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The biogenesis and assembly of photosynthetic multisubunit protein complexes is assisted by a series of nucleus-encoded auxiliary
protein factors. In this study, we characterize the dac mutant of Arabidopsis (Arabidopsis thaliana), which shows a severe defect in the
accumulation of the cytochrome b,/f complex, and provide evidence suggesting that the efficiency of cytochrome b,/f complex
assembly is affected in the mutant. DAC is a thylakoid membrane protein with two predicted transmembrane domains that is
conserved from cyanobacteria to vascular plants. Yeast (Saccharomyces cerevisiae) two-hybrid and coimmunoprecipitation analyses
revealed a specific interaction between DAC and PetD, a subunit of the cytochrome b, /f complex. However, DAC was found not to
be an intrinsic component of the cytochrome b, /f complex. In vivo chloroplast protein labeling experiments showed that the labeling
rates of the PetD and cytochrome f proteins were greatly reduced, whereas that of the cytochrome b, protein remained normal in the
dac mutant. DAC appears to be a novel factor involved in the assembly/stabilization of the cytochrome b,/f complex, possibly

through interaction with the PetD protein.

The cytochrome b./f (Cyt b6/f) complex is a multi-
subunit complex that resides in the thylakoid membrane
and functions in linear and cyclic electron transport. In
the linear process, the complex receives electrons from
PSII and transfers them to PSI, a process that is accom-
panied by the generation of a proton gradient, which
is essential for ATP synthesis (Mitchell, 1961; Saraste,
1999). The native form of this complex is present as a
dimer with a mass of 310 kD that can be converted into a
140-kD monomer with increasing detergent concentra-
tions (Huang et al., 1994; Breyton et al., 1997; Mosser
et al., 1997; Baniulis et al., 2009). In higher plants, the Cyt
b6/f monomer contains at least eight subunits: Cyt f, Cyt
by, PetC, PetD, PetM, PetL, PetG, and PetN (Wollman,
2004). PetC and PetM are encoded by nuclear genes,
whereas the others are encoded by plastid genes. It has
been shown that PetG and PetN are necessary for com-
plex stability in tobacco (Nicotiana tabacum; Schwenkert
et al, 2007). By contrast, PetL is not required for the
accumulation of other subunits of the Cyt b6/f complex,
even though it is involved in the stability and formation
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of the functional dimer (Bendall et al., 1986; Schwenkert
et al., 2007). Inactivation of PetC in Arabidopsis
(Arabidopsis thaliana) resulted in significantly reduced
amounts of Cyt b6/f subunits and completely blocked
linear electron transport, indicating that PetC partici-
pates in the formation of the functionally assembled
Cyt b6/f complex (Maiwald et al., 2003). In Synecho-
cystis sp. PCC 6803, the PetM subunit has no essential
role in Cyt b6/f complex electron transfer or accu-
mulation; however, the absence of this subunit ap-
parently affects the levels of other protein complexes
involved in energy transduction (Schneider et al., 2001).
In addition to the other proteins, FNR was identified as
a subunit of the Cyt b6/f complex isolated from spinach
(Spinacia oleracea) thylakoid membranes (Zhang et al.,
2001).

Previous research has revealed how the Cyt b6/f
complex assembles into a functional dimer (Bendall et al.,
1986; Lemaire et al., 1986; Kuras and Wollman, 1994). In
the Cyt b6/f complex, Cyt b, and PetD form a mildly
protease-resistant subcomplex that serves as a template
for the assembly of Cyt f and PetG, producing a protease-
resistant cytochrome moiety (Wollman, 2004). The PetC
and PetL proteins then participate in the assembly of the
functional dimer (Schwenkert et al., 2007). PetD be-
comes more unstable in the absence of Cyt b, and the
synthesis of Cyt f is greatly reduced when either Cyt b,
or PetD is inactivated, indicating that both Cyt b, and
PetD are prerequisite for the synthesis of Cyt f (Kuras
and Wollman, 1994). The reduced synthesis of Cyt f can
be explained by the so-called CES (for controlled by
epistasy of synthesis) mechanism. It is suggested that, in
this mechanism, the synthesis rate of some chloroplast-
encoded subunits of photosynthetic protein complexes is
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regulated by the availability of their assembly part-
ners from the same complexes (Choquet et al., 2001).
The mechanism of CES for Cyt f has been studied in
detail in Chlamydomonas reinhardtii (Choquet et al.,
1998; Choquet and Vallon, 2000). In it, the unas-
sembled Cyt f inhibits its own translation through a
negative feedback mechanism, and MCA1 and TCA1
have been demonstrated to be involved in the regu-
lation of Cyt f synthesis (Boulouis et al., 2011).

Many studies have focused on understanding the
conversion of apocytochrome to holocytochrome via
the covalent binding of heme in Cyt f and Cyt b, during
the assembly of Cyt b6/f through the CCS and CCB
pathways (Nakamoto et al., 2000; Wollman, 2004; de
Vitry, 2011). The CCS pathway was originally discov-
ered in the green alga C. reinhardtii through genetic
studies of ccs mutants (for cytochrome c¢ synthesis) that
display a specific defect in membrane-bound Cyt f and
soluble Cyt ¢, two thylakoid lumen-resident c-type
cytochromes functioning in photosynthesis (Xie and
Merchant, 1998). In the CCS pathway, six loci that in-
clude plastid ccsA and nuclear CCS1 to CCS5 have been
found in C. reinhardtii (Xie and Merchant, 1998). In these
mutants, the apocytochrome is normally synthesized,
targeted, and processed, but heme attachment is per-
turbed. The CCB pathway is involved in the covalent
attachment of heme c(i) to Cyt b, on the stromal side of
the thylakoid membranes (Kuras et al., 2007). The ccb
mutants show defects in the accumulation of subunits
of the Cyt b6/f complex and covalent binding of heme
to Cyt b, (Lyska et al., 2007; Lezhneva et al., 2008).
However, heme binding is not a prerequisite for the
assembly of Cyt b, into the Cyt b6/f complex, although
the fully formed Cyt b6/f showed an increased sensi-
tivity to protease (Saint-Marcoux et al., 2009).

The assembly of the Cyt b6/f complex is a multistep
process, and current studies have shown that the co-
valent binding of heme to Cyt f and Cyt b, is highly
regulated. Thus, it is reasonable to speculate that,
similar to the other photosynthetic protein complexes
(Mulo et al., 2008; Nixon et al., 2010; Rochaix, 2011),
the assembly of the Cyt b6/f complex is also assisted
by many nucleus-encoded factors. In this study, we
characterized an Arabidopsis protein, DAC (for de-
fective accumulation of Cyt b6/f complex), that seems
to be involved in the assembly of the Cyt b6/f com-
plex. In addition, we provide evidence that DAC in-
teracts directly with PetD before it assembles within
the Cyt b6/f complex.

