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Arabidopsis YELLOW VARIEGATED1 (VAR1) and VAR2 are separate loci that encode similar chloroplast FtsH proteases. To
date, FisH is the best-characterized protease in thylakoid membranes involved in the turnover of photosynthetic protein
complexes. It comprises a protein family that is encoded by 12 different nuclear genes in Arabidopsis. We show here that
nine FtsH proteins are located in the chloroplasts. Mutations in either VAR1 or VAR2 cause typical leaf variegation and sen-
sitivity to photoinhibition. By contrast, none of these phenotypes was observed in T-DNA insertion mutants in other fisH
genes (ftsh1, ftsh6, and ftsh8) closely related to VAR1 and VAR2. This finding suggests that VAR1 and VAR2 play a predom-
inant role in the photosystem Il repair cycle in thylakoid membranes. By generating VAR1- and VAR2-specific antibodies,
we found that loss of either VAR1 or VAR2 results in the decreased accumulation of the other. Thus, the genetic nonredun-
dancy between VAR1 and VAR2 could be attributed to their coordinated regulation at the protein level. These observations
led us to examine whether VAR1 and VAR2 form a complex. Sucrose density gradient and gel filtration analyses revealed a
complex of ~400 to 450 kD, probably representing a hexamer. Furthermore, VAR1 and VAR2 were shown to coprecipitate
by immunoprecipitation using VAR1- and VAR2-specific antibodies. The majority of VAR1 appears to exist as heterocom-
plexes with VAR2, whereas VAR2 may be present as homocomplexes as well. Based on these results, we conclude that
VAR1 and VAR2 are the major components of an FtsH complex involved in the repair of photodamaged proteins in thylakoid
membranes.

INTRODUCTION

Plastids change their morphology dramatically during plant de-
velopment and in response to changes in light status (Kirk and
Tilney-Bassett, 1978). For example, the differentiation of plas-
tids into chloroplasts requires light as a signal (Chory, 1991).
This is accompanied by the development of thylakoid mem-
branes, in which multiple-subunit protein complexes are as-
sembled and perform photosynthetic electron transport and ATP
synthesis (Mullet, 1988; Wollman et al., 1999; Rochaix, 2001;
Hippler et al., 2002). Subunit proteins of those complexes are
encoded in the nuclear or chloroplast genome, synthesized in
or transported into chloroplasts, and finally form complexes.
Observations in unicellular organisms and higher plants indi-
cate that protease activities are crucial for plastid viability and
homeostasis (Adam, 2000; Adam and Clarke, 2002). Further-
more, various kinds of plastidic proteases have been identified
by their homology with known prokaryotic proteases and by
progress in genome projects (Adam et al., 2001; Sokolenko et
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al., 2002). However, their precise function in the degradation of
specific chloroplast proteins remains poorly understood.
Among the different proteases in chloroplasts, FtsH is a ma-
jor one in thylakoid membranes. It is an ATP-dependent metal-
loprotease that belongs to a AAA (ATPase associated with di-
verse cellular activities) protease subfamily of the large AAA*
protein family (Patel and Latterich, 1998; Neuwald et al., 1999;
Ogura and Wilkinson, 2001). It contains one or two transmem-
brane domains at its N terminus and the conserved ATPase
and protease motifs required for its catalytic activity. It exists in
prokaryotes and organelles of higher eukaryotes and is in-
volved in various biological functions (Langer, 2000). In higher
plants, chloroplastic FtsH has been shown immunologically to
reside in thylakoid membranes, and a corresponding Arabidop-
sis cDNA (FtsH1) was isolated (Lindahl et al., 1996). Subsequently,
the latter’s involvement in the degradation of unassembled thy-
lakoid proteins was suggested (Ostersetzer and Adam, 1997).
Later, the product of FtsH1 cDNA, when expressed as a solu-
ble fusion protein, was shown to participate in vitro in the deg-
radation of photodamaged D1 protein of the photosystem (PS)
Il reaction center (Lindahl et al., 2000). A notable observation is
that, in contrast to other organisms such as yeast and humans,
higher plants contain an extraordinary number of FtsH homologs
(Adam et al., 2001; Ogura and Wilkinson, 2001; Sokolenko et
al., 2002). This implies that a full understanding of FtsH func-
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tions in chloroplasts requires the consideration of gene redun-
dancy.

Mutations in FtsHs have been shown to correlate with leaf
variegation (Sakamoto, 2003). A genetic screen of leaf-variegated
mutants in Arabidopsis identified a category of nuclear reces-
sive mutants, yellow variegated (var1 and var2), in which chlo-
roplast development and maintenance are impaired (Martinez-
Zapater, 1993; Chen et al., 1999). The corresponding VAR7 and
VAR2 loci were mapped to separate chromosomes, whereas
they were shown to encode similar chloroplastic FtsHs (Chen
et al., 2000; Takechi et al., 2000; Sakamoto et al., 2002). VAR1
showed partial protease and ATPase activity in vitro when ex-
pressed as a fusion protein (Sakamoto et al., 2002). The maxi-
mum yield of photochemistry in PSIl measured by chlorophyll
fluorescence indicated that var? and var2 are highly sensitive to
photoinhibitory light exposure, suggesting that VAR7 and VAR2
play a critical role in the photoprotection of chloroplasts. Fur-
ther analysis in vivo suggested that one of the substrates for
VAR2 is a photodamaged D1 protein of the PSII reaction center
(Bailey et al., 2002). Degradation of the D1 protein is a key pro-
cess in the repair cycle of photodamaged PSII (Aro et al., 1993;
Melis, 1999), and FtsH appears to act in concert with another
protease, DegP (Itzhaki et al., 1998; HauBlhl et al., 2001).

The genetic identification of VAR7 and VARZ2 suggested their
importance. However, it also raised the question of gene re-
dundancy. Despite the fact that VAR7 and VAR2 are highly sim-
ilar, the loss of either one is not complemented by the presence
of the other. In addition, other chloroplastic FtsH homologs are
present, and their potential for compensation should be con-
sidered as well. In this study, we show that nine FtsH proteins,
including VAR1 and VAR2, are targeted to chloroplasts, whereas
three are mitochondrial. Inactivation of homologous genes that
are highly related to VAR7 and VAR2 did not lead to either leaf
variegation or sensitivity to high light exposure. Furthermore,
we studied the possible interaction between VAR1 and VAR2
by generating antibodies that distinguish between the two. This
allowed us to demonstrate that their expression is regulated
coordinately at the protein level. Finally, we present evidence
that VAR1 and VAR2 form a complex in thylakoid membranes.
Based on these results, we propose that VAR1 and VAR2 con-
stitute a major complex involved in protein degradation in thyla-
koid membranes.

