Jarvis P, Soll J (2001) Toc, tic, and chloroplast protein import.
Biochim Biophys Acta 1590: 177–189

Kanamaru K, Tanaka K (2004) Roles of chloroplast RNA
polymerase sigma factors in chloroplast development and stress
response in higher plants. Biosci Biotechnol Biochem 68:
2215–2223

Kanevski I, Maliga P (1994) Relocation of the plastid rbcL gene 
to the nucleus yields functional ribulose-1,5-bisphosphate
carboxylase in tobacco chloroplasts. Proc Natl Acad Sci USA
91: 1969–1973

Kessler F, Schnell DJ (2006) The function and diversity of plastid
protein import pathways: a multilane GTPase highway into
plastids. Traffic 7: 248–257

Kim J, Mullet JE (2003) A mechanism for light-induced translation
of the rbcL mRNA encoding the large subunit of ribulose-1,5-
bisphosphate carboxylase in barley chloroplasts. Plant Cell
Physiol 44: 491–499

Koumoto Y, Shimada T, Kondo M, Hara-Nishimura I, Nishimura
M (2001) Chloroplasts have a novel Cpn10 in addition to Cpn20
as co-chaperonins in Arabidopsis thaliana. J Biol Chem 276:
29688–29694

Koussevitzky S, Nott A, Mockler TC, Hong F, Sachetto-Martins G,
Surpin M, Lim J, Mittler R, Chory J (2007) Signals from
chloroplasts converge to regulate nuclear gene expression.
Science 316: 715–719

Lima A, Lima S, Wong JH, Phillips RS, Buchanan BB, Luan 
S (2006) A redox-active FKBP-type immunophilin functions 
in accumulation of the photosystem II supercomplex in
Arabidopsis thaliana. Proc Natl Acad Sci USA 103: 12631–
12636

Loschelder H, Schweer J, Link B, Link G (2006) Dual temporal
role of plastid sigma factor 6 in Arabidopsis development.

K. Nishimura et al. 289



Plant Physiol 142: 642–650
Lubben TH, Donaldson GK, Viitanen PV, Gatenby AA (1989)

Several proteins imported into chloroplasts form stable
complexes with the GroEL-related chloroplast molecular
chaperone. Plant Cell 1: 1223–1230

Makino A, Sakuma H, Sudo E, Mae T (2003) Differences between
maize and rice in N-use efficiency for photosynthesis and
protein allocation. Plant Cell Physiol 44: 952–956

Marín-Navarro J, Manuell AL, Wu J, P Mayfield S (2007)
Chloroplast translation regulation. Photosynth Res 94: 359–
374

Masle J, Hudson GS, Badger MR (1993) Effects of ambient CO2

concentration on growth and nitrogen use in tobacco (Nicotiana
tabacum) plants transformed with an antisense gene to the small
subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase.
Plant Physiol 103: 1075–1088

Millar AJ, McGrath RB, Chua N (1994) Phytochrome
phototransduction pathways. Annu Rev Genet 28: 325–349

Millen RS, Olmstead RG, Adama KL, Palmer JD, Lao NT, Heggie
L, Kavanagh TA, Hibberd JM, Gray JC, Morden CW, Calie PJ,
Jermiin LS, Wolfe KH (2001) Many parallel losses of infA from
chloroplast DNA during angiosperm evolution with multiple
independent transfers to the nucleus. Plant Cell 13: 645–658

Motohashi R, Yamazaki T, Myouga F, Ito T, Ito K, Satou M,
Kobayashi M, Nagata N, Yoshida S, Nagashima A, Tanaka K,
Takahashi S, Shinozaki K (2007) Chloroplast ribosome release
factor 1 (AtcpRF1) is essential for chloroplast development.
Plant Mol Biol 64: 481–497

Mühlbauer SK, Eichacker LA (1999) The stromal protein large
subunit of ribulose-1,5-bisphosphate carboxylase is translated by
membrane-bound ribosomes. Eur J Biochem 261: 784–788

Mühlbauer SK, Eichacker LA (1998) Light-dependent formation
of the photosynthetic proton gradient regulates translation
elongation in chloroplasts. J Biol Chem 273: 20935–20940

Murayama Y, Matsubayashi T, Sugita M, Sugiura M (1993)
Purification of chloroplast elongation factor Tu and cDNA
analysis in tobacco: the existence of two chloroplast elongation
factor Tu species. Plant Mol Biol 22: 767–774

Nott A, Jung HS, Koussevitzky S, Chory J (2006) Plastid-to-
nucleus retrograde signaling. Annu Rev Plant Biol 57: 739–
759

Onizuka T, Endo S, Akiyama H, Kanai S, Hirano M, Yokota A,
Tanaka S, Miyasaka H (2004) The rbcX gene product promotes
the production and assembly of ribulose-1,5-bisphosphate
carboxylase/oxygenase of Synechococcus sp. PCC7002 in
Escherichia coli. Plant Cell Physiol 45: 1390–1395

