
INTRODUCTION

CHLOROPLASTS are thought to have arisen by endocyto-
biosis of a photosynthetic unicellular prokaryote into a

eukaryotic host with a subsequent translocation of genes
from the plastid to the host nucleus (19). This gene transfer
required the emergence of new regulatory interactions to
maintain a coordinate expression of proteins functioning in
the plastid. Signaling networks that involve a mutual ex-
change of information between the nucleocytoplasmic and
chloroplast compartments have evolved to ensure stoichio-
metric accumulation of proteins derived from the two
genomes. Regulatory connections responding to light stimuli
perceived in the chloroplast have been identified that link
photosynthetic electron transport to gene expression. The
light signal, transduced via the photosynthetic electron trans-
port chain, is used to regulate both transcriptional and post-
transcriptional processes within plastids, as well as the ex-
pression of plastid-localized proteins encoded in the nucleus.
Genetic and biochemical analysis has identified plasto-
quinone and the ferredoxin/thioredoxin system as redox-
active signaling components (2, 6, 12, 26).

POSTTRANSCRIPTIONAL REGULATION
OF CHLOROPLAST GENE EXPRESSION

Plant development and gene expression are tied closely to
environmental factors, and it has been long known that light
is capable of activating the transcription of many nuclear
genes encoding photosynthetic proteins (34). Plastid gene ex-
pression also responds to light exposure (13), and expression
of plastid-encoded photosynthetic proteins is precisely coor-
dinated with that of their nuclear encoded partners (34). Un-
like nuclear encoded photosynthetic proteins, many chloro-
plast mRNAs accumulate to relatively high levels in the dark,
and do not show the dramatic change in levels following light
exposure that is observed for many cytoplasmic mRNAs (18).
These observations implicate posttranscriptional processes as
the primary component of light-activated increases in chloro-
plast protein synthesis, and suggest that translational regula-
tion may be a key component of light-regulated gene expres-
sion in plants (28, 33). Thus, the coordinate expression of
photosynthetic proteins is primarily achieved by the tran-
scriptional activation of nuclear genes and the translational
activation of plastid genes. However, it should be pointed out
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that both chloroplast transcription and mRNA stability are
enhanced during light-induced greening (8, 10, 21), and the
dynamic interactions between transcription, translation, and
mRNA stability are only now being studied.

IDENTIFICATION OF mRNA SPECIFIC
BINDING PROTEINS ASSOCIATED WITH

CHLOROPLAST TRANSLATION

Once translational regulation had been identified as a key
component of chloroplast gene expression, genetic and bio-
chemical studies were undertaken to identify the regulatory
components of this process. Biochemically, several proteins
that bind the 59 and 39 untranslated regions (UTRs) of chloro-
plast mRNAs have been identified (5, 28, 37), and genetic
studies have described a number of factors as potential gene-
specific translational activators (9, 20, 29, 32, 38, 40, 41).
Based on these studies, both RNA elements and correspond-
ing RNA binding proteins were identified as components of
plastid translational regulation (39).

A set of mRNA-binding proteins (38, 47, 55, and 60 kDa)
that bind the psbA 59 UTR with high affinity and specificity
were purified from C. reinhardtii chloroplasts using RNA af-
finity chromatography (1). Binding of these proteins to the
psbA 59 UTR correlates with light-regulated translational ac-
tivation of this message. A similar set of proteins have been
described for the psbD mRNA from C. reinhardtii (25). Sub-
sequently, nuclear mutants have been characterized in which
the loss or deficiency of one of these proteins has been shown
to affect the translation of the chloroplast psbA or psbD
mRNAs (23, 37, 38).

More recent studies have shown that polyribosome association
and translation of the psbA mRNA requires binding of the
oligomeric protein complex to the 59 UTR through RB47 (RNA
binding protein of 47 kDa). This protein is homologous to
poly(A)-binding proteins (38) and contains the classic RNA
recognition motifs found in many RNA binding proteins.
Poly(A)-binding proteins have been shown to function in transla-
tion initiation of cytoplasmic mRNAs, and a similar role has been
proposed for RB47 in psbA mRNA translation in plastids (38).