RESULTS

Nine of the 12 FtsH Homologs in Arabidopsis Are Targeted
to Chloroplasts

The Arabidopsis genome contains 12 genes that can encode
bona-fide FtsH proteases (Sokolenko et al., 2002). As shown in
Figure 1, the phylogenetic relationship between these proteins,
and with other homologs, indicates that VAR1 and VAR2 are
clustered with the homologous proteins FtsH1 and FtsHS8, re-
spectively (according to the proposed nomenclature, VAR1 and
VAR2 correspond to FtsH5 and FisH2, respectively; Adam et al.,
2001). Together with FtsH6, they are significantly similar to other
chloroplastic and cyanobacterial FtsHs, suggesting their local-
ization in chloroplasts. However, to date, the cellular locations of
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Figure 1. Phylogenetic Tree of FtsH Proteins from Arabidopsis and
Other Organisms.

The tree was constructed using the N-J method (Saitou and Nei, 1987).
The bootstrap values based on 1000 replications are indicated together
with the branches. Chloroplastic and mitochondrial Arabidopsis pro-
teins whose locations were determined by the GFP transient assay (see
Figure 2) are indicated in green and red, respectively. The nomenclature
of Arabidopsis FtsH proteins is according to Sokolenko et al. (2002). Ar-
abidopsis Genome Initiative numbers of FtsHs are as follows: FtsH1,
At1g50250; FtsH3, At2g29080; FtsH4, At2g6140; FtsH6, At5g15250;
FtsH7, At3g47060; FtsH8, At19g06430; FtsH9, At5g58870; FtsH10,
At1g07510; FtsH11, At5g53170; and FtsH12, At1g79560.

only FtsH1, VAR2, and VAR1 have been verified experimentally
(Lindahl et al., 1996; Chen et al., 2000; Takechi et al., 2000;
Sakamoto et al., 2002). To confirm the predicted cellular location
of the other FtsH homologs, we conducted an in vivo transient
expression assay using a green fluorescent protein (GFP) gene
and suspension-cultured tobacco cells. DNA fragments corre-
sponding to the putative presequences and at least 10 additional
amino acids from all of the potential FtsH proteins were fused in
frame to the 5’ end of a GFP gene. The resulting constructs,
driven by the constitutive 35S promoter of Cauliflower mosaic vi-
rus, were used for the transfection of tobacco protoplasts.

We used two different cell lines, SC and SL, to test for plastid
and mitochondrial targeting, respectively. SC cells contain
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green chloroplasts of uniform size, so that chloroplast localiza-
tion of the GFP fusions can be detected easily by comparison
with chlorophyll autofluorescence. Conversely, SL cells lack
green chloroplasts and therefore can be used for mitochondrial
localization together with the mitochondria-specific fluorescent
probe MitoTracker. When SC cells were transformed with the
GFP gene fused to the presequences from FtsH1, FtsH6,
FtsH7, FtsH8, FtsH9, FtsH11, and FtsH12, the green fluores-
cent signals colocalized with the chlorophyll autofluorescence
(Figure 2A). The control GFP gene itself, without any prese-
quence, was retained in the cytosol. These results indicated
that the products of these genes were targeted exclusively to
chloroplasts. Likewise, when SL cells were transformed with
the GFP gene fused to the presequences from FtsH3, FtsH4,
and FtsH10, the green fluorescent signals were found as granu-
lar bodies whose sizes appeared to correspond to mitochon-
dria. Staining of the cells with MitoTracker indicated that the
GFP signals indeed colocalized with mitochondria (Figure 2B).
The same experiment using SC cells confirmed that FtsH3,
FtsH4, and FtsH10 were not targeted to chloroplasts. We used
SC and SL cells for all constructs, and the results showed that
no FtsH protein was targeted dually to both chloroplasts and
mitochondria (or other organelles; data not shown). Based on
these findings, we conclude that nine FtsHs, including VAR1
and VAR2, are targeted to chloroplasts and three to mitochon-
dria.

T-DNA Insertion Mutants for FtsH1, FtsH6, and FtsH8 Show
No Phenotypes

The phylogenetic study in Figure 1 showed that FtsH1, FtsH6,
and FtsH8 are related closely to VAR1/VAR2. This finding
prompted us to examine whether a mutation at either locus would
show any phenotype similar to that of var mutants. To study
this possibility, we obtained transgenic lines in which T-DNA
was inserted into FtsH1, FtsH6, or FtsH8 (the mutants were
designated ftsh1, ftsh6, and ftsh8, respectively). The precise
positions of the T-DNA insertion were determined by PCR and
subsequent sequencing, as summarized in Figure 3A. Based
on the segregation of the selection marker in at least two suc-
cessive generations, we obtained progeny homozygous for the
T-DNA insertion. Furthermore, the T-DNA insertion was proven
to be homozygous by PCR analysis, as shown in Figure 3B. In
ftsh1 and ftsh6, the T-DNA was inserted in exon 4 (+1850) and
exon 2 (+1190), respectively. Both insertions disrupted the
coding regions and generated premature stop codons. In ftsh8,
the T-DNA was inserted in intron 2 (+1206). Although this in-
sertion did not interrupt the coding region of FtsH8, reverse
transcriptase-mediated (RT) PCR analysis showed no detect-
able accumulation of the corresponding transcript in the mu-
tant (Figure 3C). In addition, we isolated an independent ftsh8
line in which T-DNA was inserted in intron 1. This line showed a
similar defect in FtsH8 mRNA accumulation (our unpublished
data). These results suggested that none of the three T-DNA
knockout mutants would accumulate the corresponding gene
products.

We subsequently grew these transgenic lines under normal
light and temperature conditions and compared leaf morphol-
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Figure 2. Cellular Localization of the GFP Fusion Protein in Tobacco
Protoplasts.

(A) SC tobacco protoplasts transformed with the GFP fusion. Genes
used for the fusion constructs are indicated at top. Control indicates
GFP with no targeting signal. GFP fluorescence, chlorophyll autofluo-
rescence, and merged images are shown.

(B) SL tobacco protoplasts transformed with the GFP fusion. Genes
used for the fusion constructs are indicated at top. Signals from GFP
fluorescence and staining with MitoTracker are shown.

ogy as well as variegation. The results (Figure 4A) showed no
visible differences between wild-type and mutant plants, nor
did they show any differences under different temperature and
light intensity conditions (data not shown). Therefore, we con-
cluded that although several highly similar FtsHs are present in
chloroplasts, only the loss of VAR1 or VAR2 is associated with
leaf variegation.
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Figure 3. Isolation of T-DNA Insertion Lines for FtsH1, FtsH6, and FtsHS.

(A) Scheme of the genomic regions corresponding to FtsH1, FtsH6, and
FtsH8. Closed boxes represent exons. The positions of T-DNA inser-
tions in each locus are indicated by triangle-topped bars. Arrowheads
indicate the positions at which the primers for PCR analyses anneal.

(B) PCR analysis of genomic DNAs from Col, ftsh1, ftsh6, and ftsh8 con-
firming the homozygosity of T-DNA insertion lines. Combinations of
primers used for PCR analysis are indicated at left. Annealing sites of
the primers are indicated in (A).

