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The reaction center-binding D1 protein of Photosystem II is
oxidatively damaged by excessive visible light or moderate
heat stress. The metalloprotease FtsH has been suggested as
responsible for the degradation of the D1 protein. We have
analyzed the distribution and subunit structures of FtsH in
spinach thylakoids and various membrane fractions derived
from the thylakoids using clear native polyacrylamide gel elec-
trophoresis and Western blot analysis. FtsH was found not
only in the stroma thylakoids but also in the Photosystem II-
enriched grana membranes. Monomeric, dimeric, and hexam-
eric FtsH proteases were present as major subunit structures
in thylakoids, whereas only hexameric FtsH proteases were
detected in Triton X-100-solubilized Photosystem II mem-
branes. Importantly, among the membrane fractions exam-
ined, hexameric FtsH proteases were most abundant in the
Photosystem II membranes. In accordance with this finding,
D1 degradation took place in the Photosystem II membranes
under light stress. Sucrose density gradient centrifugation
analysis of thylakoids and the Photosystem II membranes solu-
bilized with n-dodecyl--p-maltoside and a chemical cross-
linking study of thylakoids showed localization of FtsH near
the Photosystem II light-harvesting chlorophyll-protein super-
complexes in the grana. These results suggest that part of the
FtsH hexamers are juxtapositioned to PSII complexes in the
grana in darkness, carrying out immediate degradation of the
photodamaged D1 protein under light stress.

When plants are exposed to light or heat stress from the
environment, the reaction center-binding protein D1 of Pho-
tosystem II (PSII)? is invariably damaged and a specific pro-
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tease(s) degrades the damaged protein, which is finally re-
moved from the PSII complex and replaced (1-3). Studies
examining the turnover of the D1 protein have focused on
detecting the proteases that are involved in the degradation of
D1. The most likely protease candidates are the FtsH (fila-
mentation temperature-sensitive H) proteases (3-9). The ftsH
gene encodes a 71-kDa protein that is essential for the cell
viability of Escherichia coli (10). Homologs of the gene have
been identified in cyanobacteria, mitochondria, and chloro-
plasts. In Arabidopsis thaliana, 12 genes encode FtsH pro-
teins, and the gene products from nine of these genes have
been identified in chloroplasts (11). In these products, four
isoforms, FtsH1, FtsH2, FtsH5, and FtsH8, accumulate in Ara-
bidopsis leaves grown under normal conditions (12). Of the
FtsH subunits, which form an active hexameric ring structure,
FtsH1 and 5 (type A subunits) and FtsH2 and 8 (type B sub-
units) are closely related pairs. The FtsH hexamers are com-
posed of two type A subunits and four type B subunits (7, 13).
Among the FtsH subunits located in chloroplasts, FtsH2 is
most abundant, and mutants lacking the FtsH2 subunits show
severe variegation and photoinhibition (14, 15). In a previous
study, we showed that FtsH proteases are also involved in the
primary cleavage of the D1 protein under moderate heat
stress (8).

FtsH belongs to the AAA+ (ATPase associated with vari-
ous cellular activities plus) superfamily. Structural analyses of
bacterial FtsH showed that FtsH proteases, like other AAA+
proteases, form hexameric ring structures (16 —20). Six active
sites are located inside a hexameric molecule (17). Each FtsH
subunit has two transmembrane helices, the activity of
which depends on ATP and Zn>" ions, and its size ranges
from 66 to 81 kDa (21). In chloroplasts of higher plants, it
is not clear whether such large complexes are present
throughout thylakoids, even in the grana regions. The size
of the hexameric FtsH in prokaryotes is almost comparable
with that of ATP synthase (19, 20); thus FtsH hexamers
may be excluded from the stacked regions of thylakoids
and thereby be located in the stroma thylakoids, grana
margins, and grana end membranes.

Biological membranes are highly crowded with various pro-
teins and protein complexes, and the thylakoids of higher
plant chloroplasts are no exception (22, 23). In the grana, free
diffusion of large protein complexes on the thylakoids may be
considerably restricted (24, 25). It has been proposed that a
large proportion of FtsH in thylakoids exists in the stroma
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thylakoids, where they participate in the degradation of the
photo- and heat-damaged D1 protein (4, 9). According to this
notion, the PSII complexes containing the damaged D1 pro-
tein must migrate from the grana where the PSII complexes
are enriched to the stroma thylakoids where PSII repair is
thought to occur. An important unsolved question is how the
large PSII supercomplex interacts with the hexameric FtsH in
the highly crowded membrane environment. To answer this
question, information describing the distribution of FtsH pro-
teases in thylakoids is important.

