
INTRODUCTION

PLANT CELLS possess a unique compartment that is not
present in animal or fungal cells—the plastid(s). The

most prominent representative of this morphological and
functional heterogeneous group of cell organelles is the
chloroplast, which can be found in green tissues or cells (40).
The chloroplast is the site of photosynthesis and provides the
structural and functional properties for this complex process
that converts light energy of the sun into chemical energy
and, by this means, fixates the energy for almost all organ-
isms on earth. In addition, chloroplasts are involved in many
other biosynthetic or metabolic pathways, such as amino acid
and pyrimidine biosynthesis or sulfate and nitrate reduction.
Therefore, they represent an indispensable compartment of a
plant cell. As further specific characteristics, chloroplasts

possess a double envelope membrane and their own small
genome, the so-called plastome, both of which are remnants
of the prokaryotic ancestry of plastids (61). They also possess
a complete machinery to express the genetic information en-
coded in the plastome (41, 55, 88). In higher plants, the plas-
tome is organized as a circular plasmid that exists in up to
100 copies per plastid. It typically contains ~100–120 genes,
which encode mainly components of the photosynthetic appa-
ratus and of the gene expression machinery (89). The vast
majority of chloroplast proteins, however, are encoded in the
nucleus and have to be imported from the cytosol via a spe-
cialized import machinery (44). Plastids therefore are consid-
ered to be genetically semiautonomous.

During photosynthesis, a light-driven chain of reduction/
oxidation (redox) reactions takes place that split water into
oxygen, electrons, and protons. Electrons and protons are
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ABSTRACT

Chloroplasts are typical organelles of plant cells and represent the site of photosynthesis. As one very remark-
able feature, they possess their own genome and a complete machinery to express the genetic information in it.
The plastid gene expression machinery is a unique assembly of prokaryotic-, eukaryotic-, and phage-like com-
ponents because chloroplasts acquired a great number of regulatory proteins during evolution. Such proteins
can be found at all levels of gene expression. They significantly expand the functional and especially the regu-
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cestors. Recent results show that photosynthesis has a strong regulatory effect on plastid gene expression. The
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ing pathways that involve many of the “new” regulatory proteins. Chloroplasts therefore are an ideal model
to study redox-regulated mechanisms in gene expression control. Because of the multiple origins of the ex-
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used to generate reduction (NADPH2) and energy equivalents
(ATP). The photosynthetic apparatus that performs these
reactions is located in a complex intraorganellar membrane
system (the thylakoid system) and consists of four major mul-
tisubunit protein complexes: photosystem II (PSII), the cy-
tochrome b6 f complex (cytb6 f), photosystem I (PSI), and the
ATP synthase (ATPase). The first three are connected by mo-
bile electron carriers: plastoquinone (PQ) transfers the elec-
trons from PSII to cytb6 f, and plastocyanin then transfers the
electrons from the cytb6 f complex to PSI, which, finally, re-
duces NADP+ to NADPH2. During this electron transport, a
proton gradient over the membrane is generated that is used
by the ATPase to generate ATP (16). All these protein com-
plexes consist of plastid- and nucleus-encoded subunits. As a
common picture, it emerged from the plastome sequences of
several organisms that the inner proteins of the photosystems
are encoded in the plastome, whereas all peripheral subunits
are encoded in the nucleus (77). This split location of photo-
synthesis genes exacerbates a controlled expression of the in-
volved genes in many aspects and requires a high coordina-
tion between the two genetic compartments. The coordination
is achieved by an exchange of information between nucleus
and chloroplasts, in both an anterograde (nucleus-to-chloro-
plast) and retrograde (chloroplast-to-nucleus) manner (35,
36, 90).

Recent studies show that the photosynthetic process has a
direct impact on the expression of genes for photosynthetic
components, in both the chloroplast and the nucleus (13, 19,
30, 58, 74, 81, 91). As initial signals, changes in the redox
state of the components of the electron transport chain itself,
other photosynthesis-coupled redox-active, soluble compo-
nents such as thioredoxin or glutathione, and reactive oxygen
species (ROS) that are unavoidable by-products of photosyn-
thesis have been identified. This regulation provides a feed-
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back loop that couples the actual function of photosynthesis
to the expression of its own constituents. Redox signals there-
fore allow the organism to acclimate the photosynthetic pro-
cess to varying environmental cues that negatively affect the
photosynthetic process (69).

This review focuses on redox signaling pathways and their
components that control the expression of chloroplast genes.
We summarize the present knowledge about the mechanistic
understanding of redox signal transduction in chloroplasts
and provide working models for future research in the field of
plastid gene expression.

MODES OF REDOX CONTROL

To date, at least three different general modes of redox
control in chloroplast gene expression are known, and are
summarized in Fig. 1. These modes are connected by several
interrelationships and form a complex redox signaling net-
work that is aimed to acclimate photosynthetic efficiency and
presumably other important chloroplast functions to adverse
environmental conditions.