(C) Expression of FtsH8 in Col and ftsh8 studied by RT-PCR. The frag-
ment amplified by RT-PCR and the total RNA samples stained with
ethidium bromide are shown.

In addition to their typical variegated phenotype, var? and
var2 mutants are characterized by their lesser ability to deal
with photoinhibition (Bailey et al., 2002; Sakamoto et al., 2002).
To test the behavior of the other mutants in this respect, we
measured the maximal photochemical efficiency of PSIl as a
ratio of variable to maximum fluorescence using leaf discs from
ftsh1, ftsh6, and ftsh8 knockout mutants. We measured this
value in green leaf tissue after exposure to normal (75
rE-m~2-s~1) or high (800 wE-m~2-s~") light conditions for 2 h. As
shown previously (Sakamoto et al., 2002), var2-6 was more
sensitive than the wild type to high light exposure (Figure 4B).
By contrast, the decrease in PSIlI activity in ftsh1, ftsh6, and
ftsh8 upon photoinhibition was similar to that observed in the
wild type (ecotype Columbia [Col)). It is unlikely, therefore, that
FtsH1, FtsH6, or Ftsh8 is associated with the recovery from
photoinhibition in vivo.

Generation of Polyclonal Antibodies That Distinguish VAR1
and VAR2

The data presented implied an important role for VAR1 and
VAR2 in the recovery from photodamage relative to other re-

lated FtsH homologs. To characterize their specific functions
further, we needed to distinguish between them at the protein
level. Thus, we attempted to raise an antibody that specifically
recognized VAR1 or VAR2. However, it is difficult to find a
stretch of amino acids that distinguishes the two proteins, be-
cause they are highly similar to each other and their similarity
spans the entire amino acid sequence. In fact, several attempts
to raise a polyclonal antibody against synthetic polypeptides
specific for VAR2 in the variable C-terminal region were unsuc-
cessful (data not shown). Thus, we used His-tagged fusion pro-
teins as antigens. Whereas the His-VAR2 fusion protein con-
tained the entire amino acid sequence corresponding to mature
VAR2, the His-VAR1 fusion protein lacked the 90 amino acids
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Figure 4. Neither the Variegated Phenotype nor Enhanced Sensitivity of
PSII to Photoinhibition Was Observed in ftsh1, ftsh6, or ftsh8.

(A) Photographs of Col, ftsh1, ftsh6, ftsh8, var1, and var2 seedlings.

(B) Maximum photochemical efficiency of PSIl measured by chlorophyll
fluorescence. The ratio of variable to maximum fluorescence (Fv/Fm)
was measured in leaf discs of Col, ftsh1, ftsh6, ftsh8, and var2-6 under
normal light (75 wE-m~2-s~'; open bars) and high light (800 pE-m=2-s~'
for 2 h; closed bars) conditions. Values represent means =+ SE of five in-
dependent measurements.
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from the N terminus of mature VAR1 (Sakamoto et al., 2002).
Both fusion proteins were expressed in Escherichia coli, puri-
fied, and injected into rabbits.

The resulting antisera (Anti-VAR1 and Anti-VAR2) were used
in immunoblot analyses. As shown in Figure 5, Anti-VAR1 rec-
ognized His-VAR1 but not His-VAR2; conversely, Anti-VAR2
recognized His-VAR2 but not His-VAR1. Thus, our antibodies
could distinguish between the two proteins. Cross-reaction
with other chloroplast FtsH homologs also needed to be con-
sidered. In particular, VAR1 and VAR2 are highly similar to
FtsH1 and FtsH8, respectively (Figure 1). To examine possible
cross-reaction of the antibodies, we overexpressed His-FtsH1
and His-FtsH8 fusion proteins and reacted them with Anti-VAR1
and Anti-VAR2. Consistent with their phylogenetic relationship,
Anti-VAR1 recognized FtsH1 and Anti-VAR2 recognized FtsH8
(Figure 5). Apparently, the antibodies do not cross-react with
endogenous E. coli FtsH.

The Catalytic Domain of VAR1 Faces the Stromal Side of
Thylakoid Membranes

FtsH proteases, including VAR2, have been localized to thyla-
koid membranes, with their catalytic C-terminal region facing
the stromal side of the membrane (Lindahl et al., 1996; Chen et
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Figure 5. Immunoblot Analysis of FtsH Proteins Using Anti-VAR1 and
Anti-VAR2.

His-tagged VAR1, VAR2, FtsH1, and FtsH8 were expressed in E. coli as
described in Methods. Total proteins of E. coli cultures were electro-
phoresed by SDS-PAGE, either stained with Coomassie brilliant blue
(CBB) or blotted onto polyvinylidene difluoride membranes, and reacted
subsequently with Anti-VAR1 or Anti-VAR2. The two left lanes show E.
coli extracts containing only the cloning vector with (+) or without (—)
supplemental B-D-thiogalactopyranoside (IPTG). Arrowheads indicate
bands corresponding to degradation products of the overexpressed
proteins.
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al., 2000). To determine whether this is the case for VAR1 as well,
we isolated chloroplasts by Percoll gradient centrifugation, pu-
rified intact thylakoids by osmotic disruption of the chloro-
plasts, and used Anti-VAR1 for immunoblot analysis. A strong
signal was detected in the thylakoid fractions (Figure 6A). lts
molecular mass was calculated to be ~70 kD, consistent with
the predicted mature size of VAR1. A slightly smaller band was
detected nonreproducibly, presumably a degradation product
of the mature VAR1 (Figure 5). The signal detected by Anti-
VAR1 was found exclusively in the insoluble fraction, showing
that VAR1 is located in the thylakoid membranes, as expected.
In addition, VAR1 was sensitive to the trypsin digestion of intact
thylakoids, as shown in Figure 6B. Anti-VAR1 recognized only
the hydrophilic region at the C-terminal region, because His-
VAR1 does not contain the N-terminal transmembrane do-
mains. Control proteins (PsaF and OEC33) attached to the lu-
minal side of the thylakoid membranes were resistant to trypsin
digestion, proving the intactness of the isolated thylakoids.
These results indicate that VAR is a thylakoid membrane pro-
tein, and like VARZ, its catalytic domain in the C-terminal region
faces the stroma.

The Accumulation of VAR1 and VAR2 Is Regulated
Coordinately at the Protein Level

The availability of specific antibodies to VAR1 and VAR2 en-
abled us to examine their respective levels in variegated mu-
tants. Equal amounts of protein extract, prepared from equal
amounts of leaf tissue, were used for SDS-PAGE and immuno-
detection by Anti-VAR1 and Anti-VAR2. In Col, both antibodies
detected a single band corresponding to 70 kD (Figure 7A). The
fact that the predicted sizes of mature VAR1 and VAR2 are 68.9
and 69.2 kD, respectively, prevented us from separating these
proteins by SDS-PAGE. It is essentially impossible to distin-
guish all other FtsH homologs on SDS—polyacrylamide gels be-
cause of their nearly identical molecular masses (W. Sakamoto
and Z. Adam, unpublished data).