RESULTS
Identification and Phenotype of the dac Mutant

Screening mutants altered in chlorophyll fluorescence
has been used to identify nucleus-encoded factors in-
volved in the process of photosynthesis (Meurer et al.,
1996; Peng et al., 2006). Proteomic studies of the thylakoid
membrane in Arabidopsis have revealed the presence of
conserved thylakoid membrane proteins of unknown

1912

function (Peltier et al., 2002; Friso et al., 2004). We iden-
tified one of these, herein designed DAC, by screening for
high chlorophyll fluorescence in a population of T-DNA
insertion mutants. The dac homozygous plants were
unable to grow photoautotrophically in soil (data not
shown) and could be maintained on Suc-supplemented
medium, but they did not develop any fertile flowers.
Additionally, the mutants showed a retarded growth
pattern and exhibited pale green leaves under normal
growth conditions (Fig. 1A); when grown under low light
(20 pmol m™? s7"), the mutant plants were greener and
the growth was less affected (data not shown). This in-
sertion mutant line (SALK_088638) carries an insert in the
fourth exon of the DAC gene (AT3G17930; Fig. 1B). In the
dac mutant, the expression of AT3G17930 was completely
suppressed, as determined by reverse transcription-PCR
analysis (Fig. 1C). We next isolated thylakoid membranes
and performed an immunoblot analysis using specific
anti-DAC, anti-PetD, and anti-LTD (raised against the
Light-Harvesting Protein translocation defect in Arabi-
dopsis; Ouyang et al.,, 2011) antibodies, and the DAC
protein was barely detectable (Fig. 1D).

daccom

WT dac

WT dac
-AT3G17930
D > &
o“o WT o &
kD & B0 100 & &
18— e PetD
. &% DAC
12- - LTD

Figure 1. Identification of the dac mutant. A, Identification and
complementation of the dac mutant. The cDNA of the wild-type DAC
gene was cloned into a binary plant transformation vector and used for
complementation of the dac mutant (daccom). WT, Wild type. Four-
week-old plants grown on Suc-supplemented medium are shown. B,
Schematic diagram of the DAC gene. Exons are indicated by black
boxes, introns by lines, and the T-DNA insertion by the triangle; ATG
represents the initiation codon and TGA represents the stop codon.
C, Reverse transcription-PCR analysis. Reverse transcription-PCR was
performed using specific primers for AT3G17930 or ACTINTI. D,
Thylakoid membranes (2 ug of chlorophyll) isolated from wild-type
and dac mutant leaves were separated by Tricine/SDS-PAGE followed
by immunoblot analysis with the anti-DAC, anti-PetD, and LTD anti-
bodies. LTD and PetD are used here as molecular mass controls.
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Chlorophyll fluorescence induction kinetics analysis
showed the ratio of variable to maximum fluorescence,
which is customarily used to indicate the maximum
potential capacity of PSIL. This value is reduced in the
dac mutant (0.67 = 0.03) compared with the wild type
(0.81 = 0.02), which indicated that the PSII efficiency is
down-regulated in the mutant (Fig. 2A). By contrast, the
fraction of the PSII reaction centers remaining in the
open state under continuous illumination was drasti-
cally reduced in dac (0.15 = 0.02) compared with the
wild type (0.88 £ 0.02). This result suggests that elec-
trons accumulated in the plastoquinone pool and, thus,
were not transferred downstream of the photosynthetic
electron transport chain (Meierhoff et al., 2003), which
may be due to a block in the electron transport capacity
between the two photosystems or a defect in PSI. We
further measured the absorbance kinetics of P700 at 820
to 870 nm to study the redox activity of the PSI reaction
center (Fig. 2B; Supplemental Table S2). P700 could be
oxidized in the mutant by far-red light, which indicated
that PSI was functional in dac. Thus, spectroscopic
analyses indicated that PSII and PSI were functional in
dac, even though the electron transport capacity be-
tween the two photosystems was perturbed. Comple-
mentation of the dac mutant with the full-length
coding region of AT3G17930 confirmed that inactiva-
tion of the AT3G17930 gene was responsible for the
phenotype of the dac mutant (Fig. 1A). The DAC level
in the thylakoid membrane fraction of complemented
plants was equivalent to that of the wild-type plants,
which also confirmed this result (Fig. 1D).

Reduced Content of the Cyt b6/f Complex in the
dac Mutant

The above results suggested the potential impairment
of electron transfer between PSII and PSI in the dac
plants (Fig. 2). To test this hypothesis, we extracted total
protein from wild-type and dac leaves and performed an
immunoblot analysis using specific antibodies against
the major subunits of the thylakoid protein complexes
(Fig. 3A). The results showed that the levels of the Cyt
b6/f subunits, Cyt f, Cyt b,, PetC, and PetD, were de-
creased to 10% to 15% of wild-type levels and that the
protein contents of D1 and PsbO of PSII were reduced to
50% to 70% of wild-type levels. The amounts of the PSI
proteins, PsaA/B and PsaN, were also reduced to ap-
proximately 50% of wild-type levels. There were no
apparent changes in the B-subunit of ATPase and the
2Fe-2S protein ferredoxin (Fd) in mutant plants (Fig. 3A;
Supplemental Fig. S1). When we cultivated the plants in
very dim light (20 umol m 2 s™"), the steady-state levels
of PSI and PSII recovered to nearly wild-type levels
(data not shown), suggesting that the reductions in PSII
and PSI may be due to a secondary effect and also in-
dicating that the dac mutant is light sensitive. Defects in
heme biosynthesis can result in low accumulation of the
Cyt b6/f complex (Lennartz et al., 2001; Lezhneva et al.,
2008). To test for this, we assayed thylakoid membranes
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of the wild type and mutants for the presence of Cyt fand
Cyt b, holoproteins by virtue of their heme-associated
peroxidase activities. This analysis revealed that heme
binding was not perturbed in the dac mutant (Fig. 3B).

To examine the state of Cyt b6/f assembly, we per-
formed blue-native (BN)-PAGE to separate the protein
complexes from the thylakoid membranes after solubili-
zation with dodecyl B-D-maltoside (DM; Schigger et al.,
1994). Mutant and wild-type thylakoids (loaded on the
basis of equal amounts of chlorophyll) were separated
electrophoretically in the presence of Coomassie blue
G250. The constitutive subunits of the protein complexes
were then separated in a second dimension using Tricine/
SDS-PAGE, and the proteins were immunoblotted using
anti-Cyt by and anti-PetD antibodies (Fig. 3C). In the BN-
PAGE analysis, longer exposure times were required to
detect the bands of dimer and monomer in dac compared
with wild-type plants, indicating that the subunits of the
Cyt b6/f complex were considerably decreased in mutant
plants. Moreover, the ratio between the monomer and
dimer was lower in the dac mutant than in the wild-type
plants. Additionally, an increase in the levels of the in-
termediate relative to the monomer and dimer of Cyt
b6/f was observed in dac compared with the wild type
(Fig. 3C).