In this study, we analyzed the distribution and subunit
structures of FtsH proteases in various membrane fractions
prepared from spinach thylakoids. Unexpectedly, we found
a considerable amount of FtsH hexamer in the dark-
adapted PSII membranes, which are equivalent to the
grana. Sucrose density gradient centrifugation analysis of
thylakoids and Photosytem II membranes solubilized with
n-dodecyl-B-p-maltoside (DM) and a chemical cross-link-
ing study of thylakoids indicate that at least some of the
FtsH proteases are localized near the light-harvesting chlo-
rophyll-protein complexes of PSII (LHCII). These results
strongly suggest that the damaged D1 protein is recognized
by FtsH proteases that are located near PSII in the grana.

EXPERIMENTAL PROCEDURES

Isolation of Thylakoids and Various Fractions of
Thylakoids—Fresh spinach leaves were purchased from a lo-
cal market, and intact chloroplasts were isolated as previously
reported (26). Thylakoid membranes were obtained by
osmolysis of the intact chloroplasts with a hypotonic solution
containing 5 mm MgCl, and 10 mm Hepes-KOH (pH 7.5).
The mixture was subsequently centrifuged at 15,000 X g for
10 min, and the pellets were resuspended in a solution con-
taining 0.1 M sorbitol, 15 mm NaCl, 5 mm MgCl,, and 50 mm
Tricine-KOH (pH 7.6) (solution A). After washing twice with
solution A, the thylakoids were resuspended in the same
buffer solution at 1.0 mg of chlorophyll ml™*. PSII mem-
branes were prepared by the treatment of the thylakoids with
Triton X-100 as described previously (27). The PSII core
complexes were isolated by the treatment of the PSII mem-
branes with 2.0-2.6% (w/v) n-heptyl-B-p-thioglucoside
(HTGQ) (28). The grana and stroma thylakoids were separated
by treating the thylakoids with digitonin and Triton X-100
(29). Digitonin (Sigma) was purified before use. We carried
out all of the preparation steps at 4 °C in a dark room under a
green safe light.

Stress Treatment and Measurement of Oxygen-evolving
Activity—Heat treatment of the thylakoid membranes was
carried out by incubating the samples in black tubes in a cir-
culating water bath at 40 °C. When thylakoids and PSII mem-
branes were treated with high light, the samples were placed
in a water bath at 25 °C, and strong light (intensity, 1,000
wmol of photons m ™2 s ') was irradiated through a heat ab-
sorbing filter. The oxygen-evolving activity of thylakoids was
measured using a Hansatech oxygen electrode as described
previously (30).

DECEMBER 31, 2010+VOLUME 285+-NUMBER 53

SDS/Urea-PAGE, Clear Native PAGE, and Western Blot
Analysis—SDS/urea-PAGE and Western blot analysis were
carried out as described previously (26, 27). Thylakoid
membranes and membrane fractions derived from the thy-
lakoids were suspended in 20 mm Hepes-NaOH (pH 7.0),
25% glycerol, and 10 mm MgCl, (solution B), and the chlo-
rophyll concentration was adjusted to 0.25 mg ml ™. Clear
native (CN)-PAGE was used to determine the subunit
structure of FtsH complexes in thylakoid membranes. The
samples subjected to moderate heat or high light treatment
were solubilized with 1.5% DM at 4 °C for 10 min, followed
by centrifugation at 18,000 X g for 20 min to remove insol-
uble materials. The supernatant was loaded onto a gel with
a gradient of 5-13% acrylamide, and electrophoresis was
performed for 2 h at 4 °C where the voltage was gradually
increased from 70 to 300 V. The composition of the elec-
trode buffers for CN-PAGE was 50 mm Tricine, 7.5 mm
imidazole (pH 7.0), 0.05% Triton X-100, and 0.05% deoxy-
cholic acid sodium salt (Merck) for the cathode buffer and
25 mM imidazole HCI (pH 7.0) for the anode buffer. The
antibodies against the DE loop of the D1 protein, the C
terminus of the D1 protein, CP43 and CP47 (the antenna
chlorophyll-binding proteins of PSII core showing relative
molecular masses of 43,000 and 47,000, respectively, in
SDS-PAGE), cyt f, LHCIL, and VAR2 (FtsH2 from Arabi-
dopsis) were used for Western blot analysis. These antibod-
ies, except for VAR2, were purchased from AgriSera.
Horseradish peroxidase-conjugated anti-rabbit antibody
(Bio-Rad) was used as the secondary antibody. Immuno-
decorated bands were detected by fluorography with ECL
(Amersham Biosciences). Where indicated, a metallopro-
tease inhibitor EDTA (1 mMm disodium salt), a serine prote-
ase inhibitor aprotinin (5 um), and a serine and cysteine
protease inhibitor leupeptin (5 um) were used.