In two var1 alleles (var1-1 and var1-2), we observed a weak
signal with Anti-VAR1 (Figure 7A). Both alleles result from a
nonsense mutation, generating a premature stop codon; thus,
no mature VAR1 should be detected. The weak signal most
likely results from cross-reaction with FtsH1, as shown for the
recombinant proteins (Figure 5). Similarly, but unexpectedly,
the signal detected in var2-6 (a nonsense mutation by T-DNA
insertion) by Anti-VAR1 was as low as that in var? alleles (Fig-
ure 7A). This finding could not be attributed to the variegation
itself, because another variegated mutant, chm17-2, the respon-
sible gene of which is unrelated to FtsH (Abdelnoor et al.,
2003), did accumulate the VAR1 signal just like Col. Therefore,
we suspected that the lack of VAR2 was accompanied by a
loss of VAR1. We also examined VAR2 levels using Anti-VAR2.
Similar to the results obtained with Anti-VAR1, a single band
corresponding to 70 kD was detected as VAR2 in Col and
chm1-2. A very weak band also was detected in var2-6. Be-
cause of the nonsense mutation in var2-6, this finding was at-
tributed to cross-reaction with FtsH8 (for cross-reaction with
recombinant proteins, see Figure 5). The signals in var7-1 and
var1-2 appeared stronger than that in var2-6 but was not as



I,
O
)
c
==
aw
)
=
-

2848 The Plant Cell

Trypsin
S

.75 B
VAR1->
he QT VAR1 b-n

j PsaF %‘ * ”
., OEC33 Q s

Figure 6. Localization of VAR1 in Thylakoid Membranes and Its Topology.

(A) Immunoblot analysis of thylakoid proteins probed with Anti-VAR1
and control proteins (PsaF and OEC33). Purified thylakoids (lane T) were
lysed and separated into soluble lumen (lane L) and insoluble mem-
brane (lane M) fractions and separated by 10% SDS-PAGE. Proteins
loaded in lanes L and M are derived from equal amounts of the thylakoid
protein loaded in lane T. The band corresponding to VAR1 is indicated
by an arrow. The positions of standard molecular marker proteins are in-
dicated at right.

(B) VAR1 is sensitive to trypsin digestion. Purified thylakoids were incu-
bated with two different concentrations of trypsin (slanted bar), sepa-
rated by SDS-PAGE, and immunodetected by Anti-VAR1 and control
antibodies against PsaF and OEC33.

strong as that in Col. This result suggested that the accumula-
tion of VAR2 is decreased in var1 mutants, raising the possibil-
ity that the expressions of VAR1 and VAR2 are affected mutu-
ally.

Although these reduced levels of VAR1 and VAR2 are not at-
tributable simply to leaf variegation, as shown by chm1-2, this
result should be evaluated carefully for the following reason.
We loaded protein on an “equal fresh weight” basis: the signals
detected by Anti-VAR1 and Anti-VAR2 originated from the
same amount of leaf tissue. However, variegated leaves con-
tain chlorotic portions in which plastids appear to lack normal
thylakoids; thus, thylakoid amounts may be lower in var mu-
tants than in the wild type when equal amounts of fresh tissue
are used. To account for this possibility, we normalized the sig-
nals detected by Anti-VAR1 and Anti-VAR2 using two factors
related to chloroplasts. One was the band intensity corre-
sponding to the large subunit of ribulose-1,5-bisphosphate car-
boxylase (LSU) calibrated by SDS-PAGE of the protein extracts
(Figure 7A). The other was chlorophyll content in the protein ex-
tracts (Figure 7B). The quantification of VAR1 and VAR2 sig-
nals, normalized to these factors, is shown in Figure 7C, where
the reduced accumulation of VAR1 and VAR2 in var mutants is
clearly demonstrated. The VAR1 signals detected in var7-1 and
var1-2 most likely represent the accumulation of FtsH1 result-
ing from cross-reaction. Assuming that FtsH1 accumulation
was unaffected, almost no VAR1 protein was detected in var2-6.
Similarly, the VAR2 signal detected in var2-6 most likely repre-

sents the accumulation of FtsH8 caused by cross-reaction. As-
suming that FtsH8 accumulation was unaffected, the VAR2 ac-
cumulation in var? mutants was decreased to 20 to 50% of that
detected in Col. Finally, we isolated thylakoid membranes
rather than total protein extracts and repeated the immunoblot
analyses. The levels of VAR1 and VAR2 were similar to those
observed in total extracts (data not shown). Thus, we conclude
that the lack of either VAR1 or VAR2 results in the decreased
accumulation of the other protein, suggesting that their accu-
mulation is regulated coordinately.

No Reduced Accumulation of VAR1 or VAR2 Was Found in
ftsh1, ftsh6, and fish8

Subsequently, we examined whether the reduction of VAR1
and VAR2 at the protein level occurred in any of the ftsh mu-
tants. Total proteins were isolated from ftsh1, ftsh6, and ftsh8
as well as from wild-type lines and were subjected to immuno-
blot analysis using Anti-VAR1 and Anti-VAR2 antibodies. The
results shown in Figure 7D demonstrate that the signals de-
tected by these antibodies were indistinguishable in wild-type
(Col and Wassilewskija) and mutant plants. When we normal-
ized the signals according to LSU and chlorophyll contents,
again no difference was observed (data not shown). Therefore,
we conclude that the protein levels of FtsH1, FtsH6, and FtsH8
are much lower than those of VAR1 and VAR2. These results
suggest that, despite the close relationship of VAR1 and VAR2
to FtsH1, FtsH6, and FtsH8, the concomitant loss of VAR1 and
VAR2 is characteristic of var? and var2 and does not occur in
other ftsh mutants.

Complex Formation of VAR1 and VAR2

To test whether the decreased VAR1 and VAR2 protein accu-
mulation in the mutants could be attributed to the decreased
amount of their corresponding transcripts, we examined VAR1
and VAR2 mRNA accumulation by RNA gel blot analysis. VAR1
transcript levels were similar in Col and var2-6 plants, and
VAR2 transcript levels were similar in Col, var1-1, and var1-2
plants (data not shown). Therefore, the coordinated reduction
of VAR1 and VAR2 most likely occurs at the post-transcrip-
tional level. In particular, we noticed that it resembles the deg-
radation of unassembled subunits of photosynthetic protein
complexes in chloroplasts (Wollman et al., 1999; Rochaix, 2001;
Hippler et al., 2002). Given that a typical FtsH can form homo-
oligomers in E. coli or a large heterocomplex in yeast mitochon-
dria, it is likely that VAR1 and VAR2 also can form a complex.
To study the possibility of complex formation, we performed
sucrose density gradient analysis. Intact chloroplasts were first
isolated by Percoll gradient centrifugation, thylakoid mem-
branes then were purified, solubilized by 0.2 to 0.8% dodecyl-
maltoside (DM), and separated by sucrose density gradient
centrifugation (Figure 8A), and fractions were collected, as de-
scribed in Methods. The collected fractions were separated by
SDS-PAGE and subjected to immunoblot analysis, as shown in
Figure 8B. For immunodetection, we used Anti-VAR1 and Anti-
VAR2, together with polyclonal antibodies against PsaF and D1
to localize PSI and PSII, respectively. We found that signals vi-
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(A) Immunoblot analysis using Anti-VAR1 and Anti-VAR2. Total proteins were isolated from wild-type Col (WT), var1-1, var1-2, var2-6, and chm1-2
plants and separated by SDS-PAGE, and duplicated filters were reacted with Anti-VAR1 or Anti-VAR2. The same samples were stained with Coo-
massie brilliant blue, and the bands corresponding to the large subunit of ribulose-1,5-bisphosphate carboxylase (LSU) are shown at bottom. Arrow-

