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An imbalance in photosynthetic electron transfer is thought to
be redressed by photosynthetic control of the rate of expression of
genes encoding apoproteins of photosystem (PS)-l and PS-Il in
response to the redox state of plastoquinone (PQ), which is
a connecting electron carrier. PS stoichiometry is then adjusted to
enhance photosynthetic efficiency. In prokaryotes, sigma factors
are well known for their participation in the control of RNA
polymerase activity in transcription, whereas there have been no
reports concerning their association with redox regulation. We
have found that the phosphorylation of SIG1, the major sigma
factor (SIG), is regulated by redox signals and selectively inhibits
the transcription of the psaA gene, which encodes a PS-l protein.
We produced transgenic Arabidopsis plants with or without the
putative phosphorylation sites for SIG1 and demonstrated through
in vivo labeling that Thr-170 was involved in the phosphorylation.
We analyzed the in vivo and in vitro transcriptional responses of
the transgenic Arabidopsis plants to the redox status in regard to
involvement of the phosphorylation site. We revealed an enhanced
phosphorylation of SIG1 under oxidative conditions of PQ in a form
associated with the molecular mass of the holoenzyme. Phosphor-
ylation of SIG1 proved crucial through a change in the promoter
specificity for sustaining balanced expression of components in PS-I
and PS-Il and was responsible for harmonious electron flow to
maintain photosynthetic efficiency.
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lants are required for the survival of humans as food supplies

and as alternative sources of energy in the form of biofuel,
and are important in conservation of the environment. These
contributions of plants are based on the function of chloroplasts.
Chloroplasts are thought to have originated from ancestral
cyanobacteria, which became symbionts in eukaryotic host cells.
Plants have evolved as sessile organisms that use their chlor-
oplasts to exploit solar energy. They are unable to escape from
undesirable environmental conditions and must adapt to survive.
When plants are exposed to sunlight, their chloroplast photo-
systems (PSs) excite electrons donated by water, which are
transferred to NADP™ and other recipients. Altered light con-
ditions influence the efficiency of electron excitation in PS-I and
PS-II, leading to an imbalance in photosynthetic electron trans-
fer (1-3) and injury caused by uncoupled excess energy. This
imbalance is thought to be redressed by the photosynthetic
control of PS stoichiometry (2), where the rate of expression of
genes for apoproteins of PS-I and PS-II is regulated in response
to the redox state of plastoquinone (PQ) (4, 5). However, it is
not known how the regulation is achieved in a signal transduction
pathway through redox states of PQ. We have focused on the
activity of RNA polymerase as one of the critical steps. The
transcription of most photosynthesis genes in the chloroplast is
accomplished with bacterial-type plastid-encoded RNA poly-
merase (PEP), which requires multiple nucleus-encoded sigma
factors (SIGs) (6-9) destined for the chloroplast. To reveal the
underlying mechanisms we focused on SIGs, which are well
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characterized in prokaryotes as components of RNA polymerase
and engaged in transcription in chloroplasts.

Results and Discussion

Phosphorylation Site of the Sigma Factor. The amino acid sequences
of all of the sigma proteins, SIG1 to SIG6, were searched for
sites that could be phosphorylated. Among multiple categories of
predicted sites, we initiated mutagenesis in those sites that had
a minimal number of candidates. SIG1 transcripts and protein
are the most abundant of the six kinds of SIGs in leaves grown in
light for 2-4 wk, a finding that led us to focus on SIG1 (Fig. S1).
SIG1 has sites that can be phosphorylated by Ser/Thr protein
kinases, and those immediately ahead of region 1.2 are con-
served in Arabidopsis SIG3 and SIG5 (Fig. S2) and in SIG1
orthologs. We produced transgenic Arabidopsis derivatives car-
rying wild-type SIG1 (referred to as SIG1) and derivatives with
individual putative phosphorylation sites that were deleted [sigl
(S55L), sigl(T170V) and sigl(S55L/T170V); Fig. 14]. As SIG
genes were expressed in the presence of light (6), 3-wk-old
Arabidopsis plants were maintained in the dark for 1 wk to lower
endogenous SIG levels before analyzing their chloroplast gene
transcripts. In each transgenic line, we investigated the expres-
sion of rbcL, which is known to be transcribed by PEP, to de-
termine whether the phosphorylation of sigma factors influences
transcription in chloroplasts. The transcript levels of rbcL were
normalized with the SIG protein level by immunoblotting with
antibodies against recombinant SIG1 (anti-SIG1; Fig. 1B).
In lines transformed with sigl (T170V) and sigl (S55L/T170V),
transcript levels were higher than in those harboring SIG1 or sigl
(S55L) (Fig. 1B). Therefore, Ser-55 in SIG1 is not involved in
transcript level regulation. This finding is consistent with it being
located in the putative transit peptide that may be eliminated to
generate mature SIG1, whereas Thr-170 might play a role in
transcription regulation. Transcript levels were normalized with
SIG1 protein content, which eliminated the possibility that the
amino acid substitution interfered with the SIG1 protein deg-
radation. Hence, we conclude that Thr-170 among the predicted
phosphorylation sites is responsible for reducing the levels of
transcripts of chloroplast genes in the dark. The phenotypes
are reproducible in multiple independent lines [wild-type, SIG],
and sigl (S55L), or sigl (T170V) and sigl (S55L/T170V)] (Fig. 1B),
suggesting both that the status of phosphorylation in SIG1 may
affect chloroplast gene expression and that potential position
effects or dominant-negative effects may not occur. This in-
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Fig. 1.