TRANSLATIONAL CONTROL BY A
REDOX–RESPONSIVE PSBA mRNA

BINDING COMPLEX

Cells grown in the dark contain relatively high levels of the
psbA mRNA binding proteins, but have low RNA binding ac-
tivity for the message. Shifting cells to light results in a dra-
matic increase in psbA mRNA binding activity, with only a
slight increase in the levels of the psbA mRNA binding pro-
teins (1), suggesting that RNA binding proteins are activated
in a light-dependent manner. A similar modulation of RNA
binding activity for the psbA mRNA could be achieved in
vitro using purified psbA mRNA binding proteins and oxidiz-
ing and reducing equivalents (3). Incubation of proteins with
the oxidant dithionitrobenzoic acid completely abolished
RNA binding. Incubating oxidized proteins with dithiothre-
itol, a dithiol reductant, restored RNA binding activity (3), and

binding activity was also efficiently restored by incubation
with reduced thioredoxin. Treatment of oxidized proteins with
a monovalent reducing agent (b-mercaptoethanol) did not re-
store RNA binding activity, suggesting that vicinal dithiols,
and not just reducing potential, were required for activation of
RNA binding. These data demonstrated redox regulation of
psbA RNP (RNA binding protein) complex binding in vitro,
and suggested that thioredoxin might be the in vivo redox reg-
ulator of psbA translation (3). Indeed, a Chlamydomonas mu-
tant that lacks photosystem I, the primary reducer of ferre-
doxin and hence thioredoxin, resulted in reduced psbA RNA
binding activity and reduced psbA translation (3).

The observation that RB60 (RNA binding protein of 60 kDa),
a member of the psbA mRNA binding complex, was a protein
disulfide isomerase (14) suggested that RB60 might function in
the redox cascade as a primary regulator of psbA RNA binding
activity. Using purified recombinant protein, RB60 was shown
to be capable of activating the RNA binding activity of RB47
using reducing equivalents (14). Conversely, RB60 was found
to be capable of utilizing oxidizing equivalents to oxidize RB47
and cause a loss of RNA binding activity in vitro (14). These
data suggest that RB60 could act as a switch to turn psbA RNA
binding activity on or off dependent upon the plastid redox
state. The regulatory residues for activation of RNA binding ac-
tivity in RB47 were found to reside at cysteine residues located
in RNA binding domains two and three (7). Changing these cys-
teine residues to serines resulted in the formation of an RB47
protein that was insensitive to redox regulation, remaining fully
active in the presence of oxidizing equivalents (7).

Recently, Trebitsh and Danon (35) have identified a second
redox regulatory component of psbA translation. Under this
second system, which they term priming, the redox state of the
plastoquinone pool serves as a signal for translation initiation.
The components of this priming system have yet to be identi-
fied, but the authors suggest that this system may act through
the plastoquinone regulated kinase, the same system identified
as a regulator of plastid gene transcription (27). Together, these
two systems are proposed to act as modulators of plastid trans-
lation, first by a priming signal initiated by the plastoquinone
redox state, and then by a thiol signal mediated by the redox
state of RB60 and RB47 (36). This direct link between light and
the translation of the D1 protein provides the cell with a mecha-
nism to coordinate the various components of photosynthesis to
fluctuating light levels and replace photooxidized reaction cen-
ter proteins at a rate comparable to that of photosynthesis (35).

Translational regulation of the chloroplast large subunit
(LSU) of Rubisco (ribulose 1,5-bisphosphate carboxylase/
oxygenase) has also been identified. LSU translation follows a
unique and opposite pattern in response to light intensity than
that observed for the D1 polypeptide. LSU synthesis is down-
regulated dramatically upon shifting C. reinhardtii cells from
low light to higher light intensities, whereas D1 is up-regulated
(11). This change in LSU and D1 translation could not be cor-
related to changes in steady-state levels of their corresponding
mRNAs (31). Moreover, the authors observed a sustained in-
crease in the reduction state of bound plastoquinone, a decline
in photosynthetic efficiency, and a delay in cell division during
high-light growth. Subsequent work suggested that modulation
by glutathione redox potential, in response to the levels of reac-
tive oxygen species generated by excess light energy, controls
LSU translation (11). The authors speculated that translational
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FIG. 1. Redox effects on posttranscriptional processes in the chloroplast; mechanism for light-activated translation of
the psbA mRNA. A priming signal initiated by the plastoquinone redox state (1) and a thiol signal initiated by reduction of ferre-
doxin (2) are required for psbA translation. Reducing potential generated by the light reactions of photosynthesis is transferred to
RB60 via thioredoxin (3) to activate the RNA binding activity of RB47 (4). Binding of this complex is required for translation ini-
tiation. Other steps in chloroplast gene expression that are subject to photosynthetic redox control include translation elonga-
tion (5), RNA degradation (6), RNA processing (7), and transcriptional activation (8). AUG, initiation codon; Fd, ferredoxin;
FTR, ferredoxin:thioredoxin reductase; OEC, oxygen evolving complex; PC, plastocyanin; PQ, plastoquinone; RBS, ribosome
binding site; Trx, thioredoxin.

arrest of LSU might result from changes, during photoacclima-
tion, in the sulfhydryl status (oxidation) of one or more compo-
nents of the rbcL 59 UTR binding complex.