heads indicate bands corresponding to degradation products.
(B) Chlorophyll content of the protein extracts used in (A).

(C) Quantification of the protein levels detected by Anti-VAR1 and Anti-VAR2 in Col and variegated mutants. Signals detected by immunoblot analysis
(A) were normalized according to either chlorophyll content (B) (VAR1/Chl and VAR2/Chl) or LSU (VAR1/LSU and VAR2/LSU). We repeated the exper-
iments at least five times and obtained similar results. Results of a representative experiment are shown.

(D) Immunoblot analysis of total proteins from Col, ftsh1, ftsh6, ftsh8, and Wassilewskija (WS) probed with Anti-VAR1 and Anti-VAR2. The same sam-
ples were stained with Coomassie brilliant blue, and the bands corresponding to LSU are shown at bottom.

sualized by Anti-VAR1 and Anti-VAR2 always were found in the
same fractions, regardless of the different solubilization condi-
tions. The profiles of the VAR1 and VAR2 signals were affected
by the concentration of DM. The peak in 0.2% DM was detected
in fractions 10 and 11, and that in 0.8% DM was detected in
fraction 13. In addition, we reproducibly found VAR1 and VAR2
signals in fraction 1 in 0.2% DM. Under this mild solubilization,
VAR1 and VAR2 may associate with unsolubilized thylakoid
fragments. The signal shift toward heavier densities with lesser
DM concentrations was somewhat similar to that of LHCII (Fig-
ure 8A). Based on the migration of molecular standards, we es-
timated the molecular mass of fraction 10 to be ~400 kD,
which is slightly larger than that of LHCII and apparently larger
than the monomer size of VAR1 or VAR2 (~70 kD).

To further characterize the VAR1/VAR2 complex and esti-
mate its size, the fraction enriched in VAR1 and VAR2 from the
sucrose density gradient was subjected to gel-filtration chro-
matography, as described in Methods. The protein elution pro-
file, shown in Figure 9, revealed a predominant peak at fraction
16, containing two main polypeptide bands of 25 to 30 kD, cor-
responding to LHCII (data not shown). The contamination of
LHCII was expected because the VAR1/VAR2 fraction on the
sucrose density gradient is just above the LHCII band. The
fractions obtained by gel filtration were analyzed by immuno-
blot analysis using Anti-VAR1 and Anti-VAR2. The results (Figure
9) showed the signals for VAR1 and VAR2 in fractions 16 to 18.
The apparent size of the complex was estimated at 400 to 450
kD, consistent with the result from the sucrose density gradi-
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Figure 8. Sucrose Density Gradient Analysis of Thylakoid Membrane Proteins.

(A) Photographs of a 0.1 to 1.3 M sucrose density gradient. From left to right, tubes containing thylakoid membranes solubilized by 0.2, 0.4, and 0.8%
DM are shown. The relative positions of the fractions and LHCII, PSI, and PSII are indicated.

(B) Immunoblot analysis of the sucrose density gradient fractions. The fractions were collected from the tubes of sucrose density gradients shown in
(A). Equal amounts of the fractions were subjected to SDS-PAGE and probed with Anti-VAR1 (VAR1), Anti-VAR2 (VAR2), Anti-PsaF (PsaF), and Anti-
D1 (D1). The positions of molecular size markers (urease hexamer, 545 kD; urease trimer, 272 kD; BSA dimer, 132 kD) are indicated together with their

molecular masses.

ent, further confirming the conclusion that VAR1 and VAR2
form a complex in thylakoid membranes.

Coimmunoprecipitation of VAR1 and VAR2

Although the identical distribution patterns of VAR1 and VAR2
shown in Figures 8 and 9 suggest heterocomplex formation,
the possibility remains that the two proteins are present only as
homooligomers and comigrate on sucrose density gradient and
gel filtration. To prove that VAR1 and VAR2 interact directly
with each other and therefore form a heterocomplex, we per-
formed coimmunoprecipitation analysis. Thylakoid membranes
were incubated with either Anti-VAR1 or Anti-VAR2 and were
immunoprecipitated as described in Methods. The immunopre-
cipitates were subjected to immunoblot analysis. The results,
as shown in Figure 10A, clearly showed that a substantial
amount of VAR1 was immunoprecipitated by Anti-VAR2. Con-
versely, a substantial amount of VAR2 was immunoprecipitated
by Anti-VAR1. These coprecipitation profiles were unaffected
by different DM concentrations (data not shown).

To estimate the relative VAR1 and VAR2 amounts in each im-
munoprecipitate, we calibrated the signals of the immunoblots
based on the fusion protein loaded simultaneously (data not
shown). This allowed us to estimate that in the isolated thyla-
koid membranes, the signal detected by Anti-VAR2 was ap-
proximately threefold greater than that detected by Anti-VAR1.
In the Anti-VAR1 immunoprecipitate, an equal amount of VAR1
and VAR2 was retained, indicating that the two proteins inter-
act with equal stoichiometry (Figure 10C). By contrast, the
VAR1 and VAR2 levels immunoprecipitated by Anti-VAR2 were
different, and the ratio of the VAR1 to VAR2 signals was ~0.3

(Figure 10C). This was well correlated with the overall VAR1:
VAR2 ratio in the thylakoid membranes, indicating that the ma-
jority of VAR1 interacts with VAR2. In addition to these findings,
the difference of the VAR2 signals detected in the Anti-VAR1 or
Anti-VAR2 immunoprecipitate demonstrated that the residual
amount of VAR2 did not interact with VAR1. In fact, we found
that VAR2 was retained in the supernatant only when immuno-
precipitated with Anti-VAR1 (Figure 10B). These results, to-
gether with the coordinated protein accumulation in the var?
and var2 mutant alleles, suggest that VAR1 forms a heterocom-
plex with VAR2 and that VAR2 may exist as a homocomplex as
well as a heterocomplex.

