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When plants, algae, and cyanobacteria are exposed to excessive light, especially in combination with other environmental
stress conditions such as extreme temperatures, their photosynthetic performance declines. A major cause of this photoin-
hibition is the light-induced irreversible photodamage to the photosystem Il (PSll) complex responsible for photosynthetic
oxygen evolution. A repair cycle operates to selectively replace a damaged D1 subunit within PSIl with a newly synthesized
copy followed by the light-driven reactivation of the complex. Net loss of PSII activity occurs (photoinhibition) when the rate
of damage exceeds the rate of repair. The identities of the chaperones and proteases involved in the replacement of D1 in
vivo remain uncertain. Here, we show that one of the four members of the FtsH family of proteases (cyanobase designation
slr0228) found in the cyanobacterium Synechocystis sp PCC 6803 is important for the repair of PSIl and is vital for prevent-
ing chronic photoinhibition. Therefore, the ftsH gene family is not functionally redundant with respect to the repair of PSll in
this organism. Our data also indicate that FtsH binds directly to PSII, is involved in the early steps of D1 degradation, and is
not restricted to the removal of D1 fragments. These results, together with the recent analysis of ftsH mutants of Arabidop-
sis, highlight the critical role played by FtsH proteases in the removal of damaged D1 from the membrane and the mainte-

nance of PSII activity in vivo.

INTRODUCTION

When oxygenic photosynthetic organisms are exposed to high
light, their ability to convert light energy to chemical energy via
photosynthesis is impaired (reviewed by Barber and Andersson,
1992; Prasil et al., 1992; Aro et al., 1993; Ohad et al., 1994). This
inhibition is sometimes termed photoinhibition and is thought
to be an important factor in limiting crop yields, particularly when
plants are growing under conditions of environmental stress
(Barber and Andersson, 1992; Long and Humphries, 1994).

A major target of photoinhibition is the photosystem Il (PSII)
complex of the thylakoid membrane (reviewed by Prasil et al.,
1992), and in particular, the D1 reaction center subunit, which
plays a role in binding many of the cofactors involved in elec-
tron transfer across the membrane (Diner and Rappaport, 2002).
D1 is prone to irreversible oxidative damage by either reactive
oxygen species or highly oxidizing species generated within PSII
(Barber and Andersson, 1992).

To maintain PSII activity, a repair cycle operates to replace a
damaged D1 polypeptide with a newly synthesized copy (Kyle
et al., 1984; Ohad et al., 1984; Andersson and Aro, 2001). PSII
is damaged at all light intensities, but only when the rate of dam-
age is greater than the rate of repair is there a net loss of PSIl ac-
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tivity (Aro et al., 1993; Keren and Ohad, 1998; Constant et al.,
2000). The mechanism of D1 replacement is particularly intrigu-
ing, because only D1 of the ~25 PSII subunits is targeted for
replacement. The identities of the chaperones and proteases
involved in stabilizing the PSIl complex during repair and re-
moving damaged D1 in vivo remain uncertain.

The synthesis and degradation of the D1 subunit (D1 turn-
over) has been studied most intensively in green plants (reviewed
by Aro et al., 1993). However, D1 turnover also occurs in cyano-
bacteria such as Synechocystis sp PCC 6803 (Goloubinoff et al.,
1988; Komenda and Barber, 1995), but it remains unclear whether
the PSII repair mechanism is conserved evolutionarily. The ease of
generating mutants in Synechocystis means that it is relatively
straightforward to test the role of various proteases in D1 turn-
over in vivo. Analysis of the complete genome sequence of
Synechocystis has identified homologs of both the HtrA (or
DegP) and FtsH proteases of Escherichia coli (reviewed by
Sokolenko et al., 2002). Both types of protease are known to
play roles in the degradation of misfolded membrane proteins
and so are good candidates for a role in D1 degradation. HtrA
is a Ser-type protease involved in the response to heat stress (re-
viewed by Clausen et al., 2002), whereas FtsH is a membrane-
bound ATP-dependent Zn2*-activated protease (Santos and
De Almeida, 1975; Ogura et al., 1991; Karata et al., 1999) and a
member of the AAA protein family (for ATPases associated
with diverse cellular activities). Originally identified in E. coli on
the basis of a filamentation temperature-sensitive phenotype
(Santos and De Almeida, 1975), FtsH homologs have been found



throughout nature and are implicated in the degradation of both
integral and soluble proteins (Langer, 2000).

