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Light has been proposed to stimulate the translation of Chlamydomonas reinhardtii chloroplast psbA mRNA
by activating a protein complex associated with the 5’ untranslated region of this mRNA. The protein complex
contains a redox-active regulatory site responsive to thioredoxin. We identified RB60, a protein disulfide isomerase-
like member of the protein complex, as carrying the redox-active regulatory site composed of vicinal dithiol. We
assayed in parallel the redox state of RB60 and translation of psb4A mRNA in intact chloroplasts. Light acti-
vated the specific oxidation of RB60, on the one hand, and reduced RB60, probably via the ferredoxin-thio-
redoxin system, on the other. Higher light intensities increased the pool of reduced RB60 and the rate of psb4
mRNA translation, suggesting that a counterbalanced action of reducing and oxidizing activities modulates the
translation of psbA mRNA in parallel with fluctuating light intensities. In the dark, chemical reduction of the
vicinal dithiol site did not activate translation. These results suggest a mechanism by which light primes
redox-regulated translation by an unknown mechanism and then the rate of translation is determined by the
reduction-oxidation of a sensor protein located in a complex bound to the 5’ untranslated region of the chlo-

roplast mRNA.

During photosynthesis, the light reactions produce deleteri-
ous by-products that lead to photoinactivation of the photo-
system II reaction center and concurrent protein turnover (2,
37, 54). Thus, maintenance of photosynthetic capacity requires
de novo synthesis and replacement of photodamaged proteins.
The protein showing the highest rate of synthesis at high light
intensity in higher plants and algal cells is D1 (a core protein
of photosystem II encoded by psbA) (18, 37, 54). However,
photoregulated protein synthesis is common to several ad-
ditional photosynthetic proteins and is also observed during
chloroplast biogenesis (5, 15, 30, 31, 36). Chloroplast gene ex-
pression is regulated by light during its biogenesis at transcrip-
tional and multiple posttranscriptional events (reviewed in ref-
erences 39, 40, 46, and 53). While in the mature chloroplast the
demand for rapid response in gene expression, to accommo-
date an environment of fluctuating light intensities, probably
selected translation as a major determinant of photoregulated
gene expression (reviewed in references 11, 19, 39, and 53).
Both initiation and elongation steps of translation have been
implicated as light-regulated components of gene expression
(5, 17, 27, 29, 56).

The 5’ untranslated region (5'UTR) of several chloroplast
mRNAs is a major determinant of translation (9, 25, 38, 45, 48,
51, 52, 57, 58). In addition, genetic and biochemical evidence
has suggested that nucleus-encoded factors are essential to the
translation of chloroplast mRNAs in a gene specific manner
(20, 26, 32, 51, 55, 57). The nucleus-encoded factors are thought
to enter the chloroplast and mediate translational regulation
via the 5"UTR of chloroplast mRNAs (38, 48, 51, 57, 58).

A set of mRNA-binding proteins which bind to the psbA
5'UTR with high affinity and specificity have been identified
and purified from Chlamydomonas reinhardtii cells (14). psbA
5'UTR-binding proteins are composed of four proteins, RB38,
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RB47, RB5S5, and RB60. These form a complex (psbA 5'PC)
which binds the mRNA through the RB47 protein. The level of
binding of psbA 5'PC to the mRNA parallels the level of psbA
mRNA translation and association with polyribosomes in light-
and dark-grown wild-type C. reinhardtii and in several mutants
lacking translation of psbA mRNA (14, 55, 56). This suggests
that light regulates polyribosome association and translation of
psbA mRNA by modulating the binding of psbA 5'PC to the
5'UTR.

Binding of psbA 5'PC to the mRNA is regulated by two light-
responsive molecular mechanisms. ADP-dependent phosphor-
ylation of RB60 inactivates psbA 5'PC at ADP levels attained
in chloroplasts only in the dark (12). Modulation in vitro of
psbA 5'PC-binding activity by a redox mechanism suggested
that the complex contains a redox-responsive regulatory site.
The reactivation of psbA 5'PC by dithiol reductants and not by
monothiol reductants predicted that the regulatory site is com-
posed of vicinal dithiols and is reduced in vivo by a thiore-
doxin-like protein (13). A reductive signal transduced by the
ferredoxin-thioredoxin system of photosynthesis (6, 49) was
proposed to reduce the regulatory vicinal dithiol site (VDS)
within the psbA 5'PC, thereby activating translation of psbA
mRNA (13).