Sucrose Density Gradient Centrifugation—Thylakoids or
PSII-enriched membranes (0.8 mg chlorophyll ml ") were
treated with 0.75—1.25% DM for 30 min on ice. The suspen-
sion was loaded onto a sucrose density gradient (0.1-1.3 M
sucrose, 5 mm Tricine-NaOH, pH 8.0, 0.01% DM) and centri-
fuged with a Beckman ultracentrifuge at 177,000 X g for 24 h
using a SW41Ti rotor.

Chemical Cross-linking—Cross-linking reaction was per-
formed with 1-ethyl-3-(3-dimethylaminopropyl)-carbodi-
imide (EDC) (0 A cross-linker; Pierce) and bis(sulfosuccinimi-
dyl)suberate (BS®) (spacer arm distance of 11.4 A; Pierce)
using PSII-enriched membranes (0.25 mg of chlorophyll
ml ™ 1). The final concentration of the cross-linkers was ad-
justed to 0.25 mm. The mixtures were incubated at room
temperature for 5 min, and the reaction was stopped with
an equal volume of the quench solution (1 m Tris-HCI, pH
8.0). After centrifugation at 25,000 X g for 10 min, the su-
pernatant was removed, and the pellet was solubilized with
lysis buffer (125 mm Tris-HCI pH 6.8, 5% (w/v) SDS, 8 mMm
urea, 5 mM EDTA, 5% (w/v) sucrose, and 5% (v/v) B-mer-
captoethanol in the case of BS®) and loaded onto the SDS/
urea-PAGE. Each lane contained 2.5 ug of chlorophyll
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FIGURE 1. Distribution of FtsH proteases in thylakoids and various membrane fractions derived from the thylakoids. A, Western blot analysis show-
ing the amounts of FtsH2/8 proteases, the D1 protein, PsaA, AtpB, and cyt fin spinach thylakoids (Thy), digitonin/Triton X-100 solubilized grana (G), and
stroma thylakoids (S). In the left halves of the gels, the amount of the sample in each lane was adjusted on the basis of cyt f, whereby the band of cyt f (the
bottom gel) in each lane showed the same density in the fluorogram. The amounts of the samples were equivalent to 1 ug of chlorophyll for the thylakoids,
5 g of chlorophyll for the grana, and 0.24 g of chlorophyll for the stroma thylakoids. In the right halves of the gels, the gradient of each antigen that was
used for quantification of the bands in the left half of each gel is shown. B, the relative amounts of FtsH2/8 proteases, the D1 protein, PsaA, and AtpB in thy-
lakoids (Thy), grana (G), and stroma thylakoids (S). The amount of each protein was measured using Scion Image software. C, Western blot analysis showing
the amounts of FtsH2/8 proteases, the D1 protein, PsaA, and AtpB in thylakoids (Thy), grana (G), Triton X-100 solubilized PSIl membranes (PS/l) and PSIl core
complexes (PSlI core). D, the relative amounts of FtsH2/8, the D1 protein, PsaA, and AtpB in each membrane sample. The membrane samples were sub-
jected to SDS/urea-PAGE and subsequently to Western blot analysis with the antibodies against VAR2 from A. thaliana FtsH2, the C terminus of the D1 pro-

tein, PsaA, AtpB, and cyt f. The data are the means of three independent measurements =+ S.D.

RESULTS

Distribution of FtsH Proteases in Spinach Thylakoids—A
large part of FtsH proteases are assumed to exist in the
stroma thylakoids (4, 9). An active FtsH protease forms a hex-
americ ring structure; however, it is unclear whether the hex-
amer is the only subunit structure that the protease forms in
the thylakoids.