Photosynthetic redox control

Beside its function as an energy fixation device, photo-
synthesis operates also as an environmental sensor. Variations
in environmental cues often induce changes in the efficiency
of photosynthetic electron flow (PEF) that affect the redox
state of involved PEF components. Such changes in redox
state initiate signaling cascades that, in turn, affect the ex-
pression of genes. In this case, the input of the signaling cas-
cade is redox-dependent and directly generated within the
electron transport chain. The transduction of the redox signal
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FIG. 1. Summary of typical redox control modes in chloroplasts. The scheme depicts important general pathways of redox
regulation that control enzyme activities, repair mechanisms, and gene expression in response to environmentally induced
changes in photosynthesis. Connections between pathways and the feedback effects of molecular responses on the photosynthetic
process are indicated.
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is still unknown (question mark in Fig. 1), and it is very likely
that it is translated into a different signal, e.g., the redox sig-
nal could be sensed by a sensor kinase activity that translates
the redox signal into a phosphorylation signal, as is known
for state transitions (3, 8, 38). As the final effect on the regu-
latory protein(s) can be different from the input signal, we as-
sume in this case an indirect redox regulation of chloroplast
gene expression.

Thiol group modification

Redox-active molecules such as thioredoxins, a group of
small proteins with a redox-active disulfide bridge in their ac-
tive site, or glutathione, a multifunctional tripeptide acting as
redox buffer and sulfur sink, are reduced when photosynthe-
sis is taking place. In this form, they are active and affect the
function or activity of their target protein(s) by thiol group
modification(s) via electron donation, i.e., activation of the
target by the formation of dithiol residues upon reduction (15,
85). Here we have a direct redox modification of the protein
in question. Thus, the output of the signaling cascade is
redox-dependent. A well-known example of this is the thiore-
doxin-mediated activation of the Calvin–Benson-cycle en-
zymes upon illumination (20, 83, 84). Thiol group modifica-
tion of regulatory proteins therefore provides a different tool
for redox control in chloroplast gene expression.

Oxidative damage

The generation of ROS during photosynthesis is unavoid-
able; therefore, photosynthetic organisms developed a num-
ber of scavenging mechanisms. Under various stress condi-
tions, however, these protection mechanisms are overridden
and ROS can accumulate that often result in oxidative dam-
age of proteins. Such an oxidation reaction is characterized
by its deleterious and irreversible effect on the protein(s), in
contrast to oxidation of dithiol groups into disulfide bridges,
which can be reversed. Oxidative damage therefore induces
repair mechanisms that often involve changes in gene expres-
sion. The most prominent example in photosynthesis is the
D1 protein turnover. This reaction center protein of PSII is
subjected to continuous oxidative damage through singlet
oxygen and has to be replaced in a complex repair cycle in
order to avoid photoinhibition of PSII (7). As a side effect,
accumulating ROS also affect the ratio of reduced glutathione
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(GSH) to oxidized glutathione (GSSG) because GSH is in-
volved in scavenging and detoxification of ROS. This can
have an indirect effect on the thiol group regulation of regula-
tory proteins in gene expression and provides a link between
stress and acclimation responses.

Many other oxidative molecules, such as oxylipins, hydro-
gen peroxide, or nitric oxide, have been shown to affect gene
expression in plant cells (29, 75, 79). A specific role for these
redox-reactive molecules in chloroplast gene expression,
however, has not been identified yet. Further new key players
in this context are also the peroxiredoxins, a family of low-
efficiency peroxidases, which are located in several compart-
ments of the plant cell, including the chloroplasts. They
detoxify several peroxides by reduction; therefore, they have
an important role in antioxidative responses of plant cells and
substantially contribute to the intracellular redox signaling
network. Their impact on gene expression events, however, is
mainly unknown (30, 31). Further research will uncover if
and how these molecules affect chloroplast gene expression.
In the following, we describe in detail those redox control
mechanisms in plastid gene expression that are identified and
characterized to date.

TRANSCRIPTIONAL REDOX REGULATION

Transcription in plastids is driven by two different RNA
polymerases: a bacteria-type multisubunit enzyme and a
phage-type single subunit enzyme. The core complex of the
bacteria-type enzyme is comprised of four subunits (�, �, ��,
��) encoded by the plastid genes rpoA, rpoB, rpoC1, and
rpoC2 and, therefore, is termed plastid-encoded polymerase
(PEP) (Table 1). The phage-type polymerase belongs to the
class of T7-like RNA polymerases and is encoded in the nu-
cleus. In Arabidopsis, three copies exist from which one is di-
rected to chloroplasts, one to mitochondria, and one to both
organelles. Consequently, this polymerase is termed nucleus-
encoded polymerase (NEP) (21, 41, 55). Despite this classifi-
cation, promoter recognition of the PEP enzyme still relies on
the interaction of its core complex with nuclear-encoded
sigma factors, which have to be imported into the organelle
(6, 57). Furthermore, it could be shown in mustard that the
PEP enzyme exhibits the bacterial subunit structure only in
plastids of dark-grown plants, the so-called etioplasts. Upon