Lately, three components of psbA 5'PC, RB38, RB47, and
RB60, have been cloned. RB60 was shown to be a protein di-
sulfide isomerase-like protein (28), and RB47 has high homol-
ogy to poly(A)-binding proteins (55). RB38 shows no homol-
ogy to proteins with known function (55). Based on sequence
homology to thioredoxin-like proteins and redox regulation of
recombinant RB47 in vitro, RB60 was proposed to function
equivalently to chloroplast thioredoxins and transduce the re-
dox signal directly from thioredoxin reductase to RB47 (28).

A “light” signal transduced by a thioredoxin-like protein has
been proposed to activate psb4 5'PC by reduction of a regu-
latory VDS within the protein complex (13). This suggests that
for perception of the reductive signal in vivo, the VDS has to
be initially oxidized. Hence, we needed to establish, in parallel,
the redox state in organello of the regulatory VDS and redox
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effects on D1 protein synthesis in intact chloroplasts. Here we
show that the regulatory VDS is contained within RB60, the
protein disulfide isomerase-like member of psb4 5'PC, identi-
fying RB60 as the redox sensor protein of the 5'PC. We dem-
onstrate that, similarly to activation of psbA 5'PC (13), photo-
regulated translation of D1 is stimulated by a dithiol but not by
a monothiol reductant, further implicating VDS-containing
proteins in redox-regulated translation of psbA mRNA. We
found that illumination of chloroplasts triggers specific oxida-
tion of RB60, which is counteracted dynamically by a reductive
activity. Under increased light levels, chloroplasts exhibit a
higher rate of psbA mRNA translation and contain a larger
pool of reduced RB60, suggesting that a counterbalanced ac-
tion of reductive and oxidizing activities modulates the trans-
lation of psbA mRNA in parallel with fluctuating light inten-
sities.

MATERIALS AND METHODS

Alga growth conditions and chloroplast isolation. C. reinhardtii cwl5 cells
were grown in TAP medium (23), under a 12-h light/12-h dark regime at 25°C,
to a density of approximately 107 cells/ml. Intact chloroplasts were collected from
a 45%/70% interface of a discontinuous Percoll gradient by a previously de-
scribed method (4, 22). The chlorophyll concentration was determined spectro-
photometrically by Arnon’s method (1). Isolated chloroplasts were kept in the
dark for at least 30 min before being subjected to further treatments.

In organello translation and RNA isolation. Protein synthesis in intact chlo-
roplasts (200 pg of chlorophyll/ml) was performed as previously described (41)
with slight modifications. All translation reaction mixtures included 10 mM
MgATP. Dark-adapted chloroplasts were preincubated for 10 min in the dark or
in the light in the presence or absence of 5 mM dithiothreitol (DTT), 10 mM
B-mercaptoethanol (B-ME), or 10 mM diamide. Following preincubation, the
chloroplasts were pulse-labeled for 10 min with [**S]methionine and then al-
lowed to complete protein synthesis in the presence of 5 mM unlabelled methi-
onine. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (34) and transferred onto nitrocellulose mem-
branes. Radiolabeled proteins were detected by autoradiography. The location
of proteins D1, D2, and the large subunit of ribulose bisphosphate carboxylase/
oxygenase was determined by immunoblot assays using the corresponding anti-
sera. Polysomal and total RNA was extracted from light- and dark-incubated
chloroplasts as previously described (3). RNA extracted from equal amounts of
chloroplasts (5 pg of chlorophyll) was fractionated, and RNA blots were hybrid-
ized with the 3?P-labeled psbA cDNA probe.

Identification of VDS-containing proteins. psbA 5'PC was isolated by RNA
affinity purification as previously described (12). psbA RNA affinity-purified
proteins were labeled with N-iodoacetyl-['*°1]-3-iodotyrosine (['*°I]JIAIT) (21) in
the presence of 0.5 mM DTT or with ['*C]phenylarsine oxide (['*CJPAO) (33)
for 20 min at room temperature. Labeled proteins were fractionated by SDS-
PAGE (34). ['*I]IAIT-labeled proteins were identified by autoradiography, and
[**C]PAO-labeled proteins were blotted onto nitrocellulose membranes and
visualized with a FujiX Bas 1000 PhosphorImager. Recombinant RB60 (rRB60;
140 ng), expressed from RB60 cDNA (accession no. AF036939), was incubated
for 5 min with 1 mM DTT, oxidized with 5 mM dithionitrobenzoate, or modified
with 5 mM n-ethylmaleimide for 5 min prior to labeling with ['*IJIAIT (21) for
5 min at room temperature.