DISCUSSION

The FtsH Protein Family in Higher Plants

Genes that encode FtsH proteins constitute a small gene family
in higher plants. In this study, we characterized the cellular loca-
tion of all of the Arabidopsis FtsH homologs. In addition to the
previously described FtsH1, VAR1 (FtsH5), and VAR2 (FtsH2),
we identified six new chloroplast FisH proteins: FisH6, FtsH7,
FtsH8, FtsH9, FtsH11, and FtsH12. Of the 12 FtsH proteins en-
coded in the Arabidopsis genome, FtsH3, FtsH4, and FtsH10
were found to be located in the mitochondria. The presence of
nine and three FtsH homologs in chloroplasts and mitochondria,
respectively, is consistent with the previous notion that eukary-
otes contain FtsH only in these organelles (Langer, 2000). Yeast
mitochondria contain two types of FtsH complexes, m-AAA and
i-AAA proteases. The large complex of m-AAA is composed of
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Figure 9. Gel Filtration Profile of the Thylakoid Membrane Proteins and Immunoblot Analysis.

Fraction 10 from the sucrose density gradient of thylakoid membranes (solubilized with 0.2% DM; see Figure 8B) was subjected to gel filtration using
a Superose 6HR column. The elution profile measured by absorbance at 280 nm (A280) is shown at top. Fractionated eluates were subjected to im-
munoblot analysis with Anti-VAR1 and Anti-VAR2, as shown at bottom. Numerals above the gels indicate fraction numbers.

Yta10p (Agf3p) and Ytal12p (Rcalp) and exposes its proteolyti-
cally active C-terminal domain to the matrix (Arlt et al., 1996).
The smaller complex of i-AAA, composed of Ytal1p (Ymelp), is
oriented oppositely, facing the intermembrane space (Leonhard
et al., 1996). A mitochondrial FtsH, which is highly similar to Ara-
bidopsis FtsH3 and FtsH10 and to yeast Yta10 and Yta12, was
identified recently in pea (Kolodziejczak et al., 2002). The identi-
fication of the three mitochondrial FtsHs in Arabidopsis now al-
lows us to study their roles in higher plants at the genetic level.

Among the organisms or organelles in which AAA proteases
have been characterized, chloroplasts contain an unusually large
number of FtsH homologs (Ogura and Wilkinson, 2001; Sokolenko
et al., 2002). Synechocystis also contains four FtsHs (Mann et al.,
2000). This may reflect the need for thylakoid membranes to re-
pair their protein complexes as a result of damage incurred by
changing environmental conditions or to remodulate their protein
composition during the development of different types of plas-
tids. It remains unknown why, among the chloroplastic FtsH ho-
mologs, only VAR1 and VAR2 are assigned a role in the recovery
from photoinhibition, whereas other homologs are not. Three
possibilities should be considered. First, the other homologs
may have different functions, as suggested in the case of virus
infection in tobacco (Seo et al., 2000). A second possibility is that
they are expressed only under certain environmental conditions.
A third is that they are expressed primarily in nongreen plastids.
These possibilities will have to be examined in the future.

VAR1 and VAR2 Form a Complex

In this study, we demonstrated that chloroplastic FtsHs form a
protein complex in thylakoid membranes, similar to FtsH ho-

mologs in membranes of other organisms. The distribution pro-
files of VAR1 and VAR2 were indistinguishable when character-
ized by sucrose density gradient centrifugation and gel filtration
chromatography. In addition, coimmunoprecipitation experi-
ments using Anti-VAR1 and Anti-VAR2 revealed that the major-
ity of VAR1 is associated with VAR2 in DM-solubilized thylakoid
membranes. These results allowed us to conclude that VAR1
and VAR2 are present as heterocomplexes with equal stoichi-
ometry.

The apparent molecular size of the complex was estimated
to be 400 to 450 kD. FtsH has been shown to exist as a ho-
mooligomer in E. coli (Akiyama et al., 1995). Based on the crys-
tal structure of the AAA domain of the E. coli enzyme, a hexa-
meric structure of FtsH was proposed recently (Krzywda et al.,
2002). Therefore, it is suggested that the FtsH complex in chlo-
roplasts forms hexamers. A much larger hetero-m-AAA com-
plex (~1000 kD), composed of the two homologous proteins
Yta10p and Yta12p, has been reported in yeast mitochondria
(Arlt et al., 1996). As in our observation, the complex formed by
different m-AAA proteins appears to contain these proteins
with equal stoichiometry (Arlt et al., 1996).

We showed that the VAR2 protein level is severalfold higher
than that of VAR1 in the thylakoid membranes. It may not re-
flect the actual VAR1:VAR2 ratio, because Anti-VAR1 and Anti-
VAR2 cross-react with FtsH1 and FtsH8, respectively. Never-
theless, it is likely that VAR2 is abundant compared with VAR1,
given that their protein accumulation level is correlated with the
degree of leaf variegation in the var mutants (leaf variegation is
less severe in var1 than in var2). We also showed that the VAR1
and VAR2 levels immunoprecipitated by Anti-VAR2 were signif-
icantly different. This is in contrast to the 1:1 ratio observed for
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Figure 10. Coimmunoprecipitation of VAR1 and VAR2.
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(A) Detection of VAR1 and VAR2 in the immunoprecipitates. Thylakoid membranes solubilized by 0.8% DM were incubated with preimmune serum,
Anti-VAR1, or Anti-VAR2. Each immunoprecipitate (Im precipitate) was subjected to immunoblot analysis with the antibodies indicated at right. Each
lane for immunoprecipitate contained one-fifth of the total immunoprecipitate from thylakoid membranes, equivalent to 5 ug of chlorophyll. A sample
of thylakoid membranes equivalent to 0.75 pg of chlorophyll was loaded simultaneously (Thyl mem). We repeated the experiments at least five times
and obtained similar results. Results from a representative experiment are shown.

(B) Detection of VAR1 and VAR2 in the postimmunoprecipitate supernatants. Samples of the postimmunoprecipitate supernatants by Anti-VAR1 and
Anti-VAR2 were probed with the antibodies indicated at right. The signals detected were very weak compared with those in (A). We found that a large
amount of albumin from antisera comigrated with VAR1 and VAR2 on SDS-PAGE and prevented efficient blotting and immunodetection.

(C) Relative amounts of VAR1 and VAR2 immunoprecipitated by Anti-VAR1 and Anti-VAR2. The signals detected by immunoblot analysis in (A) were
calibrated according to a series of dilutions of the VAR1 or VAR2 fusion protein loaded simultaneously (not shown). The relative amounts of VAR1 and
VAR?2 proteins included in the VAR1 or VAR2 immunoprecipitate (IP) are indicated.

the Anti-VAR1 immunoprecipitate. One possible explanation for
these observations is that the residual amount of VAR2 may
form a homocomplex as well as a heterocomplex. Supporting
this notion is the fact that almost all VAR1 proteins were immu-
noprecipitated by Anti-VAR2, whereas a substantial number of
VAR2 proteins were not immunoprecipitated by Anti-VAR1.