Initially, the distribution of FtsH was examined by quantify-
ing the FtsH2 and 8 (FtsH2/8) proteases in thylakoids and
various membrane fractions obtained from the thylakoids,
including the grana, stroma thylakoids, PSII membranes, and
PSII core complexes (Fig. 1). An antibody against VAR?2,
which corresponds to FtsH2 in A. thaliana, was used. FtsH2
and 8 (FtsH2/8) are the major FtsH proteases in thylakoids.
FtsH2/8 comprise two-thirds of the total FtsH in thylakoids,
and because the ratio of FtsH2/8 and another group of FtsH,
FtsH1 and 5 (FtsH1/5), is fixed at 2:1 (13), we can judge the
relative abundance of FtsH in each membrane fraction by
simply measuring the amount of FtsH2/8. First, the relative
amounts of FtsH proteases in the thylakoids, grana, and
stroma thylakoids were compared on the basis of cyt fin the
cyt by/f complex, which is present homogeneously in the thy-
lakoids (Fig. 1, A and B). The data show that FtsH is more
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abundant in the stroma thylakoids than in the grana. Next, we
compared the contents of FtsH among the grana, PSII mem-
branes, and PSII core samples on the same chlorophyll basis,
because cyt b,/fis probably removed in the purified PSII
membranes and PSII cores, and we may not be able to com-
pare the amounts of FtsH in each membrane fraction on the
basis of cyt fany more (Fig. 1, C and D). It is natural to con-
sider that the Triton-solubilized PSII membranes (Fig. 1, PSII)
and the grana fraction obtained by the digitonin-Triton treat-
ment of the thylakoids (in Fig. 1, G) are equivalent in terms of
the content of PSII. Actually, the content of the D1 protein
was almost identical in both preparations on the same chloro-
phyll basis (Fig. 1D). However, the content of FtsH in the
grana was smaller than the PSII membranes. This is probably
because a large part of FtsH was partitioned into other frac-
tions during the grana preparation, which included several
differential centrifugation steps following treatment with digi-
tonin and Triton X-100 (supplemental Fig. S1). The data
showing the presence of a small amount of PsaA and ATP
synthase in the digitonin/Triton-solubilized grana and to a
lesser extent with PsaA in the Triton-solubilized PSII mem-
branes (Fig. 1) suggest that these membrane samples contain
the grana margins and grana end membranes. It was also sug-
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FIGURE 2. Composition and distribution of FtsH proteases revealed by CN-PAGE and Western blot analysis. A, CN-PAGE of thylakoids (Thy), grana (G),
stroma thylakoids (S), PSIl membranes (PSIl), and PSII core complexes (PSII core). The protein complexes were stained by Coomassie Brilliant Blue. Molecular
markers are shown on the left-hand side of the gel, and the positions of PSIl dimer, monomer, and LHCII trimer are indicated on the right-hand side of the
gel. The amounts of membrane samples loaded were the same as those described in Fig. 1A. After this adjustment, the amounts of the proteins in the lanes
of Thy, G, and S become comparable with each other on the basis of cyt f. At the bottom, the amount of cyt fin each lane is shown by Western blot analysis.
The amounts of proteins in Thy, PSIl, and PSlI core lanes were comparable with each other on the basis of chlorophyll. B, Western blot analysis with anti-VAR2
antibody showing monomers and oligomers of FtsH in the same gel as that used in A. The molecular markers are shown on the left-hand side of the gel, and
the sizes of the FtsH monomer and oligomers are shown on the right-hand side of the gel. C, quantification of the FtsH monomers and oligomers in thyla-

koids and the membranes fractions on the basis of cyt f (left) and chlorophyll (right). The data are the means = S.D. (n = 3).

gested that the Triton-solubilized PSII membranes are more
purified than the digitonin/Triton-fractionated grana samples
in terms of the content of grana, because the former samples
contain less PsaA protein. Because the molecular size of the
FtsH hexamers is almost the same as that of ATP synthases,
FtsH hexamers may be easily adopted by the grana margins
and grana end membranes. FtsH was also detected in the PSII
core, which was devoid of most of LHCII but retained other
proteins including extrinsic proteins of PSII.