Synthesis and Stability of the Cyt b6/f Complex

To address whether the reduced abundance of Cyt
b6/f subunits observed in the dac mutant was due to
reduced levels of the corresponding mRNAs, the tran-
scripts of eight subunits of the Cyt b6/f complex were
analyzed by RNA gel-blot hybridization. As show in
Figure 4A, the abundance and pattern of transcripts of
the subunits of Cyt b6/f examined were unaltered in
the mutant.

To investigate whether the reduced accumulation of
the Cyt b6/f complex was due to reduced synthesis of
its subunits, in vivo pulse-labeling experiments were
performed in which young seedlings were pulse labeled
with [®S]Met in the presence of cycloheximide, an in-
hibitor of nucleus-encoded protein synthesis. During the
labeling, the synthesis rate and protein stability of newly
synthesized proteins can be monitored. After pulse la-
beling, the labeled subunits of Cyt b6/f could not be
identified clearly because the D1 and D2 subunits of PSII
were heavily labeled. Thus, immunoprecipitation ex-
periments were performed. After pulse labeling for 10
and 30 min, thylakoid membranes with equal amounts
of chlorophyll were isolated, solubilized, and incubated
with an excess of specific antibodies raised against Cyt f,
Cyt b, PetD, and CF1B. To ensure that the newly syn-
thesized proteins were immunoprecipitated completely,
the supernatants from the first round of immunopre-
cipitation were subjected to another round of immuno-
precipitation (Barkan et al., 1994; Lennartz et al., 2001).
As shown in Figure 4B, the rate of labeling of the Cyt
b6/f subunits Cyt f and PetD was greatly reduced in the
dac mutant, but the synthesis of Cyt b, was not affected
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Figure 2. Spectroscopic analyses. A, Chlorophyll fluorescence induction. Fi, Fluorescence intensity; Fm, maximum fluores-
cence; Fm’, maximum fluorescence under steady-state conditions; Fo, minimal fluorescence; Fo’, minimal fluorescence under
a light-adapted state; Fs, steady-state fluorescence; WT, wild type. B, Redox kinetics of P700. A, Relative absorbance; AA,
oxidation of P700 under actinic light; AAmax, maximum oxidation induced by far-red light.

after pulse labeling for 30 min. When the time of
pulse labeling was shortened to 10 min, the amount
of radioactivity incorporated into Cyt b,, PetD, and
Cyt f in the dac mutant relative to wild-type levels
was increased compared with that after 30 min of
labeling.

Altered efficiency of translation initiation can be vi-
sualized through analyzing ribosomal loading of specific
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RNAs. The effects of the dac mutation on the translation
capacity of the petA and petB/petD transcripts were
further examined by analyzing the association of petA
and petB/petD transcripts with polysomes. The results
showed that the association of these transcripts with
polysomes was largely unaffected in the mutant plants
(Fig. 5A), which suggested that translation initiation
for these transcripts is not affected.

Plant Physiol. Vol. 160, 2012
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Figure 3. Analysis of chloroplast proteins. A, Immunoblot analysis of
chloroplast proteins. Total proteins were separated by 10% Tricine/
SDS-PAGE, electroblotted, and probed using specific anti-Cyt £, anti-
Cyt b, anti-PetC, anti-PetD, anti-CF1B, anti-PsaA/B, anti-PsaN, anti-
PsbO, anti-D1, and anti-Fd antibodies. WT, Wild type. B, Analysis of
the peroxidase activity of the heme-binding proteins Cyt f and Cyt by.
Peroxidase activity was detected by enhanced chemiluminescence. C,
BN-SDS-PAGE analysis of thylakoid membrane complexes. Thylakoid
membranes (10 ug of chlorophyll) were solubilized with 1% DM and
separated on 4.5% to 13.5% acrylamide gradient gels. After the BN gel
separation, the excised lanes were soaked in SDS sample buffer and
5% B-mercaptoethanol for 30 min and layered onto 10% Tricine/
SDS polyacrylamide gels. After electrophoresis, the resolved pro-
teins were subjected to immunoblot analysis using anti-Cyt b, and
anti-PetD antibodies. The positions of the Cyt b6/f monomer and
dimer are indicated above the image, according to Lennartz et al.
(2006).

We also tested the stability of the assembled Cyt b6/f
complex in the dac mutant with respect to the wild
type; the rates of degradation of the Cyt b6/f complex
were studied in the presence of lincomycin, an inhib-
itor of protein synthesis in the chloroplast. Thylakoid
membranes were isolated every 2 h from 0 to 8 h after
the addition of lincomycin, and immunoblotting was
performed for Cyt f, Cyt b,, PetD, D1, and CF18. As
shown in Figure 5B, levels of Cyt f, Cyt b,, and PetD in
the dac mutant were decreased by the same extent as in
the wild type, and about 25% of the D1 protein was
degraded in both the wild-type and mutant plants
after treatment for 8 h These results indicate that the
assembled subunits of Cyt b6/f are fairly stable. By
contrast, the newly synthesized proteins displayed
very short half-lives in the mutant (Fig. 4B).
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DAC Is an Integral Thylakoid Membrane Protein

The DAC gene encodes a polypeptide of 190 amino
acids with a putative chloroplast transit peptide of
50 amino acids at its N terminus (Fig. 6), as predicted
by the TargetP 1.1 and ChloroP 1.1 programs. BLAST
searches revealed that the orthologs of DAC contain
an uncharacterized domain, DUF3007 (amino acids
87-184; Fig. 6). DAC homologs exist in almost all
of the sequenced photosynthetic eukaryotes and cy-
anobacteria. The most similar homologs were found
in Oryza sativa (Os01g0805200; 71% identity, 88% simi-
larity), C. reinhardtii (58% identity, 77% similarity),
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Figure 4. mRNA expression and in vivo protein synthesis in chloro-
plast. A, RNA gel-blot hybridization with total RNA from the leaves of
wild-type (WT) and dac plants. Preparations (10 mg) of total leaf RNA
from 5-week-old wild-type and dac plants were size fractionated by
agarose gel electrophoresis, transferred to a nylon membrane, and
probed with *?P-labeled cDNA probes for petA, petB, petC, petD,
petG, petl, petM, petN, and psbA. Ribosomal RNA was visualized by
staining with ethidium bromide as an equal loading control. B, In vivo
protein synthesis. Primary leaves of 15-d-old plants were radiolabeled
with [**S]Met for 30 min. The thylakoid membranes were solubilized
and incubated with anti-Cyt f, anti-Cyt b, anti-PetD, and anti-CF18
antibodies. The immunoprecipitated samples were separated by
Tricine/SDS-PAGE and visualized using autoradiography. X-ray films
were scanned and analyzed using an Alphalmager 2200 documenta-
tion and analysis system. The protein level percentages shown below
the lanes were estimated by comparison with the wild type.
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Figure 5. Polysome accumulation and protein stability analysis. A,
Association of petA and petB/petD mRNAs with polysomes. Eleven
fractions of equal volume were collected from the top to the bottom of
15% to 55% Suc gradients, and equal proportions of the RNA purified
from each fraction were analyzed by gel-blot hybridization. Ribosomal
RNAs were detected by ethidium bromide staining. B, Stability of the
Cyt b6/f complex. Arabidopsis leaves were incubated with lincomycin
for 30 min and illuminated for various time periods. After this treat-
ment, the thylakoid membranes were isolated, and their contents of
photosynthetic proteins were determined by immunoblot analysis. The
protein level percentages shown below the lanes were estimated by
comparison with levels found in corresponding samples taken at time
zero. WT, Wild type.