Effects of Ser/Thr phosphorylation of SIG1 on the transcript level of a chloroplast gene. (A) Predicted Ser/Thr phosphorylation sites in Arabidopsis SIG1.

(B) Levels of rbcL transcripts in wild-type plants and transgenic lines sig1(S55L), sig1(T170V), and sig1(S55L/T170V) when adapted to the dark for 1 wk. Levels
determined by quantitative RT-PCR were standardized by using ACT2 transcripts and were further normalized by the content of SIG1 protein determined by
immunoblotting. Vertical bars at the top of histograms represent the SDs of three independent experiments. (C-E) Phosphorylation of SIG1 and sig1(T170V).
(C) Plants (3-wk-old) were incubated with [32P]orthophosphate in the dark. Immunoprecipitates with anti-SIG1 were fractionated by SDS/PAGE, and radio-
activity on the dried gel was detected with Storm 820 (Amersham Biosciences). (D) Immunoblotting of extracts shown in C with anti-SIG1. (E) Extracts from
SIG1-transgenic plants labeled with 32P in the dark were prepared without phosphatase inhibitors only for this experiment and were immunoprecipitated
with anti-SIG1. The immunoprecipitates were incubated with or without 25 units of calf intestinal alkaline phosphatase for 30 min, followed by SDS/PAGE and

autoradiography.

ference was also supported by the analysis of the number and
location of inserted T-DNA sites in the genome (SI Text).

The effect of the amino acid substitution at Thr-170 might
have resulted from a change of protein conformation rather
than phosphorylation status. To test this hypothesis, we dipped
the roots of SIGI-transgenic plants in *?P in the dark and de-
termined the amount of *?P in their SIG proteins. Although the
amounts of SIG1 protein expressed were roughly equivalent
in Arabidopsis transformed with SIG! and in sigl (T170V) (Fig. 1D),
there was a strong >?P signal in the SIGI-transgenic line and
a faint signal in the sigl(T170V) transgenic line (Fig. 1C).
Phosphorylated SIG1 detected by autoradiograph (Fig. 1C) was
at a higher molecular weight than SIG1 detected by immuno-
blotting. The faint signal of the upper band in the immunoblot is
due to a smaller amount of phosphorylated SIG1 than non-
phosphorylated SIG1, which is consistent with the result that
most of the SIG1 proteins existed without phosphorylation at
Thr-170, free from the core enzyme (see below).

We determined the ratio of transcripts derived from exogenous
sigl (T170V) to those from the endogenous wild-type SIG1 by se-
quencing individual cDNA clones and found that sigl(7170V)
showed a 20-fold higher expression than endogenous SIGI. The
low level of expression of endogenous SIGI was consistent with
the faint signal obtained from sigI (T170V) plants. The 2P signals
diminished when extracts were treated with calf intestinal alkaline
phosphatase (Fig. 1E). Hence, the Thr-170 residue of wild-type
SIG1 could be phosphorylated. Together with previous experi-
mental data, these findings show that phosphorylation of Thr-170
of SIG1 interferes with chloroplast gene transcription.