TABLE 1. GENE SYMBOLS, ENCODED PROTEINS, AND PROTEIN FUNCTION

Gene symbol Encoded component Function/process

clpP Chloroplast protease subunit ATP-dependent protein degradation
psaAB p700 apoproteins of PSI Binding of cofactors, reaction center of PSI
psbA D1 protein of PSII Binding of cofactors, reaction center of PSII
rbcL Large subunit of RubisCO Catalytic subunit for CO2 fixation
rpoA � subunit of PEP Structural protein
rpoB � subunit of PEP Catalytic subunit for RNA synthesis
rpoC1 �� subunit of PEP Unknown
rpoC2 �� subunit of PEP Putative DNA-binding subunit
rps16 Protein 16 of small ribosome subunit Unknown
trnK tRNA lysine Translational insertion of lysine
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illumination and subsequent chloroplast maturation, the en-
zyme recruits additional subunits resulting in an enzyme
complex with up to 15 subunits, which was termed PEP-A
(70). Similar complex RNA polymerases have been purified
from several other higher plants, too (43). The additional pro-
teins most probably have regulatory functions in transcription
and adapt the bacterial RNA polymerase to the specific redox
conditions in chloroplasts. Among these proteins, an iron su-
peroxide dismutase, an annexin-like protein, an RNA-binding
protein, and a CK2-type kinase (59, 67, 73) have been identi-
fied in mustard (see below).

Promoters of most chloroplast genes and operons, e.g.,
those for photosynthesis, have bacteria-like �10 and �35
cis-elements, which are recognized by the PEP enzyme. The
NEP enzyme recognizes a different promoter element called
YRTA-motif, which can be found upstream of several genes
with PEP promoters (54), indicating that those genes are tran-
scribed by both polymerases, however, as expression analyses
revealed, to different degrees. Transcription of only a few
genes is driven exclusively from a NEP promoter including
the rpo operon, which encodes the PEP subunits, and the clpP
gene, which encodes an important plastid protease. Although
many aspects of plastid transcription are still not understood,
present data point to the PEP enzyme as the major active
polymerase in mature chloroplasts and prominent target for
regulation signals, including redox control (21, 41, 55). The
NEP enzyme, in contrast, seems to play a dominant role in
the early stages of plastid development when the expression
machinery including PEP has to be built up. Its role in ma-
ture chloroplasts is still enigmatic because of its low expres-
sion level. Nevertheless, the existence of exclusively NEP-
transcribed coding regions suggests that the NEP enzyme is
necessary for proper gene expression and regulation also in
mature chloroplasts (21, 41, 55).

Photosynthetic redox control of transcription 
via the redox state of the PQ pool

Redox control of gene expression in chloroplasts and mi-
tochondria was hypothesized early in analogy to bacterial
systems and interpreted as the major selection process by
which organelles have retained genomes throughout evolu-
tion (2). A first confirmation for such a redox control in plas-
tid gene expression was obtained in lettuce. It was shown that
illumination promoted the incorporation of radioactively la-
beled NADH into the RNA fraction of chloroplasts, whereas
this was not the case in nonilluminated control samples (68).
Gene-specific effects then were demonstrated by treatment of
mustard seedlings with a more sophisticated growth-light
regimen in which an imbalance in excitation energy distribu-
tion between the photosystems was generated (71, 72). This
approach used the different light absorption properties of the
reaction center chlorophylls of PSII and PSI (680 and 700
nm, respectively). As both photosystems work electrochemi-
cally in series, a preferential excitation of PSII results in a re-
duction of the electron transport chain, whereas a preferential
excitation of PSI results in its oxidation. Both situations de-
crease photosynthetic efficiency and are counteracted in the
short term (on the order of minutes) by so-called state transi-
tions. In this acclimation process, a part of the light-harvest-
ing antenna of PSII (LHCII) can be moved between the pho-
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tosystems, resulting in a redistribution of light energy. This is
controlled by a redox-dependent kinase activity that phospho-
rylates the mobile part of LHCII under reducing conditions
and, hence, induces its lateral migration to PSI. Despite long-
ongoing research, the “real” LHCII kinase is still not identi-
fied (5). Recent results rather suggest that a complex kinase
network is responsible for this control (27, 87). In the long
term (on the order of hours and days), the stoichiometry of
photosystems is readjusted, resulting in the same but longer-
lasting effect as state transitions, e.g., when PSII is predomi-
nantly excited, the PSII:PSI ratio decreases and vice versa.
The study on mustard seedlings showed that the change
in photosystem stoichiometry correlated with respective
changes in the transcriptional rates and transcript amounts of
the plastid genes for the reaction center proteins of PSII and
PSI, psbA and psaAB. Further, in organello run-on transcrip-
tion experiments with isolated chloroplasts demonstrated that
the transcriptional regulation was independent of cytosolic
factors, such as photoreceptors. The use of specific electron
transport inhibitors 3-(3�,4�-dichlorophenyl)-1,1�-dimethyl
urea (DCMU; inhibiting the reduction of the PQ pool) and
2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB;
inhibiting the oxidation of the PQ pool) revealed that the
redox state of this mobile carrier is the major determinant for
the changes in gene expression. When the PQ pool is mainly
reduced, transcription of the psaAB operon is promoted,
whereas in the opposite case psbA transcription is increased
(Fig. 2). An equivalent opposite regulation of these genes