Pilgrim ML, McClung CR. Differential involvement of the
circadian clock in the expression of genes required for Ribulose-
1,5-bisphosphate carboxylase/oxygenase synthesis, assembly,
and activation in Arabidopsis thaliana. Plant Physiol 103:
553–564

Quick WP, Schurr U, Scheibe R, Schulze ED, Rodermel SR,
Bogorad L, Stitt M (1991) Decreased ribulose-l,5-bisphosphate
carboxylase-oxygenase in transgenic tobacco transformed with
“antisense” rbcS. I. Impact on photosynthesis in ambient growth
conditions. Planta 183: 542–554

Rodermel S (1999) Subunit control of Rubisco biosynthesis—a
relic of an endosymbiotic past? Photosynth Res 59: 105–123

Rodermel SR, Abbott MS, Bogorad L (1988) Nuclear-organelle
interactions: Nuclear antisense gene inhibits ribulose
bisphosphate carboxylase enzyme levels in transformed tobacco

plants. Cell 55: 673–681
Rodermel S, Haley J, Jiang CZ, Tsai CH, Bogorad L (1996) A

mechanism for intergenomic integration: abundance of ribulose
bisphosphate carboxylase small-subunit protein influences the
translation of the large-subunit mRNA. Proc Natl Acad Sci
USA 93: 3881–3885

Romano P, Horton P, Gray JE (2004) The Arabidopsis cyclophilin
gene family. Plant Physiol 134: 1268–1282

Roy H (1989) Rubisco assembly: a model system for studying the
mechanism of chaperonin action. Plant Cell 1: 1035–1042

Saschenbrecker S, Bracher A, Rao KV, Rao BV, Hartl FU, Hayer-
Hartl M (2007) Structure and function of RbcX, an assembly
chaperone for hexadecameric Rubisco. Cell 129: 1189–1200

Shimada H, Mochizuki M, Ogura K, Froehlich JE, Osteryoung
KW, Shirano Y, Shibata D, Masuda S, Mori K, Takamiya K
(2007) Arabidopsis cotyledon-specific chloroplast biogenesis
factor CYO1 is a protein disulfide isomerase. Plant Cell 19:
3157–3169

Singh BN, Mishra RN, Agarwal PK, Goswami M, Nair S, Sopory
SK, Reddy MK (2004) A pea chloroplast translation elongation
factor that is regulated by abiotic factors. Biochem Biophys
Res Commun 320: 523–530

Soll J (2002) Protein import into chloroplasts. Curr Opin Plant
Biol 5: 529–535

Sugita M, Gruissem W. Developmental, organ-specific, and light-
dependent expression of the tomato ribulose-1,5-bisphosphate
carboxylase small subunit gene family. Proc Natl Acad Sci
USA 84: 7104–7108

Tozawa Y, Teraishi M, Sasaki T, Sonoike K, Nishiyama Y, Itaya M,
Miyao A, Hirochika H (2007) The plastid sigma factor SIG1
maintains photosystem I activity via regulated expression of the
psaA operon in rice chloroplasts. Plant J 52: 124–132

Tsunoyama Y, Ishizaki Y, Morikawa K, Kobori M, Nakahira Y,
Takeba G, Toyoshima Y, Shiina T (2004) Blue light-induced
transcription of plastid-encoded psbD gene is mediated by a
nuclear-encoded transcription initiation factor, AtSig5. Proc
Natl Acad Sci USA 101: 3304–3309

Wang H, Goffreda M, Leustek T (1993) Characteristics of an
Hsp70 homolog localized in higher plant chloroplasts that is
similar to DnaK, the Hsp70 of prokaryotes. Plant Physiol 102:
843–850

Wostrikoff K, Stern D (2007) Rubisco large-subunit translation is
autoregulated in response to its assembly state in tobacco
chloroplasts. Proc Natl Acad Sci USA 104: 6466–6471

Yokota A, Shigeoka S (2007) Engineering Photosynthetic
Pathways. In: Lewis NG, Bohnert HJ, Nguyen HT (eds)
Advances in Plant Biochemistry and Molecular Biology,
Bioengineering and Molecular Biology of Plant Pathways,
Volume 1. Elsevier, Dordrecht, Netherlands, in press

Yoon M, Putterill JJ, Ross GS, Laing WA (2001) Determination of
the relative expression levels of Rubisco small subunit genes in
Arabidopsis by rapid amplification of cDNA ends. Anal
Biochem 291: 237–244

Zghidi W, Merendino L, Cottet A, Mache R, Lerbs-Mache S
(2007) Nucleus-encoded plastid sigma factor SIG3 transcribes
specifically the psbN gene in plastids. Nucleic Acids Res 35:
455–464

Zhang DP (2007) Plant science. Signaling to the nucleus with a
loaded GUN. Science 316: 700–701

Zhou DX (1999) Regulatory mechanism of plant gene transcription
by GT-elements and GT-factors. Trends Plant Sci 6: 210–214

290 RuBisCO biosynthesis in higher plants