To confirm that SIG1 phosphorylation controls transcriptional
activity, we performed chloroplast transcription run-on experi-
ments (Fig. 24). Transgenic lines for SIGI and sigl (T170V)), and
wild-type plants, were grown for 4 wk and transferred to the dark
for 2 h. Chloroplasts were isolated and used for run-on tran-
scription. Transcriptional activities were expressed per SIG1
molecule. In the sigl(T170V)-transgenic line, transcription of
psbA, psbD, psaA, rbcL, and rrml6 was higher than that for wild-
type SIG1. Hence, phosphorylation of SIG1 reduces the tran-
scription of genes encoded by the chloroplast genome to dif-
ferent extents. The transcript levels per SIG1 molecule in the
SIGI-transgenic line were not significantly different from those
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in the wild-type. Transcript levels of psb4 and psaA in the SIG1-
transgenic line were 0.82-fold and 0.64-fold lower, respectively,
than in the sigl (T170V)-transgenic line. Phosphorylation of SIG1
might therefore affect psaA transcription more than psbA tran-
scription. Pfannschmidt et al. (4) showed that the redox state of
PQ controls the level of transcription of psbA and psaA. Hence,
the phosphorylation of SIG1 might mediate the adjustment of
stoichiometry in response to redox signals from PQ.

Redox Regulation of SIG1 Phosphorylation. We altered the redox
state of PQ in plants by using 3-(3',4’-dichlorophenyl)-1,1'-
dimethyl urea (DCMU) for the oxidative state and 2,5-dibromo-3-
methyl-6-isopropyl-p-benzoquinone (DBMIB) for the reductive
state. psaA expression in the wild-type was diminished with
DCMU but not with DBMIB, whereas the reverse was observed
for psbA expression (Fig. 2B). These agents therefore acted as
expected on the basis of a previous report (4). psa4 expression was
not enhanced, but tended to diminish, under oxidative conditions
with DCMU in SIGI-transgenic plants, whereas it was stimulated
in sigl (T170V))-transgenic plants (Fig. 2B). Hence, the effect on
psaA transcripts in sigl (T170V)-transgenic plants was different
from that in SIGI-transgenic and wild-type plants, and the in-
hibitory effect was stronger to a different degree than in wild-type
plants under reductive conditions with DBMIB. By contrast, psbA
expression was similar in wild-type and SIGI-transgenic plants
with DCMU, whereas it declined in sig! (T170V)-transgenic plants
to the level found in wild-type plants under reductive conditions
with DBMIB (Fig. 2B). The results for sigl(T170V)-transgenic
plants show that SIG1 is phosphorylated by oxidative signals, and
the phosphorylation of SIG1 shifts the expression pattern from
the reductive type to the oxidative type. Fig. 2C shows the ratios of
accumulation of the psbA transcript to the psaA transcript (psbA/
psaA), as used to define the stoichiometry of the adjustment be-
tween the two PSs. The psbA/psaA ratio in wild-type and SIG1-
transgenic plants varied from one to five when changing from
reductive conditions to oxidative conditions, respectively. How-
ever, the psbA/psaA ratio under oxidative conditions was lower
in sigl (T170V)-transgenic plants than in the other plant lines.
This result has been reproduced with three additional transgenic
lines for both SIGI and sigl(T170V) (Fig. S3). Overall, these
results indicate that the psaA transcript level was elevated in sig/
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Fig. 2. Effects of phosphorylation of SIG1 on the run-on transcription and
transcript levels of genes for PS-Il (psbA) and PS-1 (psaA) at different states of
PQ. (A) Run-on transcription of chloroplast genes. Transcriptional activity for
each gene is shown as the fraction of that of the wild-type after standard-
ization with the SIG1 content determined by immunoblotting. Error bars
represent the variations of three independent experiments. Asterisks in-
dicate statistically significant differences (P < 0.05). (B and C) Transcript
levels in plants were determined by real-time RT-PCR. The redox status of PQ
was manipulated with the inhibitors DCMU and DBMIB. (B) Ratios of tran-
script levels of each gene in the treated transgenic lines to those in the
untreated wild-type. (C) Ratio of transcripts of psbA to psaA in each plant.
“Control” means the plants were not treated. Error bars represent the var-
iation of three independent experiments. Triple asterisks indicate statisti-
cally significant differences (P < 0.01).
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(T170V)-transgenic plants under oxidative conditions, whereas
the psbA transcript level was not. Hence, the phosphorylation
preferentially reduces the transcription of psa4. We conclude that
a change in the promoter specificity of phosphorylated SIG1 leads
to a difference between the transcription of psa4 and psbA, and
the phosphorylation of SIG1 causes the changes of stoichiometry
that depend on the redox state of PQ.