and Synechococcus elongatus PCC 6301 (49% identity,
64% similarity; Fig. 6). To determine its subcellular
localization, we fused the full-length DAC protein to
the N terminus of synthetic GFP, and the DAC-GFP
fusion protein was transiently expressed in Arabi-
dopsis protoplasts under the control of the cauliflower
mosaic virus 355 promoter. The GFP fluorescence
signal revealed that the DAC protein was located in
the chloroplast (Fig. 7A).

The DAC protein is also predicted to be located in
the thylakoid membrane and to possess two trans-
membrane (TM) domains, according to the TMHMM
program (Fig. 6; amino acids 92-114 and 124-146 for
DAC). The DAC protein can be detected in thylakoid
membranes and could not be extracted from the
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sonicated thylakoid membranes when incubated with
different salts, which was similar to what was ob-
served for the CP47 protein. However, the peripherally
associated lumenal protein PsbO was released after
this treatment (Fig. 7B), indicating that DAC is an in-
tegral thylakoid membrane protein. To determine the
topology of DAC more precisely, the thylakoid mem-
branes were digested with trypsin (Sun et al., 2007)
and subjected to immunoblot analysis with the DAC
antibody, which was raised against the C-terminal
hydrophilic portion (43 amino acids in length; Fig.
7C). The N- and C-terminal regions of DAC contain
trypsin cleavage sites, but the loop between the TM
domains does not. Thus, if the DAC protein could be
degraded by trypsin, the N-terminal and C-terminal
regions must be located on the stromal side of the
thylakoid membrane (as shown in Fig. 7D); otherwise,
the topology would be as indicated in Figure 7E. Our
results showed that DAC was degraded completely
within 15 min in the presence of trypsin; by contrast,
the lumenal protein PsbO was not affected (Fig. 7D).
Therefore, these results indicate that the N terminus of
DAC is located in the chloroplast stroma, as illustrated
in Figure 7D.

DAC Interacts with PetD

To examine whether the DAC protein is a component
of the Cyt b6/f complex, thylakoid membranes were
solubilized with DM and separated by Suc gradient
sedimentation, and 20 fractions of equal volume were
collected. The proteins in each fraction were separated by
Tricine/SDS-PAGE followed by immunoblot analysis
using specific antibodies. Based on the migration patterns
of the protein fractions, our results indicate that DAC has
a mass of 80 to 100 kD (Fig. 8A); the monomer and dimer
of Cyt b6/f migrated to positions of approximately 140
and 310 kD, respectively. Thus, although the DAC pro-
tein does not comigrate with Cyt b6/f, we cannot exclude
the possibility that DAC interacts with the subunits of the
Cyt b6/f complex, because the DAC protein overlapped
somewhat with the subunits of the Cyt b6/f complex in
the Suc gradient fractions.

To study the potential function of DAC, we employed
a modified split-ubiquitin system to examine the rela-
tionship between DAC and the subunits of Cyt b6/f
(Stagljar et al., 1998). Prey plasmids containing the NubG
moiety fused to the N terminus of the mature Cyt b6/f
subunits and DAC were transformed into the NWY32
strain, in which bait proteins were expressed; the bait
plasmid was constructed to generate the fusion protein
LexA-VP16-Cub-DAC. The resulting transformants were
analyzed for growth on synthetic dextrose (SD) plates
lacking His, Leu, Trp, and adenine (SD-His-Leu-Trp-Ade),
and their B-galactosidase activity was assayed. As shown
in Figure 8B, the coexpression of LexA-VP16-Cub-DAC
with NubG-PetD allowed NWY32 to grow on SD-His-
Leu-Trp-Ade medium and resulted in positive 3-galacto-
sidase activity. These results indicate that DAC interacts
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Figure 6. Amino acid sequence alignment of the
DAC protein. The amino acid sequence of the
Arabidopsis DAC protein (AT3G17930) was
compared with homologous sequences from O.
sativa (Os01g0805200), C. reinhardtii, and S.
} elongatus PCC 6301. Black boxes indicate strictly
conserved amino acids, and gray boxes indicate
closely related residues. The inverted triangle in-
dicates the putative chloroplast transit peptides,
and the arrows above the sequences demark the
two TM domains (TM1 and TM2). The chloroplast

BBV GVDPLQ!

BGMEPELA

transit peptide was predicted using TargetP 1.1
and ChloroP 1.1, and the TM domains were
predicted using the TMHMM program. The black
line indicates the DUF3007 domain.
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with PetD but not with the other subunits of the Cyt b6/f
complex or itself in yeast (Saccharomyces cerevisiae).

To study further whether interaction occurs in vivo,
DM-solubilized thylakoid membranes were incubated
with protein A /G-agarose beads coupled to the anti-DAC
antibody, and the coimmunoprecipitated samples were
subjected to immunoblot analysis with specific anti-Cyt f,
anti-Cyt b,, and anti-PetD antibodies. Our results showed
that PetD, but not Cyt b, or Cyt f, was immunoprecipi-
tated by the anti-DAC antibody (Fig. 8C). These results
provide additional evidence for a specific interaction be-
tween PetD and DAC.

DISCUSSION

The biogenesis and assembly of the Cyt b6/f com-
plex is a complicated process that is regulated at the
levels of transcription, translation, and complex as-
sembly (Bruce and Malkin, 1991; Saint-Marcoux et al.,
2009; Boulouis et al.,, 2011). The synthesis and se-
quential assembly of the subunits and the binding of
various cofactors require a series of additional nucleus-
encoded assembly factors (Kuras et al., 1997; Lennartz
et al., 2001, 2006). The identification of these factors
and the elucidation of their functions will provide new
insights into the mechanisms underlying the assembly
and maintenance of the Cyt b6/f complex. This study
reports the characterization of a previously uncharac-
terized Arabidopsis protein, DAC, which appears to be
involved in the assembly of PetD into the Cyt b6/f
complex. Database searches revealed that homologs of
the DAC protein are present in organisms containing
Cyt b6/t complexes, such as cyanobacteria, green and
red algae, moss, and higher plants; however, a func-
tion has not yet been reported for any of these proteins.
Therefore, DAC is a novel conserved protein that
functions in the biogenesis of the Cyt b6/f complex.