Cloning of RB60 ¢cDNA and purification of recombinant RB60. A lambda
ZAPII ¢cDNA expression library of C. reinhardtii was screened using antibodies
raised against RB60 (12). Four clones were isolated from 10° plaques. In vivo
excision of pBluescript from the lambda vector was performed as specified by the
manufacturer (Stratagene, La Jolla, Calif.). Sequencing was performed with
universal and sequence-specific primers, using the dideoxy-nucleotide terminator
cycle sequencing method and an ABI model 373A sequencing system (Applied
Biosystems, La Jolla, Calif.). Nucleotide sequences were analyzed using the
Sequence Analysis Software Package (Genetics Computer Group, Madison,
Wis.) (16). The open reading frames of all four clones were identical and encode
the full-length sequence of RB60. A ¢cDNA, containing the entire open reading
frame, was subcloned into the pQE expression vector in frame with an amino-
terminal Hisg tag. Recombinant RB60 expression and purification was per-
formed as specified by the manufacturer (Qiagen, Chatsworth, Calif.).

In organello labeling with ['2*I]TAIT. Chloroplasts for labeling were treated in
parallel with chloroplasts used for translation experiments. Following a 10-min
incubation of chloroplasts in the dark or in the light, chloroplast proteins were
labeled with ['*T]IAIT (21) for 10 min at room temperature. RB60 was immu-
noprecipitated with a rabbit anti-rRB60 serum and protein A/G PLUS-agarose
(Santa Cruz Biotechnology, Inc.) as recommended by the manufacturer. Total
chloroplast proteins and immunoprecipitated RB60 were separated by SDS-
PAGE (34) and blotted onto a nitrocellulose membrane. ['*IJIAIT-labeled
proteins were visualized by autoradiography. The amount of precipitated RB60
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FIG. 1. Light-regulated translation in mature chloroplasts isolated from
C. reinhardtii cells. Intact C. reinhardtii cw15 chloroplasts were collected from a
45%/70% interface of discontinuous Percoll gradient by published methods (4,
22). Intact chloroplasts were incubated in the dark for 30 min, and an aliquot was
transferred for 10 min into the light (150 wmol m~2 s™'). The translational ac-
tivities of the dark-incubated (D) and light-incubated (L) chloroplasts were then
assayed by labeling newly synthesized proteins for 10 min with [**SJmethionine.
The nascent polypeptides were allowed to complete synthesis by incubation for an
additional 5 min in the presence of excess nonradioactive methionine. Chloroplasts
were lysed, and extracted proteins were fractionated by SDS-PAGE and blotted
onto nitrocellulose membranes. (A) Amido Black staining of chloroplast pro-
teins. (B) Autoradiograph of the same blot as in panel A showing the 3>S-labeled
proteins. LSU, large subunit of ribulose bisphosphate carboxylase/oxygenase.

in each treatment was determined by an immunoblot assay using a mouse
anti-RB60 serum. Total chloroplast proteins labeled with ['*°I|IAIT were pre-
cipitated with 10% trichloroacetic acid, and radioactivity was measured using a
TRIATHLER multilabel tester (HIDEX, Turku, Finland).

RESULTS

Light-regulated translation in isolated intact chloroplasts.
An isolated light-responsive intact-chloroplast translation sys-
tem was established for C. reinhardtii to study redox signaling
of photoregulated translation in chloroplasts. First, we tested
whether fully developed chloroplasts contain the regulatory
components controlling light-regulated translation. MgATP
(10 mM) was included in all translation reaction mixtures to
focus on photoregulatory events that are independent of the
energy status of the chloroplast. A small set of proteins is
clearly induced in chloroplasts incubated in the light, in con-
trast to those incubated in the dark (Fig. 1B). The D1, D2, and
large subunit of ribulose bisphosphate carboxylase/oxygenase
proteins, identified by the immunoblot assay, show the highest
level of light induction in isolated intact C. reinhardtii chloro-
plasts. It is possible that the synthesis of additional proteins,
which require a longer time for light induction or are unre-
solved in this electrophoresis system, is also light stimulated.
Light did not stimulate the synthesis of several unknown pro-
teins produced in the dark (Fig. 1B), indicating that light does
not act as a general stimulator of protein synthesis. The same
amounts of psbA mRNA (encoding the D1 protein) were de-
tected in dark- and light-incubated chloroplasts, confirming
that the amount of psbA mRNA present in the dark-incubated
chloroplasts was not limiting D1 synthesis (Fig. 2, lanes Total).
These results are similar to those found for whole cells (36)
and indicate that translation of psbA mRNA in intact chloro-
plasts is regulated by light.

