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Light-Regulated Translation of Chloroplast
Messenger RNAs Through Redox Potential

Avihai Danon and Stephen P. Mayfield*

Translation of key proteins in the chloroplast is regulated by light. Genetic and biochemical
studies in the unicellular alga Chlamydomonas reinhardtii suggest that light may regulate
translation by modulating the binding of activator proteins to the 5’ untranslated region
of chloroplast messenger RNAs. In vitro binding of the activator proteins to psbA mes-
senger RNA and in vivo translation of psbA messenger RNA is regulated by the redox state
of these proteins, suggesting that the light stimulus is transduced by the photosynthesis-

generated redox potential.

Synthesis of specific proteins in the chlo-
roplast is enhanced about 50- to 100-fold
after illumination of plant and algae cells
(1-4). This marked increase in translation
occurs in the absence of a corresponding
change in the amount of the mRNA (I, 3,
5, 6), indicating that translation of chloro-
plast mRNAs is light-regulated. Translation
of these chloroplast mRNAs requires nucle-
ar-encoded translational activators that in-
teract with the 5’ untranslated region (5'-
UTR) of the mRNAs (7-10). We have
identified mRNA-binding proteins that
bind to a stem-loop RNA structure, which
contains the ribosome-binding site, in the
5'-UTR of psbA mRNA (11, 12) (encoding
the D1 protein of photosystem II). The
amount of psbA mRNA-protein complex
(RNP) correlates with the amount of trans-
lation of psbA mRNA in light- and dark-
grown Chlamydomonas reinhardtii cells, sug-
gesting that modulation of RNP complex
formation may regulate the translation of
this mRNA (11). We therefore set out to
identify the mechanism by which the bind-
ing of these proteins to the mRNA—and
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consequently the translation of the
mRNA—is regulated in response to light.
Adenosine diphosphate (ADP)-dependent
phosphorylation inactivates psbA mRNA
binding after transfer of cells into the dark
(13). Here, we show that binding of the
protein complex to psbA mRNA and trans-
lation of psbA mRNA are modulated by
redox potential, perhaps through ferredoxin
and thioredoxin. Utilizing the reducing

Fig. 1. Redox control of psbA mRNA binding in vitro.
Autoradiograph of gel mobility—shift assay, displaying the
labeled 5'-UTR of psbA mRNA complexed with psbA
mRNA-affinity chromatography—purified proteins (psbA-
RACPs) (117). RNA-binding assays contained psbA-RACPs
that were treated for 10 min with the reductants B-mercap-
toethanol (B-Me, lane 2) or dithiothreitol (DTT, lanes 3 and

REPORTS

power generated by photosynthesis to regu-
late translation provides a dynamic and di-
rect link between the amount of light ab-
sorbed by photosynthesis and the synthesis
of the photosystem II (PS II) reaction cen-
ter proteins.

Light may affect chloroplast metabolism
by its effect on a photoreceptor, such as
phytochrome, which in turn affects nuclear
gene transcription (14). Light also gener-
ates the products of photosynthesis, such as
redox potential, adenosine triphosphate, or
carbohydrates, which can subsequently af-
fect activity of chloroplast enzymes (15).
For example, chloroplast enzymes can be
activated by the ferredoxin-thioredoxin sys-
tem (16). Reducing power, generated by the
light-reactions of photosynthesis, is used to
reduce thioredoxin, which in turn activates
enzymes of the reductive pentose phosphate
cycle to regulate carbon assimilation.

To investigate whether redox potential
affects the assembly of the pshA mRNA-
binding protein complex, we subjected puri-
fied psbA RNP to either reducing or oxidiz-
ing reagents and analyzed binding activity by
T1-ribonuclease (RNase) gel mobility—shift
assay (T1-GMS) (11). Incubation of the pro-
tein complex with the reductants B-mercap-
toethanol (B-Me) or dithiothreitol (DTT),
prior to T1-GMS, did not alter the RNA-
binding capacity of the RNP (Fig. 1, lanes 2
to 4). However, addition of the oxidant di-
thionitrobenzoic acid (DTNB) (17) com-
pletely abolished the RNA-binding capacity
of the protein complex (Fig. 1, lane 5). This
inhibition of RNP formation persisted after
removal of the oxidant by gel permeation
chromatography (18). To assess whether in-
activation of RNA binding by DTNB could
be reversed by reduction of the protein com-
plex, we incubated the DTNB-oxidized pro-
teins with either B-Me or DTT and subject-
ed the proteins to T1-GMS. Addition of up
to 50 mM B-Me did not restore the RNA-
binding activity (Fig. 1, lanes 6 and 7), in-
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4) at concentrations indicated above each lane, or the

oxidant dithionitrobenzoic acid (DTNB, lane 5) before the
addition of labeled RNA. To examine whether the RNA-
binding capacity of the oxidized psbA-RACPs could be
restored by reduction, we treated DTNB-oxidized psbA-
RACPs (lane 5) with either B-Me (lanes 6 to 7) or DTT (lanes 1