Are phosphorylated SIG1 factors free or associated with the
RNA polymerase core enzyme in vivo? Under moderate light in-
tensity, SIG1 exists mainly in the free form in wild-type plants,
based on its molecular mass in sucrose density gradients (Fig. 34).
A minor peak of SIG1 was found in fraction 2 at ~400 kDa
(Fig. 34), where the B-subunit of the core was detected with
antibodies against the rpoB product (Fig. S4). Plants transgemc
for wild-type SIGI were labeled with [*?Plorthophosphate in the
hﬁght and dark. After sucrose density-gradient centrifugation, the

P incorporated into SIG1 was detected by immunoprecipitation

with anti-SIG1 (Fig. 3 B and C). The profiles of phosphorylated
SIG1 molecules differed in the light where most sedimented in
fraction 3 at ~200 kDa (Fig. 3B), whereas in the dark they formed
two peaks at fractions corresponding to the RNA polymerase
holoenzyme (fraction 2) and free SIG1 according to molecular
mass (Fig. 3C). Hence, SIG1 in the holoenzyme is phosphorylated
only in the dark. The preferential inhibition of transcription of
psaA relative to psbA can be ascribed to the presence of phos-
phorylated SIG1 in the holoenzyme. Photosynthetic control of
transcription by the redox signal from the reduced and oxidized
forms of PQ might be explained as follows. In the reductive state,
the holoenzyme contains nonphosphorylated SIG1 and transcribes
psaA and psbA equally. In the oxidative state, the holoenzyme
contains phosphorylated SIG1 and transcribes psbA efficiently and
psaA poorly (Fig. 4).

Pathway of the Redox Signal Started from PQ States. The study of
the phosphorylation of sigma factors was initiated by Tiller et al.
(10). Their group showed that sigma-like factors in mustard were
phosphorylated and dephosphorylated in etioplasts and chlor-
oplasts, respectively. In addition, they reported that plastid
transcription kinase (PTK) affected the phosphorylation of an
RNA polymerase moiety in mustard plastids through the re-
duction of glutathione in response to irradiance (11), and that
cpCK2 was an enzyme corresponding to PTK on the criterion of
their common properties (12). The group has recently found that
cpCK2 phosphorylates multiple sites in SIG6, and that mutations
at these sites cause the malfunction of RNA polymerase (13).
We show here that the phosphorylation of sigma factors is en-
gaged in the stochiometry adjustment of PSs and involved in
a kind of regulation different from that of cpCK2. There are two
kinds of redox-signaling pathways originating from PSs, namely
the “priming signal” generated from PQ and the “thiol-mediated
signal” (14). The former signal transduction pathway may be in-
volved in the phosphorylation of sigma factors observed in this
investigation. This phosphorylation is promoted by the priming
signal, starting from the oxidized state of PQ that results from low-
intensity or higher-wavelength light. Although the components
meditating the signal transduction pathway for the stoichiometry
adjustment of PSs have not yet been clarified, Puthiyaveetil et al.
(15) reported that chloroplast sensor kinase (CSK) is required to
control the transcription of chloroplast genes after the redox state.
CSK might be involved in an early step in the signal transduction
pathway leading to the dephosphorylation of sigma factors under
the control of the priming signal.

Various redox effects impact the transcription and transcript
stability of photosynthetic genes (16, 17), transcription of nuclear
genes (18, 19), and de novo protein synthesis (20, 21). In higher
plants, Pfannschmidt et al. (4) demonstrated direct regulatory
coupling between the redox state of PQ and the transcription of
specific chloroplast genes. We have shown that the stoichiometry
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Fig. 3. Effect of phosphorylation of SIG1 on association with the RNA polymerase core enzyme in vivo. (A) Leaf extracts of wild-type plants harvested in the
daytime were subjected to sucrose density-gradient centrifugation, followed by immunoblotting with anti-SIG1. Molecular masses are based on those of the
native proteins in each fraction, as further analyzed by nondenaturing PAGE (4-12%, wt/vol, polyacrylamide gradient). (B and C) SIG1 transgenics (3-wk-old)
were incubated with [*2Plorthophosphate in light at 75 pmol-m™2s~" (B) or in the dark (C). The extracted proteins were fractionated by sucrose density-
gradient centrifugation, and each fraction was then immunoprecipitated with anti-SIG1, run on SDS/PAGE, and autoradiographed.