To determine whether light controls the initiation step or the
elongation step of translation, we assayed the association of
psbA mRNA with ribosomes in dark- and light-incubated chlo-
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FIG. 2. RNA blot showing light-regulated polysome association of pshA
mRNA in mature chloroplasts isolated from C. reinhardtii cells. RNA was iso-
lated from chloroplasts treated as for the experiment in Fig. 1. Equal amounts of
total RNA and polysome-associated RNA were loaded on the gel. A 3?P-labeled
psbA cDNA was used to probe the blots.

roplasts. The photoinduced recruitment of psbA mRNA to
polysomes (Fig. 2, lanes Polysomal) shows that in mature chlo-
roplasts, the initiation step of translation is light controlled.
However, this does not exclude additional light-regulated
steps, such as elongation. Identical treatment of chloroplasts
prior to light incubation ensured that the dramatic activation
of translation was due to the light treatment only and occurred
within the short time span separating the two pools of light-
and dark-treated chloroplasts. Taken together, these data sug-
gest that a regulatory translational factor(s) controls the initi-
ation of translation of psb4 mRNA in response to light. These
results are consistent with the proposed role of psbA 5'PC as a
light-modulated trans-acting regulator of initiation of psbA
mRNA translation (56).

Redox-regulated translation in isolated chloroplasts. To
test whether translation of psbA mRNA in intact chloroplasts
is limited by an oxidized regulatory factor, we assayed whether
translation of psbA mRNA could be enhanced by reducing
agents (Fig. 3). The hallmark of a VDS is the insensitivity of
its disulfide conformation to reduction by monothiols and its
sensitivity to dithiol reductants. Thus, if translation of psbA
mRNA is regulated by a VDS-containing factor, such as psbA
5'PC, it should be enhanced by DTT (a dithiol reagent) but not
by B-ME (a monothiol reagent). Incubating illuminated chlo-
roplasts with 5 mM DTT resulted in a clear increase in D1
synthesis (Fig. 3, lane 6) that was absent in illuminated chlo-
roplasts treated with an equimolar thiol concentration of
B-ME (lane 5). These data suggest that light-regulated trans-
lation of psbA mRNA in intact chloroplasts is controlled by a
redox-responsive factor containing a regulatory VDS, such as
psbA 5'PC, which upon reduction stimulates translation. Incu-
bating illuminated chloroplasts with the thiol oxidant diamide
diminished translation (lane 8). These properties are similar to
those predicted by the in vitro studies of redox-regulated bind-
ing of psbA 5'PC (13), i.e., that thiol oxidation inhibits and
dithiol reduction stimulates translation.

The stimulation of psbA mRNA translation by DTT also
suggests that illuminating chloroplasts at 150 wmol m~2 s~ !
was not sufficient to fully reduce the intrachloroplast pool of
the redox-responsive factor(s) limiting translation under the
experimental conditions used in this study. The DTT treatment
enhanced the synthesis of other light-induced proteins (Fig. 3,
compare lanes 6 and 4) but not of proteins synthesized in the
dark (compare lanes 6 and 1). This implies that regulation by
redox mechanisms via VDS-containing proteins may be com-
mon to light-activated translation of other transcripts. Inter-
estingly, the responsiveness to DTT was lacking in chloroplasts
incubated in the dark (lane 3). Also, treating dark-incubated
chloroplasts with the thiol oxidant diamide did not activate the
translation of psbA mRNA (data not shown). This indicates
that, in contrast to illuminated chloroplasts (lane 6), transla-
tion is not limited by oxidation or reduction in the dark. These
results also indicate that inhibition of translation in the dark is
mediated by a nonredox component that is a prerequisite (a
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priming component) for redox regulation. Taken together,
these results suggest that redox regulation is active only in
illuminated chloroplasts in which oxidizing and reductive sig-
nals modulate the translation of light-induced proteins.