REDOX CONTROL OF
TRANSLATION ELONGATION

Evidence is also mounting that other steps in chloroplast gene
expression are subjected to photosynthetic redox control, includ-
ing translation elongation, RNA degradation, and RNA splicing.

Superimposed on modulation of translation initiation by
redox-regulated factors is the light-regulated elongation of
nascent translation products. In barley, ribosomes were shown
to pause at specific sites during elongation of the D1 polypep-
tide, which was attributed to a requirement for adding compo-
nents to the newly synthesized apoprotein (15). Subsequent
studies by Kuroda et al. in isolated pea chloroplasts identified
the regulator of pausing as a redox-reactive factor that arises
from photosynthetic electron transport (16). Electron trans-
port uncouplers were used to release the proton gradient gen-
erated by photosynthetic electron transport, resulting in the in-
hibition of light-dependent translation elongation (22). From



these studies, the authors propose that light-activated transla-
tion elongation in chloroplasts is dependent on the formation
of a proton gradient across the thylakoid membrane. It will be
interesting to see which component(s) function to couple elon-
gation and electron transport in this process.

REDOX EFFECTS ON RNA PROCESSING
AND RNA DEGRADATION

A second aspect of plastid gene expression that has re-
cently been identified to be under redox control is mRNA
splicing. Deshpande and co-authors reported that light stimu-
lates pre-RNA intron splicing in the C. reinhardtii psbA
mRNA, and showed that this splicing is dependent upon pho-
tosynthetic electron transport (4). The light-induced increase
in psbA pre-RNA splicing could be abolished by the addition
of photosynthetic electron transport inhibitors, but not by an
ATP synthesis inhibitor. In addition, a photosystem I-defi-
cient mutant did not show light-activated pre-RNA splicing,
and complementation of the mutant to restore photoautrophy
restored light-responsive pre-RNA processing as well.

A signal pathway similar to the light regulation of psbA
translation via redox control may also have a role in stabiliz-
ing transcripts in C. reinhardtii chloroplasts by regulating the
interaction of proteins and sequence elements located within
their 59 UTRs (30). A chimeric b-glucuronidase (GUS) reporter
gene under the control of the rbcL promoter was introduced
into C. reinhardtii chloroplasts (30). Inhibition of photosyn-
thetic electron transport with 3-(39,49-dichlorophenyl)-1,1-
dimethylurea (DCMU) prevented the light-dependent degra-
dation of the reporter gene transcript (30). Furthermore, the
addition of oxidizing agents resulted in the delay of degrada-
tion, whereas the addition of reducing agents induced the
degradation of GUS transcripts in the dark. Taken together,
these data suggest that redox carriers mediate the regulation of
transcript stability, linking photosynthetic electron transport
to the RNA degradation machinery.

Recently, a chloroplast endoribonuclease, p54, was identi-
fied and subsequently shown to be involved in 39-end process-
ing, possibly playing a role in RNA stability (17, 24). The ac-
tivity of this protein was shown to be regulated in an opposite
fashion to that of RB60, in which phosphorylation or oxidation
activates the protein and dephosphorylation or reducing equiv-
alents inhibit its activity. Thus, phosphorylation and sulfhydryl
status potentially function in RNA degradation, providing an
additional level of redox control in plastid gene expression.

CONCLUSIONS

Light is one of the most important external signals influ-
encing plastid gene expression and plant development. As
shown in Fig. 1, redox potential generated by the light reac-
tions of photosynthesis acts as a signal for plastid gene
expression, coupling photosynthetic electron transport to var-
ious molecular processes in chloroplasts, including transcrip-
tion, translation, and mRNA turnover.

The light-activated translation of the C. reinhardtii psbA
mRNA is a well characterized system whereby a redox signal
carried from the photosynthetic electron transport chain is
transduced to an RNP complex. The redox state of the plastid
induces a change in the sulfhydryl status of the RNP com-
plex, thereby allowing binding to the psbA mRNA and for-
mation of a translation initiation complex. As discussed in
this review, similar pathways exist in other light-modulated
chloroplast processes that are affected by redox poise, albeit
via a different set of interactive proteins.

Thus, it appears that redox control of processes involved
in transcriptional and posttranscriptional chloroplast gene ex-
pression function within a global regulatory network directing
plastid metabolism and development. Elucidating signaling
mechanisms that connect photosynthetic electron transport
with plastid gene expression, and characterization of the com-
ponents involved in these various processes, will be required
for a comprehensive understanding of plant gene expression.
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