Based on experiments conducted in vitro, a two-step pro-
cess has been proposed for the removal of damaged D1 from
chloroplast thylakoid membranes (Spetea et al., 1999; HauBuhl
et al., 2001; reviewed by Adam and Clarke, 2002). First, an HtrA/
DegP homolog, termed DegP2, is thought to catalyze the pri-
mary cleavage of damaged D1 in a stromally exposed region
between helices 4 and 5 of the five-transmembrane D1 subunit
(HauBudhl et al., 2001) in a GTP-stimulated reaction (Spetea et
al., 1999). Second, an FtsH homolog, termed FtsH1, and per-
haps other FtsH homologs, catalyzes the degradation of the
23-kD N-terminal D1 fragment and possibly the C-terminal
degradation product (Lindahl et al., 1996, 2000). In this model,
therefore, FtsH is involved in the removal of D1 fragments and
is not involved in the important primary cleavage event. To date,
the roles of DegP2 and FtsH1 in D1 degradation have not been
assessed in planta.

Here, we report the analysis of PSII repair in a specific ftsH
mutant of Synechocystis in which one of the four FtsH ho-
mologs predicted from analysis of the genome sequence, des-
ignated sIr0228 in cyanobase (http://www.kazusa.or.jp/cyano/
Synechocystis/ index.html), was inactivated insertionally to cre-
ate mutant slr0228::() (Mann et al., 2000). Previous work had
indicated a role for sIr0228 in the assembly of functional photo-
system | (PSI) (Mann et al., 2000). Our results now also identify a
role for this homolog in the early stages of PSII repair. Based on
the presence of FtsH in purified PSIl preparations, we propose
that FtsH (sIr0228) plays a direct role in D1 degradation. Based on
our data and on recent results obtained with an Arabidopsis mu-
tant (Bailey et al., 2002), the involvement of FtsH in the early steps
of D1 degradation appears to be conserved in both cyanobacteria
and chloroplasts. Thus, FtsH appears to play a more important role
in the degradation of damaged D1 than was thought previously.

RESULTS

FtsH (sIr0228) Is Required for the Resistance
of Synechocystis to Moderate Light Stress

For the cyanobacterium Synechocystis, four fisH homologs
(designated sIr0228, sll1463, slr1390, and slr1604) have been
identified in the genome sequence (Kaneko and Tabata, 1997).
Insertion mutants in the true wild-type background have been
obtained for only slr0228 and sll1463; the other ftsH genes
(slr1390 and sIr1604) appear to be essential for cell growth
(Mann et al., 2000). Studies have indicated that cells of the
slr0228 insertion mutant, designated ftsH (sIr0228::(}), in which
the coding region of slr0228 has been disrupted by the in-
sertion of a spectinomycin resistance cassette, have reduced
levels of PSI but wild-type levels of PSIl (Mann et al., 2000).
We found that an additional striking phenotype of the ftsH
(slr0228::Q) insertion mutant was the sensitivity of its growth
to moderate light stress (Figure 1). At low light intensities
(10 wE:m~2-s~1), the mutant grew photoautotrophically in liquid
culture as well as the wild type. A relatively minor increase in
the light intensity to 40 pE-m~2-s~'led to a dramatic cessation
of growth in cultures of the mutant but not the wild type and the
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gradual bleaching of pigment (Figure 1). By contrast, an inser-
tion mutant of ftsH (sll1463) was resistant to this light stress (data
not shown).

In a control experiment, a plasmid harboring a 5.1-kb Hindlll
fragment containing the intact sIr0228 gene plus flanking re-
gions was able to restore photoautotrophic growth to the ftsH
(slr0228::Q)) insertion mutant under nonpermissive light condi-
tions (100 wE-m~2-s~" on the surface of agar plates). In this type
of experiment, an intact copy of ftsH (slr0228) is restored to the
chromosome through homologous recombination with the DNA
fragment contained in the transforming plasmid. Therefore, this
result suggested that the light sensitivity displayed by the ftsH
(sIlr0228::Q)) mutant was caused by the disruption of FtsH (sIr0228)
rather than by a secondary mutation elsewhere in the genome.