2 3 4 RN e - B A e

8 to11) for 10 min before incubation with labeled RNA and compared RNA binding of these proteins to
that of untreated proteins (lane 1). Proteins were then incubated with 0.25 U of the RNase inhibitor
Inhibit-Ace (5 Prime —3 Prime) in the presence of 3 mM MgCl, for 15 min before the addition of 0.065
pmol of in vitro—synthesized %2P-labeled 5’-UTR of psbA mRNA and 20 wg of wheat-germ tRNA. The
binding reactions were then digested with 0.25 U of RNase T1 and fractionated with a nondenaturing
polyacrylamide gel electrophoresis. The presence of bound RNA-protein complex was detected by
autoradiography. Only the portions of the gel containing the RNA-protein complexes are shown.
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dicating that the psbA mRNA-binding ac-
tivity is not responsive to monothiol reduc-
tants. However, the inclusion of 5, 10, 25, or
50 mM DTT reactivated the RNP formation
(Fig. 1, lanes 8 to 11), demonstrating that
the psbA mRNA-binding activity is sensi-
tive to redox state and suggesting that a
redox-responsive regulatory site might be
present within the protein complex. We sug-
gest, therefore, that reduction of the regula-
tory site activates the RNA-binding activity
and that oxidation inhibits binding to RNA.
In vertebrate systems, binding of a transla-
tional repressor protein (IRE-BP) to the cy-
toplasmic ferritin mRNA is responsive to
redox potential and can be modulated by
reduction with either B-Me or DTT (19).
Unlike the IRE-BP, activation of binding
of psbA RNP is sensitive to reduction by
DTT but not by B-Me, indicating that in
contrast to the IRE-BP, reactivation of
binding of psbA RNP requires vicinal di-
thiol groups. This requirement for vicinal
dithiol groups is reminiscent of the light-
activation of chloroplast stromal enzymes
by thioredoxin (15).

To assess the potential role of thiore-
doxin in the redox-sensitive regulation of
psbA mRNA binding, we analyzed the effect
of inclusion of thioredoxin in the in vitro
binding assay (Fig. 2A). Incubation of the
DTNB-oxidized proteins (Fig. 2A, lane 2)
with thioredoxin reduced by DTT (Fig. 2A,
lane 6) restored RNA-binding activity more
effectively than did DTT alone (Fig. 2A,
lane 3). Oxidized thioredoxin (Fig. 2A, lane
5), or thioredoxin reduced by B-Me (Fig. 2A,
lane 7), did not reactivate RNA binding.
These results suggest that thioredoxin may
be the in vivo factor that reduces a regula-

tory disulfide bond in the pshA mRNA-

Fig. 2. Thioredoxin enhances the reactivation of psbA A B
mRNA binding by the reduction of a regulatory disulfide
bond. (A) Reactivation of psbA mRNA binding by thiore-
doxin. Autoradiograph of gel mobility—shift assay, display-
ing the labeled 5'-UTR of psbA mRNA complexed with
psbA-RACPs. RNA-binding reactions that contained
psbA-RACPs were first oxidized for 5 min with DTNB (Ox-
idized, lane 2) and then treated for 10 min with the reduc-
tants DTT (lane 3), B-Me (lane 4), with oxidized thioredoxin
(lane 5), with thioredoxin reduced with DTT (lane 6) or
thioredoxin reduced with B-Me (lane 7), before the addition
of labeled RNA and compared to RNA binding of untreat-
ed proteins (lane 1). Conditions for the gel mobility—shift
assay are as in Fig. 1. Only the portions of the gel contain-
ing the RNA-protein complexes are shown. (B) Oxidation
with DTNB transforms the regulatory dithiols of psbA RNP

binding complex, resulting in reactivation of
binding to the mRNA.