Subunit Structure of FtsH Proteases—W e next compared
the subunit structures of the FtsH proteases in the thylakoids,
grana, stroma thylakoids, PSII membranes, and PSII core
complexes by CN-PAGE and Western blotting using the anti-
body against VAR2 (FtsH2). In CN-PAGE, several large pro-
tein complexes were detected in thylakoids and the mem-
brane fractions derived from them (Fig. 24). Monomers and
oligomers of FtsH were identified by the subsequent Western
blot analysis (Fig. 2B). In thylakoids, we detected monomeric,
dimeric, and hexameric FtsH. Interestingly, only FtsH hexam-
ers were present in PSII membranes. The amounts of mono-
mers and oligomers were compared between the thylakoids,
grana, and stroma thylakoids on the basis of cyt f (Fig. 2, B,
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three lanes on the left side of the fluorogram, and C, left
panel), whereas those between the thylakoids and PSII mem-
branes were compared on the basis of chlorophyll (Fig. 2, B,
two lanes on the right-hand side of the fluorogram, and C,
right panel). From these results, it is shown that the presence
of the hexameric FtsH was most prominent in the PSII mem-
branes among the thylakoids and the other membrane frac-
tions derived from the thylakoids. In the stroma thylakoids,
FtsH proteases were present in all possible subunit forms, i.e.
monomers, dimers, trimers, tetramers, pentamers, and hex-
amers. In the PSII core, FtsH was detected by Western blot-
ting (Fig. 1), but no significant amount of FtsH was detected
by CN-PAGE and subsequent immunoblotting (Fig. 2B). This
is because FtsH in the PSII core, which had been treated with
Triton X-100 and HTG, formed large aggregates, which mi-
grate more slowly than the FtsH hexamers. Probably the FtsH
proteases in this fraction became denatured or destabilized
after two successive detergent treatments.

Degradation of the DI Protein in the PSII Membranes under
Light Stress—To determine whether degradation of the D1
protein takes place in the grana, the Triton X-100-solubilized
PSII membranes, which were equivalent to the grana, were
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FIGURE 3. Degradation of the D1 protein in PSIl membranes under excessive illumination. A, a profile of the proteins in the PSIl membranes
shown by SDS/urea-PAGE and the subsequent Coomassie Brilliant Blue staining. D, L, M, and H at the top of the gel indicate the dark control and the
samples illuminated with low, medium, and high light with intensities of 20, 500, and 2,000 umol of photons m~2 s~ ', respectively, for 60 min at

20 °C. Each sample contained 1 ug of chlorophyll. B-D, Western blot analysis of FtsH and the D1 protein in PSIl membranes under light stress. The
antibodies against VAR2 (B), the C terminus of the D1 protein (C), and the DE loop of the D1 protein (D) were used. The molecular markers are shown
on the left-hand side of the gel, and the positions of D1, D1 fragments, and FtsH are indicated on the right-hand side of the gel. The other conditions

are the same as those described for A.

illuminated with excessive light, and degradation of the D1
protein was examined by Western blot analysis with specific
antibodies. Strong illumination (500-2,000 umol of photons
m™ s~ ") of the thylakoids resulted in inhibition of oxygen
evolving activity and degradation of the D1 protein (supple-
mental Fig. S2). 23-kDa N-terminal and 9-kDa C-terminal
fragments were identified as cleavage products of the D1 pro-
tein. The same cleavage of the D1 protein took place in the
PSII membranes upon strong illumination (Fig. 3). This
observation suggests that degradation of the D1 protein
takes place in the grana. The D1 degradation was stimu-
lated by the addition of 0.15 mm ZnCl, and inhibited by the
presence of 1 mm EDTA, suggesting that a metallopro-
tease(s), probably FtsH, participated in the degradation of
the D1 protein (Fig. 4).
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Interaction of FtsH Proteases with LHCII—To examine the
association of the FtsH proteases with PSII, we solubilized
thylakoids and PSII membranes with DM (1.25% (w/v) for
thylakoids and 0.75% for PSII membranes) for 30 min at 4 °C
and subsequently fractionated chlorophyll-protein complexes
using sucrose density gradient centrifugation (Fig. 5, A and B).
Western blot analysis using specific antibodies revealed co-
migration of FtsH proteases and LHCII. Association of FtsH
proteases with LHCII was demonstrated by chemical cross-
linking studies in which the effects of several chemical cross-
linkers such as EDC and BS® were examined with PSII mem-
branes (Fig. 5, C and D). EDC is a 0 A cross-linker, whereas
BS® has a spacer arm distance of 11.4 A. We found that FtsH
proteases and the LHCII protein cross-linked to form large
adducts when we use BS?, but no cross-linked product was
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FIGURE 4. Effects of various protease inhibitors on degradation of the D1 protein under excessive illumination. A, a typical fluorogram of Western
blot analysis showing the D1 protein of the PSIl membranes. The samples were either dark incubated (left half of the gel) or illuminated with strong light
with an intensity of 1,000 umol of photons m~2 s~ for 60 min (right half of the gel) at 20 °C in the presence and absence of various protease inhibitors
and/or ZnCl, (0.15 mm) and subsequently subjected to SDS/urea-PAGE and Western blot analysis. The antibody against the DE loop of the D1 protein was
used. At the top of the gel, Ap and Leu represent aprotinin and leupeptin, respectively. EDTA, aprotinin, and leupeptin were used at the concentrations of 1
mMm, 5 um, and 5 um, respectively. Each lane contains PSIl membranes equivalent to 2.5 g of chlorophyll. B, the amounts of 23-kDa (top) and 9-kDa (bottom)
fragments of the D1 protein. The data are derived from the Western blot analysis in A. The bars with strong color represent dark controls, and the bars with

weak color represent the D1 fragments produced under strong illumination.