If a hetero-VAR1/VAR2 complex exists, a deficiency in either
VAR1 or VAR2 could lead to the selective and rapid degrada-
tion of the other component. It has been observed that multi-
protein complexes involved in photosynthetic electron trans-
port, such as PSI, PSIl, and cytochrome bgf complexes, are
degraded rapidly when one of the constituent subunits is miss-
ing (de Vitry et al., 1989; Sieburth et al., 1991; Takahashi et al.,
1991; for review, see Wollman et al., 1999; Hippler et al., 2002).
Thus, although the mechanisms of recognition of the misas-
sembled subunits and their subsequent degradation are still
unknown, the impairment of VAR1 or VAR2 accumulation in the
var mutant alleles could result in the degradation of the other
subunit. Such a model is consistent with the results shown in
Figure 7. The coordinated regulation of VAR1 and VAR2 ap-
pears to be specific to var? and var2 but not to ftsH1, ftsH6,
and ftsH8, suggesting that VAR1 and VAR2 are the major com-
ponents of the FtsH complex. However, the possibility that pro-

tein synthesis is affected simultaneously cannot be excluded
completely.

Leaf Variegation and Inactivation of the FtsH Gene Family

We have shown previously that leaf variegation is caused by a
defect in either VAR1 or VAR2. This genetic behavior of var?
and var2, which defines the two genes as nonredundant, can
be explained by the proposed heterocomplex formation. In a
first attempt to decipher the function of the different chloro-
plastic FtsHs, mutations in FtsH homologs that are closely re-
lated to VAR1 and VAR2 (FtsH1, FtsH6, and FtsH8) were exam-
ined in this study. Unlike var? and var2, they showed neither
leaf variegation nor increased sensitivity to photoinhibition.
These results lead us to propose that VAR1 and VAR2 contrib-
ute more than other chloroplastic FtsHs to thylakoid develop-
ment and to the mechanism of PSII recovery from photoinhibi-
tion.

Regarding VAR1 and VAR2 accumulation in the mutants, the
results shown in Figure 7 should be approached with caution. A
weak VART1 signal was detected in var7-7 and var7-2 as well as
in var2-6. Because no VAR1 is expected to be present in the var1
mutants, the signals in these mutants could come from the



I,
O
)
c
==
aw
)
=
-

cross-reaction of Anti-VAR1 with FtsH1. On the other hand, the
VAR2 signals in var1-1 and var1-2 were substantially stronger
than that in var2-6. Thus, it can be concluded that the var? mu-
tants still accumulate 20 to 50% of VAR2 compared with Col.
This finding may be explained by our hypothesis that only
VAR2 forms homocomplexes as well as heterocomplexes. It in-
dicates that a small portion of VAR2 is not subjected to degra-
dation and is functional. Because the homocomplex of VAR2 is
stable and functionally competent in the absence of VAR1, a
residual amount of VAR2 can accumulate and variegation is
partially prevented in var1. The involvement of the other chloro-
plastic FtsHs in these complexes is unclear at present and
needs to be investigated further.

FtsH-like proteases degrade various proteins and are involved
in diverse cellular functions. For example, loss of an m-AAA
protease in human mitochondria has been shown to cause a
severe illness (Casari et al., 1998). The deletion of ftsH is lethal
in E. coli (Tomoyasu et al., 1993) and causes a severe growth
defect in Bacillus subtilis (Deuerling et al., 1997). Similarly, leaf
variegation appears as a typical phenotype of FtsH deficiency
in higher plants (Sakamoto, 2003). The loss of VAR1 or VAR2 is
accompanied by a decline in PSII activity when plants are ex-
posed to high light (Bailey et al., 2002; Sakamoto et al., 2002).
In particular, one of the main substrates in PSIl appears to be a
photodamaged D1 protein of the PSII reaction center, although
it is unknown how the protease recognizes the damaged D1
protein. A systematic analysis of FtsH gene expression using a
microarray indicated that FtsH genes respond differentially to
changes in environmental conditions (Z. Adam, unpublished
data). Thus, it is possible that different FtsH homologs play dif-
ferent roles under different environmental conditions. The
knockout mutants described here will provide a useful tool with
which to examine this hypothesis.

METHODS

Plant Material

All wild-type and mutant Arabidopsis thaliana plants were in the ecotype
Columbia (Col) background, with the exception of the ftsh1 mutant,
which was in the Wassilewskija background. Plants were grown either in
soil or on 0.7% (w/v) agar plates containing MS medium (Murashige and
Skoog, 1962) supplemented with 1.5% (w/v) sucrose. Unless stated oth-
erwise, the plants were grown at 22°C with 12 h of illumination at 75
wE-m~2-s=1. A T-DNA insertion line for FtsH1 (designated ftsh7) was ob-
tained by screening a T-DNA insertion library at the Arabidopsis Knockout
Facility (University of Wisconsin, Madison). T-DNA insertion lines for FtsH6
and FtsH8 (designated ftsh6 and ftsh8) were obtained from the Syngenta
Arabidopsis Insertion Library (Torrey Mesa Research Institute, San Di-
ego, CA). The DNA fragments around the sites of T-DNA insertion in
each line were obtained by PCR, using a primer annealing at the T-DNA
border and a gene-specific primer as described previously (Weigel et al.,
2000; McElver et al., 2001). The amplified fragments were cloned into the
plasmid vector pGEM-T (Promega, Madison, WI), and the precise posi-
tion of the T-DNA insertion was determined by sequencing. The original
seeds from the resource centers were germinated in soil, and transfor-
mants were selected by Basta resistance (a selectable marker in the
T-DNA region). Basta-resistant plants were selfed, and the progeny were
subjected to DNA extraction and PCR analysis. We selected plants ho-
mozygous for T-DNA insertion based on the PCR analysis, as described
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in Figure 3. Measurements of chlorophyll fluorescence and the ratio of
variable to maximum fluorescence were conducted using a portable flu-
orometer (Plant Efficiency Analyzer; Hansatech, Northfolk, UK), essen-
tially as described previously (Sakamoto et al., 2002).