FIG. 2. Photosynthetic redox control of chloroplast tran-
scription. The model provides a present view of how imbal-
ances in energy distribution between the photosystems are
counteracted in a long-term response via changes in the tran-
scription of reaction center protein genes psbA and psaAB.
Upon reduction of the PQ pool psaAB transcription is en-
hanced, whereas under opposite conditions psbA transcrip-
tion is promoted. Enhanced transcription leads to increased
amounts of the respective photosystem. Perception and trans-
duction of the redox signal from the PQ pool may be mediated
by yet unknown sensor protein(s) (Sensor) and redox-respon-
sive factors (RRFs). Besides differential excitation of photo-
systems, electron transport inhibitors DCMU and DBMIB can
be used to manipulate the redox state of the PQ pool (see text).
e�, electrons; Fd, ferredoxin; PQH2:PQ, reduced to oxidized
PQ ratio.
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under comparable or similar conditions has been recently
found also in pea (95), Chlamydobotrys stellata (50), and
Synechocystis PCC 6803 (32, 52), suggesting that this mecha-
nism represents an evolutionary old regulation.

These data provide a first model of how plants acclimate to
light quality gradients that often occur in natural environ-
ments under low light intensities. The signal transduction
from the PQ pool toward the level of transcription is not clear
yet; however, it is conceivable that the long-term response
represents an extended branch of the short-term response (the
state transition), which is also regulated by the redox state of
the PQ pool (4, 76). It was shown that the PQ oxidation site at
the cyt b6 f complex functions as the sensor for the PQ redox
state during a state transition (97, 102). A small 9-kDa pro-
tein of PSII, TSP9, has been discussed to be a putative candi-
date as signal transducer toward transcription. TSP9 was
shown to be partially released from PSII upon PQ reduction
in spinach and, in addition, to possess a putative DNA bind-
ing domain (22, 101). In spinach, a protein of 31 kDA was
identified that is capable of sequence-specific binding of the
psaAB promoter region (23), suggesting the existence of yet
unidentified transcription factors that may transduce the
redox signal. Extensive further studies, however, are neces-
sary to resolve this important question. 

Thiol group regulation via the plastid 
transcription kinase (PTK)

Phosphorylation of sigma factors and the PEP enzyme it-
self has been shown to be an important regulatory event in
chloroplast transcription (11, 92). A CK2-type kinase has
been identified to be a component of the PEP-A complex of
chloroplasts of mustard (67). This kinase, PTK, is able to
phosphorylate purified sigma-like factors, as well as subunits
of the PEP-A complex. In in vitro assays, the activity of this
enzyme could be modified by pretreatments with heterolo-
gous kinase and phosphatase activities or GSH (12). The
modifications of phosphorylation and SH-group redox state
were shown to work antagonistically (Fig. 3). A nonphospho-
rylated enzyme appeared to be active, whereas it was inhib-
ited after additional treatment with GSH. In contrast, a phos-
phorylated nonactive enzyme could be reactivated by adding
GSH. These data could be correlated with in vivo observa-
tions (9). PTK isolated from plants grown under moderate
light conditions effectively phosphorylated the associated
PEP-A, whereas this was not observed with PTK from plants
subjected to 3 h of high light. Results from in organello run-
on transcription experiments with chloroplasts from both
plant sources revealed higher transcriptional activity in high
light-treated mustard seedlings. In parallel, the light intensity
affected the GSH:GSSG ratio, i.e., the GSH:GSSG ratio in-
creased by the high light treatment, whereas the total glu-
tathione content decreased. Together with the in vitro data, a
further model of trancriptional regulation in chloroplasts has
been proposed (Fig. 3) (9, 59), which complements the low-
light PQ redox control described above (Fig. 2). Short expo-
sure to high light inactivates the PTK through effects on the
glutathione redox state of mustard chloroplasts. This subse-
quently leads to a low phosphorylation state of PEP-A and an
enhanced transcription of chloroplast genes. The enhance-
ment is aimed to efficiently replace photosynthesis proteins
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destroyed during the excessive illumination by new gene
products and helps to compensate the high light stress. To
date, it is still unresolved how the high light effect is medi-
ated. In Arabidopsis, it was shown that treatment with excess
light results in the generation of ROS, which are scavenged
by glutathione, thus decreasing the total GSH:GSSG ratio
(46). However, in the mustard study, the organellar GSH:
GSSG ratio was observed to react in the opposite way (9);
therefore, other ways of control that might include yet un-
known factors must be assumed.