Plant Physiol. Vol. 160, 2012

In the dac mutant, the subunits of the Cyt b6/f complex
were reduced to 10% to 15% of the wild-type levels (Fig.
3A; Supplemental Fig. S1), which was in accordance with
the spectroscopic data indicating that the electron trans-
port between PSI and PSII was blocked (Fig. 2). Addi-
tionally, the PSI and PSII complexes were functional
despite a reduction in their protein levels. P700 absor-
bance kinetics and immunoblot analyses showed a more
pronounced effect on PSI than PSIL. A similar phenome-
non has been observed in the hcf208 mutant affecting the
accumulation of native Cyt b, in Arabidopsis. One pos-
sibility is that this could be due to photooxidative damage
of PSI. It is also possible that the perturbed photosynthetic
redox control could lead to the down-regulation of ex-
pression of nucleus-encoded PSI proteins (Nott et al.,
2006). However, the protein contents of PSI and PSII re-
covered to nearly wild-type levels when the dac mutants
were cultivated under very low light (20 wmol m™ s~
data not shown), indicating that the reduction of PSI and
PSII is a secondary effect of the mutation, similar to what
was reported for the hicf164 mutant (Lennartz et al., 2001).
Thus, the dac mutant is considered a mutant that is af-
fected specifically in the Cyt b6/f complex. When grown
in soil, homozygous dac plants die within 2 weeks. The
ccb mutants, in which the levels of accumulated Cyt b,
and Cyt f are dramatically reduced to 5% to 10% of wild-
type values, also die as seedlings when grown on me-
dium lacking a reduced carbon source (Lezhneva et al.,
2008). The hcfl53 mutant retains approximately 25% of
wild-type levels of the Cyt b6/f complex subunits and
cannot grow photoautotrophically (Lennartz et al., 2006),
whereas the pgr3 mutant contains approximately 50% to
70% of wild-type levels of Cyt b6/f subunits and exhibits
photoautotrophic growth rates similar to the wild-type
plants under conditions of low light (40 umol m2's
Yamazaki et al., 2004). It is probable that the accumula-
tion of a certain amount of the Cyt b6/f complex is critical
for plant survival. In some mutants disrupted in the
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Figure 7. Subcellular localization and topology of the DAC protein.
A, Subcellular localization of the DAC protein. The indicated sGFP
fusion proteins were transiently expressed in Arabidopsis protoplasts
under the control of the cauliflower mosaic virus 35S promoter, and
the green GFP signals were monitored using confocal microscopy
(panels i, iv, vii, and x). The chloroplasts were visualized by chlo-
rophyll autofluorescence (panels ii, v, viii, and xi). The colocaliza-
tion of GFP with the chloroplasts is indicated in the merged images
(panels iii, vi, ix, and xii). The constructs used for transformation are
indicated to the right: Nuc-GFP, control with the nuclear localiza-
tion signal of fibrillarin; Mit-GFP, control with the mitochondrial
localization signal of FRO1; Chl-GFP, control with the transit pep-
tide of the ribulose bisphosphate carboxylase small subunit; DAC-
GFP, the DAC-GFP fusion protein. B, Salt washing of the thylakoid
membranes. Sonicated wild-type thylakoid membrane preparations
were incubated with T m NaCl, 1 m CaCl, 200 mm Na,COs3, and 6 m
urea for 30 min at 4°C. After this treatment, the membrane fractions
were separated by Tricine/SDS-PAGE, followed by immunoblot
analysis using anti-DAC, anti-PsbO, and anti-CP47 antibodies.
Untreated sonicated membrane preparations (Ck) were used as
controls. C, Protease protection experiment. Thylakoid membranes
from wild-type leaves were incubated with trypsin for 0, 5, 10, and
15 min at 20°C, followed by immunoblot analysis using anti-DAC
and anti-PsbO antibodies. D and E, Schematic representations of the
two possible topologies of DAC. In contrast to the N and C termini,
the loop between the two TM helices lacks predicted trypsin
cleavage sites (indicated by asterisks). The antibody was produced
against the C-terminal fragments (amino acids 147-190) of the DAC
protein.