To determine whether reactivation of
RNA binding resulted from a switch from a
disulfide bond to dithiol groups, we treated
the RN A-binding complex with N-ethylma-
leimide (NEM), a nonreversible modifier of
thiols (Fig. 2B, lane 3). As expected, inacti-
vation by NEM could not be reversed by
either B-Me or DTT (Fig. 2B, lanes 4 and 5).
Because NEM does not modify disulfide
bonds, and oxidation by DTNB converts
only vicinal dithiol groups to disulfides,
DTNB oxidation followed by NEM treat-
ment should protect vicinal (regulatory) di-
thiols from nonreversible modification by
NEM. As expected, the RNA-binding pro-
tein complex that was first oxidized by
DTNB and then treated with NEM was re-
activated by reduction with DTT but not
with B-Me (Fig. 2B, lanes 6 and 7), verifying
the formation of disulfide bonds during oxi-
dative inactivation of RNA binding. In ad-
dition, the restoration of RNA binding by
coincubation with DTT and thioredoxin was
more efficient than reactivation with DTT
alone (Fig. 2B, lane 8), again demonstrating
the enhancement with thioredoxin in the
reduction of the regulatory disulfides.

To assay the in vivo effect of chloroplast
redox potential as a modulator of psbA
mRNA binding and translation, we analyzed
the synthesis of the D1 protein in a strain of
C. reinhardtii (cc703), containing a mutation
in the psaB gene that results in the absence
of the photosystem I (PS I) reaction center
(20). PS I is the primary reducer of ferredox-
in and hence of thioredoxin. If reduced thi-
oredoxin is required for the activation of
psbA mRNA binding and translation in
vivo, then the cc703 mutant should have less
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to disulfide. Autoradiograph of gel mobility—shift assay,

displaying the labeled 5'-UTR of psbA mRNA complexed with psbA-RACPs. RNA-binding reactions
contained psbA-RACPs that were either oxidized for 5 min with DTNB (Oxidized, lane 2) or modified with
n-ethylmaleimide (NEM, lane 3). The RNA-binding activity of NEM-treated proteins cannot be recovered
after 10 min of incubation with either B-Me (lane 4) or DTT (lane 5). However, the RNA-binding activity of
psbA-RACPs that were first oxidized for 5 min with DTNB, reduced with 8-Me for 5 min, and then treated
for 5 min with NEM could be partially recovered by 10-min reduction with DTT (lane 7) or fully recovered by
10-min incubation with DTT-reduced thioredoxin, but not with B-Me (lane 6). Conditions for the gel
mobility—shift assay are as in Fig. 1. Only the portions of the gel containing the RNA-protein complexes are

shown.
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than normal RNP-complexed psbA and a
decreased amount of translation of the psbA
mRNA. Proteins were isolated from both
cc703 and wild-type (wt) cells grown in the
light and assayed for binding to psbA mRNA
by gel mobility—shift assay. Less RNP com-
plex was formed by proteins isolated from
cc703 cells than by an equal amount of pro-
teins isolated from wt cells (Fig. 3). To de-
termine whether the diminished binding ca-

cc703

Fig. 3. Decreased psbA mRNA-binding activity in
a mutant lacking photosystem | (PS |, the primary
reducer of ferredoxin and thioredoxin). Autoradio-
graph of gel mobility—shift assay, displaying the la-
beled 5’-UTR of psbA mRNA complexed with pro-
teins, isolated from light-grown wt cells or from a
light-grown PS I-deficient mutant cells (cc703)
lacking a PS | reaction center. Conditions for gel
mobility—shift assay are as in Fig. 1. Only the por-
tions of the gel containing the RNA-protein com-
plexes are shown.
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Fig. 4. Decreased translation of psbA mRNA in a
mutant lacking PS | (the primary reducer of ferre-
doxin and thioredoxin). (A) Autoradiograph of
pulse-labeled proteins isolated from wt and cc703
cells. Light-grown cells were labeled for 10 min with
['“Clacetate in the presence of cycloheximide (8
mg/liter). Thylakoid proteins were isolated (3) and
fractionated by denaturing polyacrylamide gel elec-
trophoresis. The positions of specific proteins are
identified at left. Molecular sizes are indicated on
the right (in kilodaltons). (B) Autoradiograph of
RNA-blot analysis of RNA isolated from light-grown
wt and cc703 cells. Duplicate blots were hybridized
with labeled DNA fragments of psbA, psbD, and
atpB genes (3) to assay the steady-state level of
each of these mRNAs in wt and cc703 cells.



pacity of these proteins resulted in a de-
creased amount of translation of the psbA
mRNA, we analyzed the synthesis- of D1
protein in vivo by pulse labeling proteins
with [*Clacetate. Synthesis of the D1 pro-
tein, as well as of other light-regulated pro-
teins (D2, CP47, and CP43), was less in
cc703 cells than in wt cells (Fig. 4). In
contrast, the synthesis of the a and B sub-
units of adenosine triphosphatase (ATPase),
which do not show light-regulated transla-
tion (3), was not affected in cc703 cells (Fig.
4A). The synthesis of proteins in light-
grown cc703 cells (Fig. 4A) is similar to the
synthesis of proteins in dark-grown wt cells
(3) and is in agreement with the hypothesis
that reducing power, generated by PS 1, is
responsible for the activation of translation
of the light-regulated chloroplast mRNAs.
Analysis of amounts of psbA, psbD, and atpB
mRNAs by RNA-blot analysis (Fig. 4B)
showed no difference between wt and cc703
cells. Thus, differences between wt and
cc703 cells in the synthesis of D1 and other
proteins were due to differences in the rate of
translation and not to altered amounts of
mRNA:s.