detected with the use of EDC. These results indicate that the
FtsH proteases are not an immediate neighbor but are still
juxtaposition to the LHCII proteins. The chemical cross-
linking products between the D1 protein and FtsH pro-
teases were not detected. Additional supporting evidence
for close association of FtsH with LHCII was obtained
when PSII core samples were prepared from PSII mem-
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branes by treatment with HTG to remove LHCII. Follow-
ing the centrifugation of HT G-treated PSII membranes, a
large part of FtsH was detected together with LHCII in the
supernatant (supplemental Fig. S3).

Stability of FtsH Proteases under Light and Heat Stresses—
Under moderate heat stress, where thylakoids were incu-
bated at 40 °C, oxygen-evolving activity decreased, and the
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FIGURE 5. Sucrose density gradient centrifugation and chemical cross-linking analysis showing the localization of FtsH proteases in the thylakoids
and PSIl membranes. A, sucrose density gradient centrifugation following the solubilization of thylakoids with DM. After centrifugation, the fractions of
the tube were subjected to SDS/urea-PAGE and Western blot analysis with specific antibodies (indicated on the left-hand side of the gels). B, the same as A
except PSIl membranes were used as the sample. C, chemical cross-linking study of PSIl membranes using BS® to identify the nearest neighbor protein in-
teractions. After the separation of the proteins in the PSIl membranes by SDS/urea-PAGE, the antibodies against VAR2, LHCb1, and the DE loop of the D1
protein were used for the subsequent Western blot analysis. — and + at the top of the gel indicate the absence and presence of 0.25 mm BS?, respectively.
The bands that appeared after the cross-linking reaction are indicated by the red square and represent the cross-linked products of FtsH and LHCb1. Molec-
ular markers are shown on the left-hand side of the gel. D, chemical cross-linking study of PSIl membranes using EDC. The concentration of EDC was 5 mm.

The other conditions were the same as those described in C.

D1 protein showed degradation (supplemental Fig. S2).
Under these conditions, most of the FtsH monomers and
dimers in the thylakoids disappeared within 10 min,
whereas the levels of the hexameric FtsH proteases re-
mained constant at least for 30 min (Fig. 6A4). Under light
stress conditions (intensity, 1,000 wmol of photons m ™2
s~ '), FtsH hexamers in thylakoids were stable even in lon-
ger stress periods (Fig. 6B).

DISCUSSION

Hexameric FtsH protease in bacteria, mitochondria, and
chloroplasts has a relative molecular mass of 400 —480 kDa,
with a large hydrophilic ring structure containing ATPase
domains and zinc-dependent protease domains (16, 17, 19,
20). Localization of such a large structure in spinach thyla-
koids is expected to be confined to the unstacked regions of
thylakoids, i.e. the stroma thylakoids, grana end membranes,
and grana margins. This is because the space between the
stacked thylakoid membranes is considered to be too small to
allow the presence of protein complexes with large extrusions
(4, 9). Our present study suggested the coexistence of hexam-
eric FtsH with PSII-LHCII supercomplexes in the PSII mem-
branes representing the grana (Figs. 2 and 5). The Triton
X-100-solubilized PSII membranes, which is equivalent to the
grana, may contain not only the grana cores but also grana
margins, judging from the content of AtpB (an ATP synthase
subunit) protein (Fig. 1). Comparison of the amounts of FtsH,
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the D1 protein, PsaA protein, and AtpB protein in the thyla-
koids, digitonin/Triton-fractionated grana, and stroma thyla-
koids and Triton-solubilized PSII membranes suggests that
FtsH is present not only in the stroma thylakoids but also in
the grana (Fig. 1). The Triton-solubilized PSII membranes
seem to represent more purified grana compared with the
digitonin/Triton-solubilized grana fraction (Fig. 1). Indeed,
former studies on isolation of PSII-enriched membranes from
higher plants showed that the concentration of Triton X-100,
rather than the combination of digitonin and Triton X-100, is
important for the purification of the PSII membranes (31-35).