biogenesis of photosynthetic iron-sulfur clusters, the
accumulation of the Cyt b6/f complex can be affected
by the damage to the 2Fe-2S cluster incorporated into
PetC (Lezhneva et al., 2004; Van Hoewyk et al., 2007).
In the dac mutant, the 2Fe-2S protein Fd accumulated
normally (Fig. 3A). Thus, it is unlikely that the re-
duction in the Cyt b6/f complex in the dac mutant is
due to an involvement of DAC in the biogenesis of
the iron-sulfur cluster affecting the accumulation of
PetC.
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The in vivo labeling of chloroplast proteins coupled
with immunoprecipitation analysis demonstrated that
the labeling rates of Cyt f and PetD in dac mutants
were 30% to 40% of wild-type levels after 10 min of
pulse labeling and were more than 80% lower after
pulse labeling for 30 min (Fig. 4B). This result showed
an increased labeling of Cyt f, Cyt b, and PetD after 10
min of pulse labeling compared with 30 min of pulse
labeling (Fig. 4B). However, 10% to 15% of Cyt b6/f
proteins accumulate in a stable manner (Fig. 5B). These
results clearly indicated that a considerable part of the
newly synthesized PetD, Cyt b,, and Cyt f is rapidly de-
graded. The decreased labeling of PetD and Cyt f could
be explained either by rapid degradation of the trans-
lation products and/or by a CES-like process involved
in the coordination of protein stoichiometry of the cy-
tochrome complex (Kuras and Wollman, 1994; Choquet
et al., 1998). In C. reinhardtii, the synthesis of Cyt f has
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Figure 8. Suc gradient fractionation and protein interaction analysis.
A, Thylakoid membranes from wild-type plants (0.5 mg mL™") were
solubilized with 1% DM and separated in a linear 0.1 to 1 m Suc
gradient. Twenty fractions were collected from the gradients, and the
proteins from each fraction were separated by Tricine/SDS-PAGE. After
electrophoresis, the separated proteins were immunodetected using
anti-Cyt f, anti-Cyt b, anti-PetD, anti-DAC, and anti-D2 antibodies.
The positions of the molecular size markers are indicated, as described
previously (Peng et al., 2006). The position of the relative molecular mass
of the DAC monomer is indicated by the arrow, and the positions of the
monomer and dimer of Cyt b6/f are labeled. B, Split-ubiquitin-based yeast
two-hybrid analysis. The full-length mature DAC protein fused to the
LexA-VP16-Cub fragment of the pNCW vector was used as the bait. The
full-length mature subunits of the Cyt b6/f complex fused to the NubG
fragment of the pDSLNx vector were used as the prey. Alg5-Nubl, a fu-
sion of the unrelated endoplasmic reticulum membrane protein Alg5 to
Nubl (wild-type Nub), was used as a positive control. Negative controls
were fusions of Alg5 to NubG (Alg5-NubG) as well as the empty vector
expressing soluble NubG. C, Coimmunoprecipitation analysis. DM-
solubilized thylakoid membranes from wild-type plants were incubated
with protein A/G-agarose beads coupled to anti-DAC, anti-PetD, or anti-
Cyt by antibodies or preimmune serum (Preimmune). The precipitated
proteins were separated by Tricine/SDS-PAGE, followed by immunoblot
analysis. Input, DM-solubilized thylakoid membranes.
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been shown to be regulated by the assembly state of Cyt
b, or PetD, and the rates of synthesis of Cyt b, and PetD
are independent (Kuras and Wollman, 1994). Thus, it is
possible that a block in the assembly of PetD leads to
a decrease in the synthesis and/or stability of Cyt f,
especially considering the function of DAC in the
assembly of PetD into the Cyt b6/f complex. The ac-
cumulation of unassembled Cyt f in the membrane
down-regulates the initiation of translation of further
petA transcripts through interactions with their 5’ un-
translated regions in C. reinhardtii (Choquet et al., 1998).
Analysis of the association of petA and petD transcripts
with polysomes showed that the polysome association
of these genes was not perturbed in the mutant (Fig.
4B). In addition, the labeling results showed increased
degradation rates for Cyt f, Cyt b,, and PetD in the dac
mutant (Fig. 4B). Thus, it is likely that the reduced la-
beling rate of proteins in the mutant would be due to a
rapid degradation of newly synthesized proteins that
cannot be assembled efficiently into complexes (Fig.
5A). Such assembly-dependent regulatory processes
have been reported in the biogenesis of PSII: rapid
degradation of corresponding subunits of PSII in the
absence of LPA1 and LPA2 occurs with no changes in
polysome loading (Peng et al., 2006; Ma et al., 2007).
The amount of radioactivity incorporated into Cyt b,
was higher in the dac mutant than in the wild-type
plants after pulse labeling (Fig. 4B). In consideration
of the amounts of stably accumulated Cyt b, (10%—
15%) in the mutant (Fig. 3A), the high synthesis rates
of Cyt b, after 10 min of pulse labeling highlights the
strong reduction of Cyt b, in the mutant. It is very
likely that the low Cyt b, protein level in the dac mu-
tant is the result of increased protein degradation.
Thus, the 10% to 15% of Cyt b, accumulated in the
mutant (Fig. 3A) could escape degradation and be
processed normally (Fig. 3A). A similar phenomenon
has been observed in the crpl mutant (Barkan et al.,
1994). In crpl, the synthesis of Cyt f and PetD was
reduced greatly, while Cyt b, was synthesized nor-
mally after pulse labeling for 20 min, and the Cyt f, Cyt
b, and PetD proteins accumulated to less than 5% of
wild-type levels. Increased labeling of Cyt b, in the
crpl mutant compared with wild-type plants was ob-
served when the labeling time was shortened to 5 min.
Using BN-PAGE analysis, the monomer and dimer
of Cyt b6/f could be observed in the mutant samples
when a much longer exposure time was used (Fig. 3C).
This indicates that the subunits of the Cyt b6/f com-
plex can still assemble into monomer and dimer
complexes despite a major reduction in their contents
in the mutant. Relative to the monomer and dimer of
the Cyt b6/f complex, an increase in a complex of
approximately 90 kD was observed using BN-PAGE
analysis (Fig. 3C). The molecular mass of this complex
is larger than that of Cyt b, or PetD; although its
identity remains unknown, this subcomplex may rep-
resent an assembly intermediate or a degradation
product of the Cyt b6/f complex. Our immunoblot
analyses showed that the subunits in the dac mutants
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are as stable as those in the wild-type plants (Fig. 5B),
suggesting that DAC may be involved in the assembly
of the Cyt b6/f complex. The intermediate may be
formed by the subunits of the Cyt b6/f complex; for
example, PetD and Cyt b, may form a subcomplex or
interact with assembly factors. Taken together, these
data indicate that the efficiency of subunit assembly is
very likely to be affected in the dac mutants and may
be responsible for the reduced accumulation of the Cyt
b6/f complex. The subcomplex detected during BN-
PAGE analysis may also be a destabilized product of
the Cyt b6/f complex during gel electrophoresis. The
ratio between the monomer and dimer is lower in the
dac mutant than in the wild-type plants, which may
suggest a decreased stability of the Cyt b6/f monomer
in dac mutants (Fig. 3C). A possible function of DAC
in the accumulation of stable monomer cannot be
excluded.

DAC was not found to comigrate with the Cyt b6/f
complex (Fig. 8A), indicating that it is not a component
of the complex, which is consistent with structural and
biochemical studies (Mosser et al., 1997). The molecu-
lar mass of mature DAC is expected to be approxi-
mately 16 kD (Fig. 1D), but a signal for DAC after Suc
gradient fractionation was identified with a mass of
approximately 80 to 100 kD (Fig. 8A), which partially
overlaps with the Cyt f, Cyt b, and PetD subunits. This
finding indicates that DAC was present in an oligo-
meric form or was potentially associated with the
subunits of the Cyt b6/f complex. Our yeast two-
hybrid and coimmunoprecipitation analyses revealed
that DAC interacts with PetD but not with the Cyt f
and Cyt b, subunits. Previous studies have revealed
that the physical interaction of assembly factors with
specific PSII subunits is important for assembly (Peng
et al., 2006; Ma et al., 2007; Armbruster et al., 2010). In
addition, studies on the import and assembly of the
Cyt b6/f complex in isolated pea (Pisum sativum)
chloroplasts suggested the presence of unassembled
subunits available for assembly (Mould et al., 2001).
Thus, it is reasonable to speculate that DAC may in-
teract with PetD before PetD is assembled into a
complex and that, when PetD assembly occurs, the
interaction between DAC and PetD is lost, and thus
DAC is no longer present in the Cyt b6/f complex.
Similar observations have been reported in studies of
the functions of the CCB proteins in heme incorpora-
tion, in which the results were explained by the fact
that the interaction between the CCBs and Cyt b, oc-
curs before Cyt b, assembly within the Cyt b6/f com-
plex (Saint-Marcoux et al., 2009). The specificity of the
interaction between DAC and PetD suggests that DAC
may function in the assembly/stabilization of PetD.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) dac mutant (SALK_088638; ecotype
Columbia) was obtained from the Arabidopsis Biological Resource Center. The
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T-DNA was inserted into exon 4 of AT3G17930, and the homozygous mutant was
confirmed by PCR using primers LP (5'-GTAAGGCATTTGGGTGAGAG-3') and
RP (5'-TCGTCGTAGTAGTCCTGAAG-3'). The T-DNA insertion was verified by
PCR followed by sequencing using primers LB (5'-ATTTTGCCGATTTCGGAAC-
3') and RP. For complementation of the dac mutant, the coding region was am-
plified with primers 5'-GGATCCATGGCTTCTTTACCGTTC-3' and 5'-GAG-
CTCCTACTCAACCTTGGTCTTC-3'. The PCR product was cleaved with BanHI
and Sacl and then subcloned into the plant expression vector pSN1301 under the
control of the cauliflower mosaic virus 355 promoter. The construct was transformed
into Agrobacterium tumefaciens EHA105 strain and introduced into heterozygous dac
plants by the floral dip method (Clough and Bent, 1998). Transgenic plants were
selected on Murashige and Skoog medium containing 50 mg L™ ! hygromycin, and
successful complementation was confirmed by PCR and chlorophyll fluorescence
analysis.