Thioredoxin serves as a transducer of
redox potential generated by the “light-
reactions” of photosynthesis (15), provid-
ing the chloroplast with a mechanism to
coordinate the activity of various compo-
nents of photosynthesis to light. Our re-
sults show that the formation of psbA RNP
is also modulated by redox in vitro and in
vivo and that translation of the core pro-
teins of PS Il is regulated by redox in vivo.
These data suggest that thioredoxin may
act as a link between the “light-reactions”
of photosynthesis and the amount of psbA
mRNA binding and hence pshA mRNA
translation in vivo. According to this
model, translation of light-regulated pro-
teins is activated in response to changes in
redox potential generated by photosynthe-
sis. Following illumination, the reducing
power generatéd by photosynthesis is used
to reduce thioredoxin through a series of
oxidation-reduction reactions involving
ferredoxin (Fd), ferredoxin-thioredoxin
reductase, and thioredoxin. Reduced thi-
oredoxin drives reduction of the psbA
mRNA-binding proteins, increasing their
capacity to bind the 5-UTR of psbA
mRNA. Binding of this protein complex
to the psbA mRNA allows for recruitment
of psbA mRNAs onto polysomes and sub-
sequent translation of the D1 protein.
This direct link between light and the
translation of the D1 protein, which is
part of the PS II reaction center, provides
the cell with a capacity to respond to
fluctuating light levels, replacing pho-
tooxidized reaction center proteins (21,
22) at a rate that is appropriate to the rate
of photosynthesis.
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Differential Activation of ERK and
JNK Mitogen-Activated Protein Kinases
by Raf-1 and MEKK

Audrey Minden, Anning Lin, Martin McMahon,
Carol Lange-Carter, Benoit Dérijard, Roger J. Davis,
Gary L. Johnson, Michael Karin*

Growth factors activate mitogen-activated protein kinases (MAPKs), including extracel-
lular signal-regulated kinases (ERKs) and Jun kinases (JNKs). Although the signaling
cascade from growth factor receptors to ERKs is relatively well understood, the pathway
leading to JNK activation is more obscure. Activation of JNK by epidermal growth factor
(EGF) or nerve growth factor (NGF) was dependent on H-Ras activation, whereas JNK
activation by tumor necrosis factor a (TNF-a) was Ras-independent. Ras activates two
protein kinases, Raf-1 and MEK (MAPK, or ERK, kinase) kinase (MEKK). Raf-1 contributes
directly to ERK activation but not to JNK activation, whereas MEKK participated in JNK
activation but caused ERK activation only after overexpression. These results demon-
strate the existence of two distinct Ras-dependent MAPK cascades—one initiated by
Raf-1 leading to ERK activation, and the other initiated by MEKK leading to JNK activation.

The transactivation function of c-Jun, a
component of AP-1, is stimulated by phos-
phorylation at serines 73 and 63 (1, 2) in
response to H-Ras activation (1). Phospho-
rylation at Ser® and Ser”® is also stimulated
by other oncoproteins, including v-Sis and
v-Raf (3), or by exposure of cells to ultravi-
olet radiation (4), TNF-a (5), growth factors
(6), or factors that activate T cells (7). Both
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Ser®? and Ser” of c-Jun are efficiently phos-
phorylated by a single type of protein kinase
termed JNK, which exists in several isoforms
(8-10). The JNKs are .members of the
MAPK family (9, 10) and, like ERK1 (pp44)
and ERK2 (pp42) (I1), are activated
through phosphorylation at conserved Thr
and Tyr residues (9). Both the ERKs (12)
and JNKs (8, 9) are activated by EGF and
oncogenic H-Ras (6-8). The two forms of
JNK expressed by human cells, JNKI and
JNK2, are also efficiently activated in cells
exposed to ultraviolet radiation or TNF-a,
which are weak ERK activators (6). In con-
trast, 12-O-tetradecanoyl phorbol-13-ace-
tate (TPA), a potent ERK activator (12),
has little effect on JNK activity in fibroblasts
and epithelial cells (6). These differences
suggest that the JNKs are activated by a
different signaling cascade than that which
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