of the two PSs is adjusted by modification of a sigma factor in
response to a redox signal. Redox regulation typically transduces
signals rapidly, directly, and simply (4). Instead of the de novo
synthesis of proteins and mRNA or the participation of multiple
transcriptional factors, a sigma factor is modified by phosphory-
lation or dephosphorylation. Each bacterial sigma factor plays
a specific role in gene expression under different conditions, and
many cooperate to adapt to changed environments (22-24).
However, we have shown that modification of a sigma factor
causes a change of promoter preference in higher plants.
Nucleic acids and proteins inside prokaryotic endosymbionts or
chloroplasts are exposed to oxygen-free radicals, which cause
mutations and protein degradation (25). Land plants cannot es-
cape light illumination and have developed systems for preventing

reduced PQ oxidized PQ

I psaA

psbA/psaA l

| psbA | psbA psaA

psbA/psaA I

Fig. 4. Model of the photosynthetic control of chloroplast gene transcrip-
tion via phosphorylation of a SIG. The redox status of PQ is changed by the
intensity and wavelength of light: Irradiance or shorter-wavelength light
(680 nm) generates PQH,, and low light or longer-wavelength light (700 nm)
at sunrise and sunset oxidizes PQ. The chemically reduced form of PQH, is
produced by electron flow from PS-ll and converted to PQ after electron
flow to PS-I. Electron flow from PS-Il to PQ can be inhibited by DCMU, and
electron flow from PQ to PS-I can be inhibited by DBMIB. The expression of
psaA, encoding the apoprotein of the PS-l reaction center, is induced by
PQH, and repressed when PQH, is oxidized. The expression of psbA
encoding the D1 protein of the PS-Il reaction center is less affected by redox
status. The core enzyme associated with dephosphorylated SIG has high
transcriptional activity for psaA and psbA, and phosphorylation of SIG causes
a greater reduction of the transcription of psaA than psbA.
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damage (1-4, 25-32). To minimize damage caused by the gen-
eration of reactive oxygen species (ROS), plants have evolved
mechanisms of photoprotection (28-32). PS-I must be induced to
accept electrons from PQ to prevent the generation of ROS, when
PS-11 is strongly active in the daytime by shorter-wavelength light.
Our results elucidate a mechanism of induction of PS-I through
the dephosphorylation of sigma factors by redox signals of the PQ
state (Fig. 4). On the other hand, longer-wavelength light, which is
enriched at sunrise and sunset, must be absorbed more efficiently
by PS-I than PS-II, resulting in the excitement of electrons in PS-I
and, to a lesser degree, in PS-II. Formation of PS-I may then be
repressed to coordinate with the activity of PS-II, leading to a re-
duction of the rate of cyclic electron flow (31, 32) and the de-
toxification of ROS (30). Sigma factors play a role in this regulation
through their phosphorylation in response to the oxidized state of
PQ (Fig. 4). Consequently, the phosphorylation of sigma factors
under redox control may therefore be involved in maintaining the
photosynthetic efficiency.

Materials and Methods

Transformation of Arabidopsis. Constructs for ectopic expression of S/Gs
were made with the 355-sGFP(S65T) vector and pSMAB701. Details of in
vitro mutagenesis of S/IGT and plasmid construction can be found in S/ Text
and Table S1.

32p-labeling and Immunoprecipitation. Whole plants were placed in Petri
dishes containing 10 mL of [*2PJorthophosphate solution (H;*2PO,, ICN; 5.55
MBq) for 2 h. They were rinsed with distilled water to remove excess 32P.
Protein extracts were mixed with Protein-G-Sepharose (Amersham Bio-
sciences) at 4 °C for 1 h. The resulting supernatants were reacted with anti-
SIG1 and incubated at 4 °C for 1 h, followed by passage through Protein-G-
Sepharose and incubation at 4 °C for 1 h. The immunoprecipitated com-
plexes were washed with chilled PBS, and subjected to SDS polyacrylamide
gel electrophoresis (SDS/PAGE; 10%, wt/vol, polyacrylamide).

Analysis of Gene Expression and Protein Products. Real-time PCR was per-
formed with a LightCycler (Roche), and detected with LightCycler DNA
Master SYBR Green | (Roche). Transcripts for cytosolic actin (33) (ACT2) were
measured as an internal standard.

Chloroplasts prepared from 4-wk-old plants were incubated in the dark for
2 h and subjected to run-on assays. Values were normalized on the basis of
SIG1 content determined by immunoblotting, and the means of three in-
dependent experiments are shown.

Protein extracts were subjected to SDS/PAGE (10%, wt/vol, polyacrylamide),
and SIGs were detected with ECL Plus Western Blotting Detection System
(Amersham Biosciences). Details of the protocols are available in S/ Text.
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Treatment of Plants with Electron-Transport Inhibitors. Seedlings grown on MS
solid medium in the dark for 5 d were cultured hydroponically with MS liquid
medium additionally for 5 d. The medium was then replaced with that containing
0.5 pM DCMU or 0.2 pM BDMIB and plants were incubated in the light for 2 d.
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