The dac mutant and wild-type plants were grown on Murashige and Skoog
(1962) medium containing 3% Suc and 0.8% agar at 22°C with a photon flux
density of 50 umol m 2 s in a photoperiod of 10 h of light and 14 h of darkness.

Chlorophyll Fluorescence and P700
Absorbance Measurements

The chlorophyll fluorescence measurements were conducted using a portable
chlorophyll fluorometer (PAM-2000; Walz) connected to a leaf-clip holder (model
2030-B; Walz). Before measurement, leaves were dark adapted for 30 min. The
minimum fluorescence yield (F,) was measured under measuring light with very
low intensity (0.8 wmol m2s™"). To estimate the maximum fluorescence yield (F,,),
a saturating pulse of white light (3,000 wmol m™2s™" for 1 s) was applied. The leaf
was illuminated with actinic light at an intensity of 50 umol m> s™' to drive
electron transport between PSII and PSI. After about 5 to 6 min, photosynthesis
reached steady-state conditions and the steady-state fluorescence (F;) was
recorded. After exposure to another saturation pulse (3,000 umol m2s ' forls),
F,.' was determined. The minimal fluorescence F,’ was obtained by switching off
the actinic light in the light-adapted state. The fraction of the PSII reaction
centers remaining in the open state under continuous illumination [(F,," — F,)/
(F' — F,)] X (F,'/F)] was calculated according to Kramer et al. (2004). The
measurement of light-induced P700 was performed using a PAM101 fluorometer
connected to a dual-wavelength emitter unit (ED-P800T; Walz) according to Peng
et al. (2006). Plants were illuminated with actinic light (50 wmol m2s7Y), which
was switched off to measure the oxidation of P700 under actinic light. Then,
switching far-red light on was applied to selectively oxidize PSI. Maximum
oxidation induced by far-red light was attained under a background of far-red
light. The spectroscopic analyses were normalized based on leaf area. The
values are means * sp of five independent experiments.

Thylakoid Membrane and Total Protein Preparations

Thylakoid membranes were prepared as described previously by Ma et al.
(2007). The leaves were homogenized on ice in 400 mm Suc, 50 mm HEPES-
KOH (pH 7.8), 10 mm NaCl, and 2 mm MgCl, and filtered through two layers
of cheesecloth. The resulting filtrates were centrifuged at 5,000¢ for 10 min at
4°C, and the thylakoid pellets were resuspended in the homogenization buffer.
The total proteins were extracted from 4-week-old Arabidopsis leaves, and the
protein concentrations were determined using the Bio-Rad detergent-compatible
colorimetric protein assay.

BN-SDS-PAGE, Immunoblot Analysis, and Heme Staining

The BN-PAGE was performed essentially according to Schagger et al.
(1994), with the modifications described by Peng et al. (2006). For the two-
dimensional analysis, the excised BN-PAGE lanes were soaked for 30 min in
SDS sample buffer supplemented with 5% B-mercaptoethanol prior to SDS-
PAGE. Tricine/SDS-PAGE was performed according to Schigger and von
Jagow (1987). After electrophoresis, the proteins resolved by SDS-PAGE were
transferred to nitrocellulose membranes and incubated with specific anti-
bodies, and the signals were visualized using the enhanced chemilumines-
cence method. Aliquots of 15 ug (wild type), 7.5 ug (one-half wild type),
3.75 ug (one-quarter wild type), and 15 ug (dac) of total protein were loaded.
For the detection of heme peroxidase activity, aliquots of 25 ug (wild type),
12.5 pg (one-half wild type), 6.25 ug (one-quarter wild type), and 25 ug (dac)
of chlorophyll of thylakoid membranes were loaded. The proteins were blotted
onto nitrocellulose membranes, incubated with the reagent of the assay (ECL
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Plus; GE Healthcare), and exposed to x-ray film for 0 to 30 min. M, standard was
according to the prestained protein marker P7708 (New England Biolabs).

Nucleic Acid Preparation and Analysis

Total plant RNA was extracted from 100 mg of fresh tissues using Trizol
reagent. RNA gel-blot analysis was performed essentially as described before (Chi
et al., 2012). After gel electrophoresis with a formaldehyde denaturing 1.2%
agarose gel, total RNA was transferred onto nylon membranes (Amersham
Pharmacia Biotech). The membranes were probed with *?P-labeled comple-
mentary DNA (cDNA) probes. Following high-stringency hybridization and
washing, all the blots were exposed to x-ray film for 1 to 2 d. The hybridization
probes of petA, petB, petC, petD, petB/D, and petM were labeled by random
priming and prepared from the PCR fragments of the chloroplast genome. The
hybridization probes of petL, petG, and petN were prepared by PCR methods
with specific primers. The sequences of the PCR primers used for the amplifi-
cation of chloroplast genes are given in Supplemental Table S1. Polysomes were
isolated from leaf tissues under conditions that maintain polysome integrity
according to Barkan (1988). RNA was isolated, fractionated, and transferred onto
nylon membranes and next used in RNA gel-blot analysis.