Biochemical identification of the regulatory VDS-containing
protein of pshbA 5'PC. To characterize the redox state of the
regulatory VDS of psbA 5'PC in photoregulated translation in
chloroplasts, we first identified the protein containing it. A
highly purified preparation of psbA 5'PC contains four major
proteins, RB38, RB47, RB55, and RB60 (Fig. 4A, lane 1), each
of which could potentially contain the regulatory VDS. To
ensure the correct identification of the authentic VDS-contain-
ing protein(s), we used highly purified preparations of psbA
RNA affinity-purified proteins (lane 1) in two independent
experiments. (i) We first assayed for covalent labeling of highly
reactive thiols of psbA 5'PC with ['*’I]IAIT under condi-
tions that preferentially label VDS (21). Only one protein,
RB60, was labeled by ['*°IJIAIT (Fig. 4A, lane 2). (ii) We used
["*CJPAO, which specifically binds to VDS (33). ['“C]PAO
also bound only to the RB60 polypeptide (lane 3). These re-
sults indicate that RB60 is the only VDS-containing protein in
psbA 5'PC and that it is the regulatory VDS-containing protein
(13).

To use IAIT as a probe to characterize the redox state of
RB60, we first verified that binding of ['**I]IAIT to purified
RB60 is dependent on the redox form of the protein. Equal
amounts of purified recombinant RB60, expressed from RB60
cDNA, were incubated under different redox conditions with
[***TJIAIT. As seen in Fig. 4B, ['***I]IAIT bound only the re-
duced form of RB60 (Fig. 4B, lane 1). No binding was detected
when ['**T]IAIT was incubated with either oxidized RB60 with
dithionitrobenzoate (lane 2) or RB60 modified with N-ethyl-
maleimide (lane 3). We concluded that ['**I]IAIT can be used
to probe the redox state of RB60.

Light modulates the redox state of RB60 and psbA mRNA
translation in chloroplasts. Previous results suggested that

Dark Lan Liﬂ
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12 3 45 6

FIG. 3. Light- and redox-regulated translation in mature chloroplasts. Shown
is an autoradiograph of an SDS-PAGE blot, showing **S-labeled proteins from
chloroplasts treated as for the experiment in Fig. 1, except that a dithiol reduc-
tant (DTT), a monothiol reductant (B-ME), or a thiol oxidant (diamide) was
added as indicated in the figure.
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FIG. 4. Identification of the regulatory VDS-containing protein. (A) Lanes:
1, Coomassie blue-stained SDS-PAGE of a highly purified preparation of psbA
5'PC (Stained PC) isolated from C. reinhardtii cells using psbA RNA-affinity
chromatography; 2, PhosphorImage of SDS-PAGE of psbA 5'PC labeled with
['*TJIAIT (IAIT-labeled); 3, autoradiograph of SDS-PAGE of psbA 5'PC la-
beled with ["*C][PAO (PAO-labeled). (B) Autoradiograph of SDS-PAGE of
recombinant RB60 labeled with ['2°T]IAIT. Lanes: 1, protein reduced with DTT;
2, protein oxidized with dithionitrobenzoate (DTNB); 3, protein modified with
n-ethylmaleimide (NEM).

light regulates psbA mRNA translation by modulating the re-
dox state of a VDS intrinsic to psb4 5'PC. Reduction of the
VDS activates psbA 5'PC, and oxidation diminishes its activity
(13). The enhancement of psbA mRNA translation by DTT in
chloroplasts illuminated at 150 wmol m~? s~ ' (Fig. 3, lane 6)
predicts that the pool of the VDS-containing factor controlling
translation of psbA mRNA was partially oxidized. The insen-
sitivity to DTT in dark incubated chloroplasts (lane 3) and the
lack of response to oxidation by diamide imply that in contrast
to illuminated chloroplasts, translation of psb4 mRNA is not
regulated by redox mechanisms in the dark. To determine the
redox state of the pool of RB60 in the chloroplast under these
two conditions, we isolated RB60 by immunoprecipitation
from light- and dark-incubated chloroplasts that were labeled
with [***IJIAIT (Fig. 5A, lanes IP). Labeling of RB60 was
significantly lower in response to light, showing that the pool of
RB60 is more oxidized in the light than in the dark (Fig. 5A,
lanes IP, and Fig. 5C). These results are consistent with the
stimulatory effect of DTT on psb4A mRNA translation in the
light and not in the dark and suggest that oxidation of RB60 is
activated in the light.