Detection of FtsH in the PSII core reflects either a small
contamination of other membrane regions in this fraction or
the real presence of FtsH in the grana core. The former possi-
bility is low because the PSII core showed almost no contami-
nation of PsaA and AtpB (Fig. 1D). On the other hand, the
latter possibility must fulfill the requirement that the protein
complexes that reside in between the two stacked thylakoid
membranes fit to the narrow space, as described below.

The structure of the cytosolic region of the FtsH hexamer
has been proposed based on x-ray crystallography of bacterial
proteases (16, 17, 19, 20). The hexameric structure of FtsH
from the thermophilic bacterium Aquifex aeolicus shows a flat
cylinder-like shape with a diameter of 135 A and a height of
65 A (20). The structure shows a flexible conformation be-
tween the open and closed structures, which take different
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FIGURE 6. Stability of FtsH proteases under heat and light stresses. A, effects of moderate heat stress on FtsH monomers, dimers, and hexamers in thyla-
koids. The thylakoids were incubated at 40 °C for 0-60 min, and CN-PAGE and Western blot analysis with an antibody against anti-VAR2 were performed to
detect FtsH complexes (top). The location of the FtsH monomer, dimer, and hexamer are shown on the left-hand side of the gel. Molecular markers are
shown on the right-hand side of the gel. The amounts of monomeric and oligomeric FtsH proteases were quantified using the Scion Image software (bot-
tom). Blue, red, and green lines represent monomeric, dimeric, and hexameric FtsH, respectively. The data are the means of three independent
measurements = S.D. B, effects of light stress on FtsH monomers, dimers, and hexamers in thylakoids. The thylakoids were illuminated with high light
(intensity, 1,000 wmol of photons m~2s") for 0-60 min at 20 °C. The amounts of monomeric, dimeric, and hexameric FtsH proteases were measured. The

other conditions were the same as those described for A.

shapes depending on activation of ATPase and protease activ-
ities (36). Because the membrane protein substrates of FtsH
proteases have to be extracted from the lipid bilayer, the
ATPase domains of FtsH that recognize and unfold the sub-
strates should come close to the substrates on the surface of
thylakoids upon proteolysis. The D1 protein in PSII has been
suggested to be the substrate of FtsH (3-8, 37). The proposed
cleavage site is either the N terminus (38) or the DE loop of
the D1 protein (2, 3), which is exposed to the stroma side and
becomes a target of the thylakoid FtsH. Although the struc-
ture of the isolated hydrophilic part of FtsH has been solved
by x-ray crystallography, the native conformation of FtsH in
the membranes is not known. It is possible that the presence
of the N-terminal transmembrane helices of FtsH and the
lipid bilayer induce a different conformation of the FtsH hex-
amer from the non-membrane-bound structure reported so
far.

Thylakoid stacking in higher plant chloroplasts has been
investigated extensively (24, 25). The most recent study
showed the three-dimensional organization of thylakoid
membranes with dual-axis electron microscope tomography
(39). According to this study, each membrane unit in the
grana is connected to its neighbors as well as to the surround-
ing stroma thylakoids; thus the grana show highly connected
morphologies. Under these conditions, the movement of pro-
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tein complexes in the grana may be significantly restricted.
However, light stress and heat stress induce unstacking of
thylakoids (3, 30), which should increase the mobility of the
protein complexes on the thylakoids. It was reported that
within the grana, the surface of adjacent layers of the mem-
brane are separated by ~60 A in the dark-adapted sample
(40). If that is correct, FtsH hexamers can access the space
between the stacked thylakoids in the grana, but they are also
tightly oppressed by the adjacent membrane and therefore
immobile in darkness. This situation may, however, be suita-
ble for avoiding unnecessary degradation of the D1 protein.

Light or heat stress causes damage to the D1 protein, and
significant unstacking of thylakoids takes place simulta-
neously (3, 30). This thylakoid unstacking may stimulate lat-
eral diffusion of FtsH in the grana including the grana mar-
gins, making it easy for FtsH to access the damaged PSII core.
Under low light, reversible swelling of thylakoids takes place
because of electron transport-coupled H™ transport from the
stroma to the thylakoid lumen with a concomitant uptake of
water into the lumenal space (41), which should also change
the distribution of protein complexes including the PSII com-
plexes and FtsH hexamers.