In Vivo Labeling of Chloroplast Proteins and
Immunoprecipitation Assay

Primary leaves of 15-d-old plants with equal weight were preincubated in 20 ug
mL ™" cycloheximide for 30 min followed by radiolabeling with 1 uCi pL ™" [*9]
Met (specific activity > 1,000 Ci mmol ') in the presence of 20 ug mL " cyclo-
heximide for 10 min and 30 min at 22°C. The thylakoid membranes were isolated
after washing twice with homogenization buffer (50 mm Tris-HCI [pH 7.5],
150 mm NaCl, and 2 mm EDTA). The equal amounts of thylakoid membrane
protein were confirmed by Coomassie blue staining. For the immunoprecipitation,
aliquots equivalent to 200,000 cpm of the incorporated label were diluted 10-fold
with 50 mm Tris-HCl (pH 7.5), 150 mm NaCl, 2 mm EDTA, and 1% (v/v) Nonidet
P-40 and incubated with 50 L of specific antibody at 4°C for 2 h. Subsequently,
30 uL of protein A/G-agarose (Abmart) was added, and the incubation was
continued overnight. The agarose beads were washed four times with 50 mwm Tris-
HCI (pH 7.5), 150 mm NaCl, 2 mm EDTA, and 1% (v/v) Nonidet P-40, and the
precipitated proteins were dissociated in SDS sample buffer at 70°C for 10 min. To
ensure the quantitative precipitation of the proteins, the supernatants collected
after the first immunoprecipitation were incubated with the same amount of
antibody. The precipitated proteins were subjected to Tricine/SDS-PAGE and
visualized using autoradiography.

Stability of Thylakoid Membrane Proteins

Arabidopsis leaves collected from 4-week-old plants were incubated for
30 min (Sun et al., 2007) in the presence of 100 ug mL ™" lincomycin, which
block the synthesis of plastid-encoded proteins. The leaves were subsequently
illuminated at a fluence of 50 pumol m2s!for0, 2 4, 6, and 8 h. After
treatment, the thylakoid membranes were isolated, and the contents of the
chloroplast proteins were examined using immunoblot analysis.

Antiserum Production

The nucleotide sequences encoding the soluble part of DAC (amino acids
147-190, corresponding to nucleotide positions 439-570 in the DAC gene)
were amplified by PCR using primers DAC-F, 5-AGGAATTCGAGAT-
GACTTATGCCCA-3’, and DAC-R, 5-CAGTCGACCTCAACCTTGGTCT-
TCT-3'. The resulting DNA fragment was cleaved with EcoRI and Sall and
fused in frame with the C-terminal His affinity tag of pET28a. The antigen was
purified, and polyclonal antibodies were raised in a rabbit. The Cyt by and
PetD antibodies were raised against synthetic peptides corresponding to the
C terminus of Cyt b, (FLMIRKQGISGP) and the C terminus of PetD
(LPIDKSLTLGLF), respectively. The PetC antibody was purchased from
Agrisera (no. As08330). Antibodies were raised in rabbits against D1, PsbO,
PsaA/B, and CF1p purified from Escherichia coli strains expressing according
to Meurer et al. (1996). PsaN antibody was raised against amino acids 90 to
165 and Fd antibody against amino acids 70 to 148 of their respective proteins.
Antibody dilutions were 1:2,000 for anti-DAC, anti-PetC, anti-D1, anti-PsaA/B,
and anti-PsaN and 1:3,000 for anti-Cyt b6, anti-PetD, anti-PsbO, anti-Cf183, and
anti-Fd. A 1:10,000 dilution of alkaline phosphatase-conjugated goat anti-rabbit
IgG was used as the secondary antibody.
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Subcellular Localization of GFP Proteins

The open reading frame of the DAC protein was amplified by PCR
using primers DACGFP-F, 5-GTCGACATGGCTTCTTTACCGTTC-3', and
DACGFP-R, 5'-CCATGGACTCAACCTTGGTCTTCTC-3'. The PCR products
were digested with Sall and Ncol and cloned into the GFP fusion vector,
pUC18-35s-sGFP. The vectors for nuclear, chloroplast, and mitochondrial lo-
calization were constructed according to Cai et al. (2009). The resulting fusion
constructs and the control vector were introduced into wild-type Arabidopsis.
The GFP signals in the examined samples were visualized using a confocal
laser-scanning microscope (LSM510; Carl Zeiss).

Immunolocalization Studies

The localization of the DAC proteins was examined according to Sun et al.
(2007). For the protease protection assay, trypsin was added to Arabidopsis
thylakoid membranes (0.1 mg chlorophyll mL ™) to a final concentration of
20 ug mL ™" and incubated at 25°C. For the salt washing assay, the thylakoid
membranes were incubated with 1 M NaCl, 1 m CaCl, 200 mm Na,CO;, and
6 M urea for 30 min at 4°C. After the treatment, the thylakoid membranes were
solubilized in SDS sample bulffer, and the proteins were separated by Tricine/
SDS-PAGE and immunodetected with specific antibodies.

Suc Gradient Fractionation of Thylakoid Membranes

Arabidopsis thylakoid membranes (0.5 mg chlorophyll mL™") were solu-
bilized for 5 min on ice in 5 mm MgCl,, 10 mm NaCl, and 25 mm MES-NaOH
(pH 6.0) containing 1% DM. After centrifugation at 14,000 for 10 min at 4°C,
the supernatant (500 uL) was loaded onto a linear 0.1 to 1 M Suc gradient in
5 mm MgCl,, 10 mm NaCl, 0.06% DM, and 25 mm MES-NaOH (pH 5.7). The
gradient was centrifuged for 22 h at 180,000¢ at 48°C using an SW40 Ti rotor
(Beckman), and 20 fractions were collected from the top to the bottom of the
gradient. After fractionation, the proteins in each fraction were separated by
Tricine/SDS-PAGE, followed by immunoblot analysis. The M, estimation of
the localized proteins is described by Peng et al. (2006).

Protein Interaction Assays

For the coimmunoprecipitation analysis, thylakoid membranes were sol-
ubilized with 0.5% DM. After centrifugation at 14,000¢ for 15 min, the solu-
bilized thylakoid membranes were incubated with anti-DAC antibody for 2 h
at 4°C and then incubated with protein A/G-agarose (Abmart) overnight. The
precipitated proteins were dissociated in SDS bulffer at 70°C for 5 min and
subjected to immunoblot analysis with specific antibodies.

The yeast (Saccharomyces cerevisiae) two-hybrid assay was performed fol-
lowing the protocols described by Dualsystems Biotech (Stagljar et al., 1998).
The mature full-length DAC gene was cloned into the bait vector, pNCW,
which encodes the LexA-VP16-Cub fragment. The mature full-length genes of
the Cyt b6/f subunits were cloned into the prey vector, pDSLNX, which en-
codes the NubG fragment (Dualsystems Biotech). Interaction was determined
by the growth of diploid yeast colonies on SD-His-Leu-Trp-Ade medium and
also by B-galactosidase activity using the 5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside filter assay (Stagljar et al., 1998).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number DAC (At3g17930).

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. Semiquantitative analysis of chloroplast proteins.

Supplemental Table S1. Oligonucleotides used for the preparation of the
hybridization probes.

Supplemental Table S2. Quantitative data on P700 oxidation.
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