The addition of DTT to illuminated chloroplasts resulted in
higher ['*T]IAIT labeling of RB60 (data not shown), demon-
strating that labeling of RB60 was limited by oxidation and not
by some other unknown modification(s) of RB60. To deter-
mine whether light affects the redox state of the majority of
chloroplast proteins in the same manner as it affects RB60, the
amount of ['*’I]IAIT-labeling of total proteins in illuminated
or dark-incubated chloroplasts was assayed. In contrast to
RB60, the redox state of the majority of chloroplast proteins
was not affected by illumination (Fig. 5A, lanes Total, and Fig.
5D). This is in accordance with previous results showing that
the reduced/oxidized ratio of glutathione or ascorbate does not
change in chloroplasts between light and dark conditions (24,
35). Thus, protein oxidation in the light is not a general chlo-
roplast phenomenon but is specific to RB60 and, possibly, to
other regulatory proteins.
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Perception of reductive signals in the intrachloroplast reduc-
ing environment requires a counteracting oxidizing activity.
The partial oxidation of the pool of RB60 in the light com-
pared to the dark (Fig. 5A, lanes IP, and Fig. 5C) suggests that
RB60 oxidation is light activated and then is rendered recep-
tive to the reductive photosynthesis-derived signal. This hy-
pothesis predicts that the steady-state amount of reduced
RB60 molecules and hence the rate of psbA mRNA translation
in the light are consequences of antagonistic reducing and
oxidizing activities. Thus, the pool of reduced RB60 should
increase in response to increased light intensity. To test this,
we characterized, in parallel, the redox state of RB60 (Fig. 6)
and psbA mRNA translation (Fig. 7) under increased light
regimes. We conducted two types of experiments: in the first,
chloroplasts were exposed to increased light intensities (Fig.
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FIG. 5. Invivo characterization of the redox state of RB60 and total proteins
in dark- and light-incubated chloroplasts. (A) Autoradiograph of immunopre-
cipitation assays of RB60 (IP) conducted with extracts from isolated chloroplasts
treated for 10 min in the dark (D) or light (L), followed by ['>*I]JIAIT labeling.
Total ['>I|TAIT-labeled proteins (without immunoprecipitation) (Total) repre-
sent 5% of the amount used for immunoprecipitation assays. (B) The same blot
as in panel A, probed with anti-RB60 sera showing equal loading of RB60
protein. (C) Quantification of ['**I]IAIT-labeled RB60 (as determined by Phos-
phorImager analysis and normalized for equal amounts of precipitated RB60
protein) in 10-min light- and dark-treated chloroplasts. Values are means of six
independent experiments, and the light value is expressed as percentage of the
corresponding dark value (in each experiment designated as 100% of [!*T]IAIT-
labeled RB60). (D) Quantification of total chloroplast proteins labeled with
['*T]IAIT, showing that light does not affect the global protein thiol state in the
chloroplast. Each value is an average of three replications.
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FIG. 6. The redox state of the pool of RB60 in chloroplasts incubated in
different light regimes. (A) The redox state of the pool of RB60 was determined
as for the experiment in Fig. 5A, except that immunoprecipitation assays were
performed using proteins of chloroplasts incubated in the dark (D) and under
125 (L125) or 250 (L250) wmol of light m~ 2 s~ '. Quantification was performed
as for the experiment in Fig. 5C, except that each value is an average of three
replications (one replication of the dark treatment was designated as 100% of
['*T]IAIT-labeled RB60). (B) The redox state of the pool of RB60 was deter-
mined as for the experiment in Fig. SA, except that immunoprecipitation assays
were performed with proteins of chloroplasts incubated in the dark or in the light
(150 pmol m~2 s™') at decreasing chloroplast concentrations, resulting in an in-
creasing average light exposure of the chloroplasts. L1, 10 pg; L2, 5 pg; L3, 2.5 pg.

6A and 7, lanes L125 and L250), while in the second, serial
dilution of chloroplasts incubated at constant light intensity
was used to obtain increased average chloroplast light expo-
sure at lower chloroplast concentrations (Fig. 6B, and 7, lanes
L1 to L3). The results of both experiments show that the pool
of RB60 is reduced in response to increased light intensity
(Fig. 6A) or higher average chloroplast light exposure (Fig.
6B) while the rate of psbA mRNA translation parallels the
reduced state of RB60 (Fig. 7). These data are consistent with
previous results obtained from in vitro biochemical analyses
(13) and highlight an important component of redox regula-
tion, i.e., the specific oxidation of RB60 in illuminated chloro-
plasts.