The presence of D1 degradation activity in the grana that
was stimulated by ZnCl, and inhibited by the addition of
EDTA suggests the presence of a metalloprotease, most
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probably FtsH, in the grana (Fig. 4). Degradation of the D1
protein in PSII complexes was reported previously (42).
The protease responsible for D1 degradation under light
stress has been suggested to be serine-type, and CP43 in
the PSII core complex was once reported to have the ser-
ine-type protease activity (43), although it has been not
confirmed since then. Thus the long-sought serine-type
protease is not clearly identified yet. More recent studies
with the mutants of a cyanobacterium Synechocystis
PCC6803 and also with those of A. thaliana suggest in-
volvement of a metalloprotease FtsH in the degradation of
the D1 protein after light stress (4—7, 9). Our present re-
sults suggest that FtsH is involved in the proteolysis of the
photodamaged D1 protein in the grana.

Before FtsH carries out degradation of the D1 protein, the
D1 protein may be dephosphorylated, and CP43 should be
detached from the PSII complex (2). Thus, dephosphorylation
of the D1 protein and dissociation of CP43 from the PSII
complex may be the rate-limiting step in the degradation
of the D1 protein. However, the requirement of dephos-
phorylation of the D1 protein before degradation of D1 was
questioned by the study using a STN7/8 mutant of A. thali-
ana, where the D1 protein was not phosphorylated because
of the lack of a kinase (44). If dephosphorylation of the D1
protein is not needed for subsequent degradation of the D1
protein, dissociation of CP43 from PSII complexes may
become a major rate-limiting step in the degradation of
D1. The approach of active FtsH proteases to the damaged
D1 protein will be the next rate-limiting step, as described
above.

In thylakoid membranes, hexameric FtsH proteases were
detected near the PSII complexes and were shown to main-
tain their hexameric structure through light stress and
moderate heat stress (Fig. 6). Previously it was shown by
mass spectrometry with a cyanobacterium that FtsH is
present in the PSII reaction center complexes (45). Our
present results suggest that the grana, including the grana
margins and grana end membranes, are probably the areas
where degradation of the D1 protein takes place in spinach
thylakoids. Consecutive steps including monomerization of
PSII dimers, detachment of CP43 from the PSII complexes,
build-up of the proteolysis-active FtsH hexamers, and ac-
cess of hexameric FtsH to the damaged D1 protein possibly
take place in the grana.

Considering the efficiency of D1 degradation under stress, a
close neighbor relationship between the PSII complex and
FtsH proteases should exist in the grana. The data herein
showing co-migration of PSII complexes and FtsH protease in
sucrose density gradient centrifugation and chemical cross-
linking of LHCII and FtsH proteases strongly support the lo-
calization of FtsH hexamers near the PSII-LHCII supercom-
plexes (Fig. 5).

In conclusion, localization of FtsH near the PSII complex in
the grana is probably the most efficient way to repair the
photo- or heat-damaged D1 protein in the PSII complex that
is highly enriched in the grana (Fig. 7A). This localization of
FtsH most likely represents an effective way to circumvent
long distance transfer of proteases and damaged PSII com-
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FIGURE 7. A schematic representation of the distribution of FtsH pro-
teases in thylakoid membranes and models showing turnover of the
D1 protein. A, distribution of FtsH in thylakoid membranes. Hexameric FtsH
proteases are abundant at the grana regions. Under light or heat stress, the
damaged PSII dimers are converted to monomers, and degradation of the
damaged D1 protein is initiated by the action of FtsH proteases that are
present near the PSIl complexes in the grana. In contrast, FtsH proteases
with various subunit structures exist in the stroma thylakoids, and they
probably represent the monomers, intermediate oligomers, and hexamers
in the course of the assembly and degradation process of FtsH. Both the
assembly and degradation of FtsH are possibly triggered by light and heat
stresses. Under these conditions, the thylakoids show swelling and unstack-
ing, which may stimulate the interaction between FtsH proteases and dam-
aged PSIl complexes. B, two models depicting turnover of the D1 protein
under light or heat stress. Model 1 indicates that degradation of the D1 pro-
tein occurs exclusively in the unstacked regions of thylakoids, whereas
Model 2 predicts that D1 degradation takes place both in the grana and the
unstacked regions of thylakoids.

D1 degradation

plexes through the crowded traffic present on the thylakoid
membrane. To maintain the efficient degradation of the D1
protein, the FtsH hexamers should be juxtapositioned to the
PSII complex to access the damaged D1 protein immediately.
We thus propose a new model (Fig. 7B) to the damage-degra-
dation process of the D1 protein, which has been based on the
lengthy migration of both the damaged substrate proteins and
proteases present in thylakoids. In this model, we suggest that
both the damage to the D1 protein and degradation of the D1
protein occur in the grana.
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