POSTTRANSCRIPTIONAL
REDOX-REGULATION

To a great extent, regulation of plastid gene expression has
been assigned to posttranscriptional processes, such as RNA
stabilization and RNA editing, and to translational control

FIG. 3. Thiol regulation of chloroplast transcription. The
central regulator in this model is the PTK. Its activity can be
modified in vitro by phosphorylation and redox state. In vivo
excessive supply of photons by illumination with high light af-
fects chloroplast transcription also by the combined action of
phosphorylation and glutathione-mediated thiol regulation.
PTK serves as a sensor for changes in the redox state of glu-
tathione induced by not yet defined influences from the photo-
synthetic electron flow. Its phosphorylation activity is de-
creased upon GSH-mediated reduction of a yet unidentified
thiol site, resulting in a decreased phosphorylation state of
the PEP-A complex. Less phosphorylated PEP-A [responsive
phosphorylation site(s) are unknown to date] exhibits higher
transcriptional activity and provides more chloroplast tran-
scripts that may serve as matrix for enhanced protein produc-
tion. e�, electrons; GSH:GSSG, reduced to oxidized gluta-
thione ratio; P, phosphoryl group.
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mediated by nucleus-encoded plastid RNA-binding proteins
(cpRBPs). Over the past 10 years, a number of cpRBPs have
been identified and characterized both by biochemical ap-
proaches and by analyzing photosynthetic mutants. Most
cpRBPs seem to be organized in supramolecular complexes,
which consist of heterogeneous nuclear ribonucleoprotein
(hnRNP)-like small cpRBPs with more general function in
stabilizing and folding RNA messages, as well as cpRBPs
with distinct functions in splicing, editing, or RNA matura-
tion, such as exo- or endoribonucleases (39, 63, 80). The di-
verse group of differentially regulated plastid RNA-binding
proteins reflects the complex regulatory network of the intra-
cellular communication system between the nucleus and the
plastids. To date, several distinct mechanisms involved in the
regulation of plastid posttranscriptional processes are known.
Apart from phosphorylation (26, 45, 53, 60) and cofactor re-
quirements (17, 42), light, i.e., redox processes, seems to play
an important role in the regulation of cpRBP activities (10,
28, 33, 53, 62, 82, 86, 93, 94). Despite this common aspect,
however, it becomes increasingly clear that the underlying de-
tails can be quite variable. It is likely that in plastids a com-
plex signaling network with multiple and/or split signal trans-
duction pathways exists. In this chapter, we want to give an
overview on such pathways by focusing on well-studied
cpRBPs regulated by redox poise.

Posttranscriptional control by p54, 
a 3� RNA-binding protein

One of the proteins known to respond to phosphorylation
and redox reagents in vitro is a 3� endoribonuclease from
mustard (Sinapis alba), which was first found to bind specifi-
cally to a conserved U-rich sequence element (UUUAUCU)
of chloroplast trnK and rps16 precursor transcripts (T1R)
(64–66). This protein, which purifies as a monomeric poly-
peptide of an apparent molecular size of 54 kDa, was subse-
quently termed p54 (53, 56). Purified p54 was shown to be
activated by phosphorylation or oxidation by GSSG and in-
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hibited by either dephosphorylation or reduction by GSH (53,
56). Interestingly, kinase pretreatment of p54 prior to oxida-
tion with GSSG resulted in the highest levels of activation,
suggesting that phosphorylation and redox state act together
to control p54 activity (Table 2). Puzzling at first, neither
dithiothreitol nor thioredoxin was able to induce similar ef-
fects on p54 RNA binding and processing abilities. The ob-
served effect of the glutathione redox state, i.e., the ratio be-
tween GSH and GSSG, on p54 activity resembles very much
the GSH regulation of PTK (see above) (57, 59), indicating
that this regulation may be active on several levels of gene ex-
pression.