FtsH Homologs and GFP Transient Assay

To predict N-terminal targeting signals of chloroplast and mitochondrial
proteins, we analyzed the first 130 amino acid residues from each pro-
tein sequence using the TargetP program (http://www.cbs.dtu.dk/
services/TargetP/). DNA sequences corresponding to putative transit
peptides and an additional 10 amino acids were amplified by PCR for each
FtsH gene and fused in frame into the expression vector p35S-sGFP, as
described previously (Sakamoto et al., 2002). For the GFP transient ex-
pression assay, we used two suspension-cultured tobacco (Nicotiana
tabacum cv Samsun) cell lines, nonchlorophyllic SL and chlorophyllic
SC, as described previously (Sakamoto et al., 2000). The suspension-
cultured cells (2 g) were collected at mid-log phase and suspended in
enzyme solution (0.4 M mannitol, 5 mM EGTA, 0.1% [w/v] Cellulase On-
ozuka [Yakult, Tokyo, Japan], and 0.05% [w/v] Pectolyase Y-23 [Seika-
gaku Kogyo, Tokyo, Japan)]). After incubation at 30°C for 1 h, cells were
collected by centrifugation at 100g for 10 min, washed twice in solution
A (0.4 M mannitol, 70 mM CaCl,, and 2.5 mM Mes, pH 5.8), and sus-
pended in ice-cold MaMg solution (0.4 M mannitol, 15 mM MgCl,, and 5
mM Mes, pH 5.8). The cell suspension (100 pL) was mixed with 10 pg of
the plasmid, 5 pg of salmon sperm DNA, and 100 pL of PEG solution
[0.4 M mannitol, 1 M Ca(NOs),, and 40% (w/v) polyethylene glycol 6000],
followed by incubation on ice for 30 min. The suspension was diluted in
dilution solution (0.4 M mannitol, 125 mM CaCl,, 5 mM KCI, and 5 mM
glucose), washed, and suspended in MS medium containing 0.4 M man-
nitol. The suspended cells were incubated overnight at 23°C with gentle
agitation. The cells with GFP signals were examined using a confocal la-
ser scanning microscope (LSM510; Carl Zeiss, Jena, Germany). To ob-
serve signals from GFP and chlorophyll fluorescence in SC cells, sam-
ples were examined with virtually no fixation. To observe signals from
GFP in SL cells, samples were treated with 500 nM MitoTracker Red
CMXRos (Molecular Probes, Eugene, OR) in MS medium containing 0.4 M
mannitol.

Fusion Protein Analysis and Antibodies

cDNAs corresponding to the mature proteins of VAR1, VAR2, FtsH1, and
FtsH8 were isolated by reverse transcriptase-mediated (RT) PCR. Based
on the Arabidopsis genomic sequence information, we designed primers
for each gene, and RT-PCR was performed as described (Sakamoto et al.,
1996). The amplified cDNAs were inserted in frame into the expression
vector pCR T7/NT-TOPO (Invitrogen, Carlsbad, CA) such that the His tag
was fused at the N-terminal end. The resulting plasmids were transformed
into Escherichia coli strain BL21-CodonPlus(DE)-RIL (Stratagene). Expres-
sion of the His-VAR1 fusion protein was performed as described previ-
ously (Sakamoto et al., 2002). The fusion protein was induced by adding
B-D-thiogalactopyranoside to a final concentration of 1 mM for 2 h at 30°C.
Total cell lysates were electrophoresed by 10% SDS-PAGE and purified
from the gel by excising the band corresponding to the fusion protein us-
ing Centrilutor (Millipore, Bedford, MA). The purified proteins were injected
into rabbits to raise polyclonal antibodies. Antibodies against PsaF
(Chlamydomonas reinhardti) and OEC33 (spinach; a kind gift from Yasusi
Yamamoto, Okayama University) were used as controls.

Protein Extraction and Immunoblot Analysis

Total proteins were isolated from leaf tissues (50 mg) by grinding the ma-
terials in 500 pL of protein extraction buffer (20 mM Hepes-KOH, pH 7.2,



I,
O
)
c
==
aw
)
=
-

2854 The Plant Cell

5 mM EDTA, 5% [w/v] SDS, and 10 mM 2-mercaptoethanol). Samples
were centrifuged at 10,0009 for 5 min, and the supernatants were sub-
jected to SDS-PAGE. The chlorophyll content of the protein samples
was determined according to Porra et al. (1998). Proteins were electro-
blotted onto ClearBlot Membrane-P (Atto, Tokyo, Japan), and immunode-
tection of the protein gel blots was performed using the enhanced
chemiluminescence system (Amersham Pharmacia, Piscataway, NJ).
Signals were detected with a fluoroimager system (LAS1000; Fuiji Film,
Tokyo, Japan), and band intensity was quantified simultaneously. Chlo-
roplasts were isolated from leaf tissues by a 40 to 80% (v/v) Percoll step
gradient as described (Sakamoto et al., 2000). To obtain intact thyla-
koids, isolated chloroplasts were lysed osmotically by suspending the
chloroplast pellets in PBS, pH 7.5, using a Teflon microhomogenizer
(Wheaton, Millville, NJ), and then thylakoids were pelleted by centrifug-
ing at 50009 for 5 min. For trypsin digestion, thylakoids equivalent to 6
g of chlorophyll were suspended in 40 pL of PBS, and then trypsin was
added to a final concentration of 6 or 12 png/mL and incubated at 37°C
for 30 min. The reaction was stopped by adding 20 pL of 3X SDS sample
buffer (0.2 M Tris-HCI, pH 6.8, 7% [w/v] SDS, 15% [v/v] 2-mercaptoetha-
nol, 30% [v/v] glycerol, and 0.25% [w/v] bromphenol blue), and samples
were analyzed further by SDS-PAGE.

Sucrose Density Gradient, Gel Filtration, and
Coimmunoprecipitation Analyses

Thylakoid membranes, purified by brief sonication and centrifugation of
intact thylakoids, were suspended in PBS to adjust the concentration to
0.8 mg chlorophyll/mL, dodecylmaltoside (DM) was added to a final con-
centration of 0.2, 0.4, or 0.8% (w/v), and the thylakoid membranes were
dissolved at 0°C for 30 min. They were loaded onto a 0.1 to 1.3 M linear
sucrose density gradient containing 50 mM Tris-HCI, pH 8.0, and 0.05%
DM (10 mL) and centrifuged in a SW41-Ti rotor (Beckman) at 197,000g
for 15 h at 4°C. Twenty fractions were collected from the gradients and
characterized further by SDS-PAGE. Gel filtration column chromatogra-
phy was performed using a Superose 6HR 10/30 column with a fast-pro-
tein liquid chromatography system (Amersham Pharmacia). To estimate
apparent molecular weights, the Molecular Weight Marker Kit for gel-fil-
tration chromatography (MW-GF-1000; Sigma) was used. The elution
buffer contained 100 mM NaCl, 50 mM Tris-HCI, pH 8.0, and 0.05% DM.
Approximately 150 pL of the sample was injected into the column, and
the flow rate was 0.2 mL/min. The fraction size was 0.4 mL. For immuno-
precipitation, thylakoid membranes resuspended in PBS and solubilized
by 0.2 or 0.8% DM were adjusted to 0.1 mg chlorophyll/mL and incu-
bated with antibodies for 3 h at 4°C. Subsequently, Sepharose-coupled
protein A (Protein A Sepharose 4 Fast Flow; Amersham Pharmacia) was
added and incubated overnight. Immunoprecipitates were sedimented
by a brief centrifugation at 12,000g and washed three times with PBS
containing DM. The precipitated proteins were dissociated in 1X SDS
sample buffer by heating at 95°C for 5 min and subjected to SDS-PAGE.

Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materials,
please contact Wataru Sakamoto, saka@rib.okayama-u.ac.jp.
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