DISCUSSION

The most compelling information on the way the redox sig-
nal is transduced by thioredoxins and regulates the activity of
redox-responsive proteins comes from studies of chloroplasts.
Reducing equivalents, generated from light by the concerted
activities of photosystem II and photosystem I, are probably
used via ferredoxin, ferredoxin-thioredoxin reductase, and thi-
oredoxin to reduce regulatory redox-active sites of key proteins
involved in CO, assimilation, ATP synthesis, and translation of
psbA mRNA (6, 13, 47, 49). An important characteristic shared
by the regulated redox-responsive proteins is their preferential
reduction by thioredoxins (mimicked by the dithiol reductant
DTT and not by monothiol reductants, such as B-ME) (6).
Here we identified RB60 as the subunit of psbA 5'PC contain-
ing a regulatory VDS (Fig. 4), previously implicated as pre-
scribing preferential responsiveness of psb4 5'PC to thiore-
doxin and DTT (13). We show that photoregulated translation
of D1 in intact chloroplasts is regulated at the level of initiation
and is preferentially responsive to DTT (Fig. 2 and 3). These
characteristics are consistent with the proposed role of psbA
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5'PC as a light-modulated trans-acting regulator of initiation of
psbA mRNA translation (56). Preferential responsiveness to
DTT of photoregulated synthesis of the D2 protein and large
subunit of ribulose bisphosphate carboxylase/oxygenase pro-
teins was observed as well (Fig. 3), suggesting that the VDS-
containing protein(s) may also regulate the translation of these
photosynthetic proteins.

Similarly to the cytosol, the chloroplast contains an antioxi-
dative system which under normal conditions maintains a re-
ducing intrachloroplast environment (43). Regulation by redox
mechanisms requires both reductive and oxidizing activities.
Therefore, studies of redox signal transduction in intact chlo-
roplasts, containing an active antioxidative system, are impor-
tant to the elucidation of the molecular role of redox-active
factors. Thioredoxin-regulated enzymes in chloroplasts incu-
bated in the dark are activated by DTT, suggesting that they
oxidize in the absence of the photosynthetic reducing potential
in the dark (6). It was estimated that the fructose bisphos-
phatase/thioredoxin f system has a tendency for oxidation
equivalent to disulfide bond formation in extracellular proteins
(10). Here we show that treatment with the dithiol reductant
DTT or the thiol oxidant diamide failed to stimulate the trans-
lation of psbA mRNA in dark-incubated chloroplasts (Fig. 3,
lane 3). This suggests that translation of psbA mRNA is not
limited by reduction or oxidation in the dark and that the
inhibition of translation in the dark is mediated by a nonredox
component. The inactivation of psbA 5'PC by ADP-dependent
phosphorylation of RB60 at ADP levels attained in chloro-
plasts only in the dark (12) could potentially perform this
function. The stimulation by DTT of psbA mRNA translation
in illuminated chloroplasts (Fig. 3, lane 6) and the inactivation
by diamide (lane 8) suggest that redox regulation is active in
the light and that the pool of redox-regulatory protein control-
ling translation is partially oxidized in the light. Here we
showed that the regulatory VDS, contained in RB60 (Fig. 4), is
oxidized in illuminated chloroplasts in a specific manner (Fig.
5). The oxidation of RB60 in the presence of the antioxidative
system in intact chloroplasts (Fig. 5) suggests that the redox
state of RB60 is not functionally affected by of the global redox
state of the chloroplast and is responsive only to reduction by
thioredoxin-like proteins.

According to this hypothesis, the redox state of the pool of
RB60 and, consequently, translation of psbA mRNA in the
light is determined by a counterbalanced action of reductive

FIG. 7. Effect of different light regimes on protein synthesis in mature iso-
lated chloroplasts. Shown is an autoradiograph of protein labeling performed as
for the experiment in Fig. 1, under the same light conditions as for the experiment
in Fig. 6. LSU, large subunit of ribulose bisphosphate carboxylase/oxygenase.
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FIG. 8. A working model for redox signaling in light-regulated translation. The redox state of the regulatory VDS of RB60 controls the RNA-binding capacity of
psbA 5'PC, which binds the RNA through the RB47 protein. Oxidation of the regulatory VDS inactivates and reduction activates binding of the PC to the 5’UTR of
psbA mRNA and consequently psbA mRNA translation. Light regulates translation via a prerequisite (priming) redox-independent pathway and a redox-dependent
pathway. The priming pathway probably involves dephosphorylation and specific oxidation of the pool of RB60 (either by autooxidation or by an RB60-specific oxidizing
factor), rendering RB60 receptive to the reductive signal transduced by the redox-dependent pathway. In the redox-dependent pathway, light energy is captured by the
thylakoid-associated photosynthetic complexes to produce reducing potential. Photosynthetic reducing equivalents are transduced by ferredoxin (Fd), ferredoxin-
thioredoxin reductase (FTR), and thioredoxin (Trx) to reduce the regulatory VDS of RB60. Hence, in the light, a counterbalanced action of reducing and oxidizing
activities modulates the redox state of the pool of RB60 and consequently the translation of psbA mRNA, in parallel with fluctuating light intensities. Transfer to the
dark activates phosphorylation and inactivates the oxidation of RB60, resulting in an inactive form of psbA 5'PC that is not redox responsive. The encircled P denotes