How does the regulation of p54 fit into the overall picture?
It is conceivable (Fig. 4) that both the preactivation of p54 by
phosphorylation and the subsequent further enhancement of
processing activity by oxidation by GSSG occur in response
to environmental changes, such as light intensity. They may,
however, not necessarily be mediated by the same sensors. In
addition to a fine-tuned redox sensor possibly associated with
the PQ pool and/or the cytb6 f complex controlling a sensor
kinase (69), a more global redox regulation by the GSH:
GSSG ratio as a sensor for biological stress could be involved.
Dual control may be one mechanism by which plastid func-
tion is regulated in response not only to stress conditions, but

TABLE 2. POSTTRANSLATIONAL MODIFICATIONS MODULATE

THE ACTIVITY OF THE P54 ENDORIBONUCLEASE

Modification Treatment Effect

Phosphorylation PKA + +
Dephosphorylation CIAP ���
Reduction GSH ���
Oxidation GSSG +
Phosphorylation/reduction PKA/GSH ���
Phosphorylation/oxidation PKA/GSSG + + +
Reduction/phosphorylation GSH/PKA ��
Oxidation/phosphorylation GSSG/PKA + +
Dephosphorylation/reduction CIAP/GSH ���
Dephosphorylation/oxidation CIAP + GSSG ��
Reduction/dephosphorylation GSH/CIAP ���
Oxidation/dephosphorylation GSSG/CIAP ��

The positive (+) or negative (�) response of p54 to the vari-
ous treatments as detailed in Fig. 4 is indicated by the number
of symbols. CIAP, calf intestinal alkaline phosphatase; PKA,
protein kinase A.

FIG. 4. Model for regulation of trnK 3�-RNA processing by
phosphorylation and redox state of p54. This model aims at
giving a view of possible connections between the photosyn-
thetic apparatus and RNA processing via phosphorylation and
redox state. The inactive (reduced and unphosphorylated) form
of p54 (left) is phosphorylated by a plastid kinase (PK), per-
haps exposing sequestered sulfhydryl groups (SH). Although
p54 is now preactivated (middle), the SH groups now accessi-
ble must be converted into disulfide groups (S-S) by GSSG in
order to reach full p54 activity (right). In both its pre- and fully
activated forms, p54 is capable of sequence-specific cutting of
the long trnK precursor (i.e., a trnK-psbA cotranscript) at a site
termed T1R. PK might be involved in signaling cascades,
which may be connected to the photosynthetic apparatus via
the PQ pool (PQH2/PQ), the cytb6 f complex (Cytb6 f), or a hy-
pothetical redox sensor (Sensor) on the stromal side of the pho-
tosynthetic apparatus. e�, electrons; GSH:GSSG, reduced to
oxidized glutathione ratio; P, phosphoryl group.
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also to normal developmental or environmental changes, thus
increasing the flexibility of gene expression responses to en-
vironmental signals.

As a riboendonuclease, p54 is involved in the formation of
the trnK and rps16 precursor transcript 3�-ends (66). How-
ever, it is not yet clear which specific consequences regula-
tion of p54 has on the expression of its target genes. Hitherto,
as the encoding gene has yet to be identified, functional
analysis of p54 in vivo by knockout or antisense mutants is
pending. Nevertheless, it is notable that p54 is capable of
cleaving a bicistronic RNA precursor containing the genes
trnK and psbA (65). As a result, two psbA RNA species exist,
which differ in the length of their 5�-untranslated region
(UTR). The shorter, originating from the psbA promoter, is
much more abundant than the longer one, generated by this
cleavage. Having the potential for alternative folding, these
different 5�-regions may be starting points for translational
and posttranscriptional control (63). Besides, it was shown
that a functional interaction between 5� and 3� RNA se-
quences could provide a means for translational control (37,
47). Hence, apart from its role in RNA maturation, p54 may
play a role in the regulation of psbA expression.

Translational control by 
5� RNA-binding complexes

To date, the most comprehensively studied photoregulation
of plastid gene expression is that of psbA in Chlamydomonas
reinhardtii. Danon and Mayfield purified a multicomponent
protein complex, which specifically binds to the 5�-noncoding
region of psbA and consists of four subunits, RB60, RB55,
RB47, and RB38 (24–26). Among these, RB47 was found to
be the major RNA-binding protein. RB47 is highly homolo-
gous to eukaryotic poly(A)-binding proteins (cPABP), whereas
RB60 belongs to a class of protein disulfide isomerases
(cPDI) (48, 98). The binding activity of the complex was de-
creased in nuclear D1-synthesis mutants, supporting its func-
tion in psbA translation initiation in vivo (25, 99).

As with p54, this RNA-binding protein complex was
shown to be regulated by phosphorylation and redox state in
vitro, however, in the opposite way. Phosphorylation and/or
oxidation inhibited its RNA binding activity. Interestingly,
the serine/threonine kinase responsible for phosphorylation
of RB60 within the complex was shown to utilize ADP, in-
stead of ATP, as the phosphate donor. Furthermore, the abol-
ished RNA binding activity of the oxidized complex could be
most effectively restored by reduced thioredoxin (33, 94).
The proposed model of regulation of D1 synthesis links the
photosynthetic activity to the translation initiation via the
ATP:ADP ratio and a ferredoxin–thioredoxin system (Fig. 5).
Whereas high ADP levels in the dark inhibit psbA translation,
high content of reducing equivalents generated in the light
promote its translation. Results obtained by inhibition experi-
ments of the photosynthetic electron transport demonstrate
that indeed two pathways mediate light activation of D1 syn-
thesis. The first, termed priming, probably initiates on reduc-
tion of the PQ pool and is required to allow the second, the
thiol-mediated pathway, which is generated by PSI and trans-
duced by thiol-containing proteins. Therefore, both the linear
photosynthetic electron transport, through the ferredoxin–
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thioredoxin system, and the relative activities of PSI and
PSII, via the redox state of the PQ pool, control psbA transla-
tion (93). Moreover, recent data show that RB60 (cPDI) pos-
sesses thioredoxin-like domains, which are capable of cat-
alyzing the redox-regulated RNA binding activity of RB47
(cPABP). These results suggest that RB60 is the end point of
the thiol-mediated pathway, directly modulating the binding
of RB47 to the psbA 5�-UTR in response to the reducing po-
tential generated by PSI (49).

FIG. 5. Light-mediated redox control of chloroplast psbA
translation in Chlamydomonas. In the dark (upper panel),
PDI (RB60) is phosphorylated (P) by an ADP-dependent ki-
nase, activated by an increased ADP:ATP ratio (173), and its
oxidation inactivated, which results in an inactive RNA-binding
complex (PDI, 60-kDa disulfide isomerase homologue; PABP,
47-kDa poly(A)-binding protein homologue; and two unknown
proteins of 38 and 55 kDa). Light regulates psbA translation via
two pathways: a “priming” signal starting from a reduced PQ
pool (PQH2), and a second redox-dependent pathway. Priming
activates the RNA-binding complex by dephosphorylation and
specific oxidation of PDI by an unknown component (Ox?). In
the redox-dependent pathway, electrons (e�) from the photo-
synthetic electron transport chain are transferred via ferredoxin
(Fd) and thioredoxin (Trx) to reduce a vicinal dithiol (S-S)
group of PDI. The thiol group (SH) signal is transmitted to
PABP, resulting in an increased RNA-binding activity to the 5�-
UTR of the psbA mRNA. Activation of RNA binding of the
complex consequently leads to activation of psbA mRNA trans-
lation. Therefore, in the light, reducing and oxidizing pathways
modulate the redox state of the PDI pool and thus the transla-
tion of psbA mRNA, in response to fluctuating light intensities.
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Studies in Arabidopsis thaliana revealed an analogous
redox regulation of an RNA-binding complex on the psbA 5�-
UTR consisting of at least two proteins of 43 and 30 kDa
(86). However, to date not much more is known about the
mechanisms of redox regulation involved in control of psbA
expression in Arabidopsis. One has to be careful to extrapo-
late the data derived from Chlamydomonas to higher plants.
Unique mechanisms such as light-dependent chlorophyll
biosynthesis, as well as tissue-specific gene expression, are
likely to add to the complexity of regulation in multicellular
higher plants. Therefore, additional factors and pathways that
may be involved in all levels of plastid gene regulation need
to be considered.

Interesting data were obtained recently in Chlamydomonas
in an effort to examine the regulation of rbcL, the gene en-
coding the ribulose biphosphate carboxylase/oxygenase (Ru-
bisCO) large subunit (LSU) (100). A group of cpRBPs (81,
62, 51, and 47 kDa) specifically interact with the rbcL 5�-
UTR in vitro. However, binding of these proteins was abol-
ished under oxidizing conditions using the redox reagent
GSSG, which resulted in a new 55-kDa protein interacting
with the rbcL RNA. Western blot analysis of two-dimensional
protein gels suggested that this protein might be the RubisCO
LSU itself. Indeed, it was shown that the RubisCO LSU has
an N-terminal RNA-binding domain, which enables the puri-
fied protein to bind RNA under oxidizing conditions. Struc-
tural analysis of RubisCO LSU suggested that the N-terminus
is obscured within the holoenzyme and exposed under oxidiz-
ing conditions, thus mediating the RNA-binding capability.
There are two possible physiological roles for the RNA-bind-
ing activity of RubisCO. Firstly, it could have a specific func-
tion in an autoregulatory pathway causing a translational ar-
rest. Secondly, RNA binding by RubisCO could serve a
broader function as an RNA chaperone protecting RNA from
damages that occur during oxidative stress.

It is not immediately obvious why two such different path-
ways represented by glutathione and thioredoxin have
evolved in the redox regulation of plastid gene expression.
However, this may be reflected by their different redox poten-
tials and their role in plant metabolism. Thioredoxin goes
through subtle, but noticeable, light-dependent changes in its
redox state, maybe serving as a fine-tuned modulator of plas-
tid gene expression,whereas glutathione as an antioxidant
protects the organism during periods of photoinhibition in-
duced by oxidative stress under high light conditions. There-
fore, it may play a more general role in regulating plastid (and
nuclear) gene expression under extreme environmental condi-
tions (18, 46, 61).