an inorganic phosphate.

and oxidizing activities (Fig. 8). The reductive activity is me-
diated by a thioredoxin-like protein, transducing photosynthe-
tic reducing equivalents, and is proportional to the light inten-
sity absorbed by photosynthesis. The nature of the oxidizing
activity of RB60 is unknown and is being investigated by us.
Light-triggered oxidation of RB60 could be mediated analo-
gously to thioredoxin-regulated enzymes by autooxidation of
RB60 induced by the priming pathway or alternatively by a
specific light-activated oxidizing factor. Our hypothesis pre-
dicts that both translation of psb4A mRNA and the pool of
reduced of RB60 should increase in higher light intensity. To
test this, we characterized in parallel the redox state of RB60
and psbA mRNA translation under increasing light intensity
(Fig. 6 and 7). The results showed that the pool of RB60
becomes reduced in response to the increase in average chlo-
roplast light exposure (Fig. 6) and that the rate of psb4A mRNA
translation parallels the reduced state of RB60 (Fig. 7). These
results suggest a mechanism by which light primes redox-reg-
ulated translation by an unknown mechanism (Fig. 8). The
inactivation of psbA 5'PC by ADP-dependent phosphorylation
of RB60 (12) implicates protein phosphorylation and dephos-
phorylation as part of the priming event. Then, the rate of
translation is determined, in parallel with changes in light
intensity, by the reduction-oxidation of a sensor protein, RB60,
located in a complex bound to the 5'UTR of psbA mRNA. A
direct benefit of such a regulatory scheme is a dynamic capacity
to stimulate translation under higher light intensities and to
decrease translation as the light intensity diminishes. Such a
dynamic regulation is required to maintain efficient energy
conversion in an environment of fluctuating light levels.
What is the receptor(s) perceiving the light signal(s) activat-
ing translation of chloroplast mRNAs? Light regulates the
expression of both nuclear and chloroplast genes. In the chlo-
roplast, the light reactions of photosynthesis produce regula-
tory signals. Recent experiments have implicated the redox

state of plastoquinone as a regulator of transcription of specific
chloroplast genes and thylakoid protein phosphorylation (7,
44). A second reductive signal is probably transduced from
photosystem I by the ferredoxin-thioredoxin system and regu-
lates the activity of Calvin cycle enzymes, thylakoid-coupling
factor I, translation of chloroplast mRNAs, and thylakoid pro-
tein phosphorylation (6, 7, 13, 50). Cytoplasmic and nuclear
photoreceptors have been identified as regulators of plant de-
velopment and adaptive responses to environmental changes
(reviewed in references 8 and 42). At least two photoreceptors,
PhyA and PhyB, affect chloroplast biogenesis (42).

It is possible that photoreceptors residing outside the chlo-
roplast perceive the light signal regulating translation of chlo-
roplast mRNA. Here we demonstrated that fully developed
chloroplasts contain the components required for light signal
perception and transduction and for regulation of psbA mRNA
translation (Fig. 1 and 2). This suggests that the capacity to
perceive and transduce the light signal activating translation is
not dependent on light signals outside the chloroplast. Fur-
thermore, we showed that the light signal has two components,
a nonredox component and a redox component, and that the
nonredox component is a prerequisite for the redox compo-
nent (Fig. 3). The redox component is composed of a reductive
signal, suggested to emanate from photosystem I (13), and a
counteracting oxidizing component (Fig. 3, 5, and 6). Our data
suggest that the light signals controlling both the oxidizing
component and the priming nonredox component originate
from within the chloroplast. The separation of chloroplast
from cytoplasmic signaling pathways, resulting from studies of
translation in isolated chloroplasts, may help elucidate the
source of these light signals.
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