Redox regulation of plastid splicing?

A key sensor of the photosynthetic redox chemistry regu-
lating plastid gene expression seems to be located within the
electron transport chain in chloroplasts. Deshpande et al. (28)
obtained interesting data on light regulation in another post-
transcriptional RNA processing step. Splicing of the intron-
containing psbA pre-mRNA in Chlamydomonas is accelerated
in light as compared with the dark. Inhibitors of the electron
transport (DCMU, DBMIB) abolished this effect. Moreover,
photosynthesis-deficient Chlamydomonas mutants showed
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similar splicing rates under light and dark conditions. Resto-
ration of photoautotrophic growth in one of the mutants re-
sulted in regained light-accelerated splicing, providing evi-
dence that indeed psbA splicing is under redox control
defined by an intact photosynthetic pathway (28). Mutants of
one of the psbA intron sequences showed the importance of
efficient splicing for photosynthetic growth of Chlamydo-
monas (51). Yet it is not clear how the photosynthetic electron
transport is stimulating the splicing rates. However, as the re-
sponse to light is rapid (within minutes) (28), one may specu-
late that thioredoxin is involved in the regulation of this pro-
cess. The PSI-linked thioredoxin system could modulate
psbA splicing by altering the redox state of yet to be found
splicing factors specific for this pre-mRNA. 

PERSPECTIVES

Chloroplasts represent only one compartment of the plant
cell. They are integrated into a complex redox signaling net-
work to which redox signals from mitochondria, peroxi-
somes, and cytosolic processes also contribute. Multiple in-
teractions between these compartments exist, and we are just
beginning to understand the relationships in more detail (30,
34, 78, 96). Chloroplast redox signals are important retro-
grade signals toward the nucleus and couple the expression of
nuclear genes for chloroplast proteins to the photosynthetic
function (69). Our understanding of interaction with other
signaling networks (e.g., with sugar or photoreceptor signals)
is beginning to emerge and will be improved in the next few
years through the availability of a large collection of Ara-
bidopsis signaling mutants (69). Whether chloroplast gene
expression is affected, however, by anterograde redox signals
is unknown to date. We also still need to know all regulatory
components involved in chloroplast gene expression. The com-
pleted genome sequences of Arabidopsis, rice, and Chlamy-
domonas provide powerful tools for future research in this
field. An assessment of the number of nuclear genes encod-
ing products with putative N-terminal chloroplast transit pep-
tides in the Arabidopsis genome resulted in an estimate of
~3,500 genes encoding products with chloroplast location
(1). Biochemical and genetic approaches indicate that a con-
siderable number of them code for regulatory proteins, such
as eukaryotic transcription factors, RNA-binding proteins,
and assembly factors (14). Most of them have been poorly
investigated so far. Nevertheless, this supports the view that
the chloroplast gene expression machinery is an assembly
of phage, prokaryotic, and eukaryotic components that have
been combined during evolution. The enormous progress in
mass spectrometric techniques will help to identify such un-
known factors in chloroplast protein preparations, although it
will be a difficult task because such regulatory proteins may
be expressed in substoichiometric amounts or only under spe-
cific conditions. Does this knowledge help us to understand
redox regulation of gene expression? All mechanistic princi-
ples summarized in this review can be found also in other or-
ganisms. Therefore, we can use models obtained in other bio-
logical systems to prove and understand their function in
chloroplasts. On the other hand, the unique regulatory net-
work in chloroplasts with its phage, prokaryotic, and eukary-
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otic origins promises to lead to the discovery of regulatory co-
herences that will be relevant for all other biological systems.
Together with the genome-covering knockout line resources
and the established plastid transformation techniques, chloro-
plasts represent a fascinating model system to understand
redox-regulated gene expression networks in nature.
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ABBREVIATIONS

ATPase, ATP synthase; cpRBP, chloroplast RNA-binding
protein; cytb6 f, cytochrome b6 f complex; DBMIB, 2,5-di-
bromo-3-methyl-6-isopropyl-p-benzoquinone; DCMU, 3-(3�,
4�-dichlorophenyl)-1,1�-dimethyl urea; GSH, reduced form
of glutathione; GSSG, oxidized form of glutathione; LHCII,
light harvesting complex of photosystem II; LSU, large sub-
unit; NEP, nucleus-encoded RNA polymerase; PABP, poly-
(A)-binding protein; PDI, protein disulfide isomerase; PEF,
photosynthetic electron flow; PEP, plastid-encoded poly-
merase; PQ, oxidized plastoquinone; PQH2, reduced plasto-
quinone; PSI, photosystem I; PSII, photosystem II; PTK,
plastid transcription kinase; ROS, reactive oxygen species;
RubisCO, ribulose bisphosphate carboxylase/oxygenase; UTR,
untranslated region.
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