The PSII Repair Cycle Is Impaired in the ftsH (slr0228)
Insertion Mutant

To determine whether the loss of FisH (slr0228) impaired the
ability of the cells to repair damaged PSII, PSIl activity, mea-
sured as light-saturated rates of oxygen evolution, was moni-
tored in cells as a function of the time of exposure to high light
either in the absence or the presence of lincomycin, an antibi-
otic that blocks the repair of PSII by inhibiting protein synthesis
de novo (Figure 2A). It should be noted that for the results shown
in Figures 2 and 3, the cell densities were increased to allow bio-
chemical analyses to be performed, so there is no direct com-
parison with the data presented in Figure 1. In the absence of
lincomycin, PSII activity in the wild type was relatively unim-
paired because of an active repair cycle, whereas in the pres-
ence of lincomycin, PSII activity declined with a half-life of ~60
min. Under the latter conditions, the repair cycle was inhibited
totally and the loss of PSII activity was a reflection of the rate of
damage to PSII. By contrast, the ftsH (sIr0228::()) mutant suf-
fered from chronic photoinhibition even in the absence of linco-
mycin (Figure 2A). Under these conditions, PSII repair in the
mutant was unable to match the rate of damage.

By comparing the loss of PSII activity in the presence of lin-
comycin, the rates of damage to PSIl were found to be similar
in both the wild type and the mutant. After transfer to low-light
conditions, a slow recovery of PSII activity was observed in the
mutant only in the absence of lincomycin (Figure 2A). Cell viabil-
ity measurements excluded the possibility that the fisH (sIr0228::(})
mutant was more prone to death during the period of high-light
illumination (see supplemental data online). Together, these data
indicated that the lack of FtsH (slr0228) caused enhanced sus-
ceptibility of PSIl to photoinhibition because of an impaired
PSII repair cycle rather than an increased rate of damage to
PSIl. When cells were exposed to lower light intensities, at
which the rate of damage to PSIl was reduced compared with
that at higher light intensities, PSII repair in the ftsH (slr0228::())
mutant was sufficient to match the rate of damage (Figure 2B).

The Rate of D1 Degradation Is Slowed in the ftsH
(slr0228) Mutant

Radiolabeling experiments using radioactive Met were performed
to investigate the rates of D1 synthesis in the wild type and the
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Figure 1. Photoautotrophic Growth of Synechocystis Wild Type and sIr0228::().

(A) All cultures were grown at 31 to 32°C in BG-11 medium with air bubbling and stirring. Initially, cultures were grown in low light (LL) (10 wE-m~2-s~")
for 58 h. At this point (indicated by the black arrow), a wild-type (WT) culture (red line) and a mutant culture (green line) were moved to a higher light
intensity (HL) (40 wE-m~2-s~"). Wild-type LL and slr0228::() LL continued to be grown at low light (10 wE-m~2-s~"). For each time point, duplicate mea-
surements of OD;3, were made and plotted as the average. The differences between the two values were less than the size of the symbols.

(B) Top photograph, cultures after 58 h; bottom photograph, the same cultures after 100 h.

mutant at low light and the subsequent rates of D1 degradation
at high light (Figure 3). Lincomycin was added after the pulse
period to exclude any possible effects of protein synthesis on
D1 degradation (Komenda et al., 2000). The intensities of the
majority of radiolabeled bands were similar in the slr0228::()
mutant and the wild type. Most notably, the rate of D1 synthe-
sis, as assessed by the intensity of the radiolabeled D1 band
in the pulse period, was reduced in the mutant compared with
that in the wild type (Figure 3B, lanes 0). In addition, the sIr0228::()
mutant showed a pronounced doublet band in the D1 region. Be-
cause the upper band of the doublet had disappeared by the first
time point of the chase and there was a concomitant increase
in the intensity of the lower band of the doublet, it is likely that
the upper band represents a D1 precursor. Normally, C-termi-
nal processing of precursor D1, which occurs in two steps in
Synechocystis (Inagaki et al., 2001), is far too rapid to be de-
tected on this time scale in the wild type (Figure 3B). For the
wild type, the loss of radiolabeled D1 occurred with an approx-
imate half-life of 2 h. In the sIr0228::() mutant, however, little
loss of radiolabeled D1 occurred during the high-light treat-
ment. This experiment indicated that the D1 repair cycle in the
mutant was slowed at the levels of D1 synthesis and D1 pro-
cessing and importantly at the primary cleavage step in D1
degradation, which is proposed in chloroplasts to yield N-terminal
23-kD (Greenberg et al., 1987) and C-terminal 10-kD (Canovas
and Barber, 1993) D1 fragments.

Immunoblot experiments also confirmed that the rate of deg-
radation of bulk D1, assembled into PSIl complexes, and not
just newly synthesized D1, was slowed in the sIr0228::() mutant
(Figure 3C). In the presence of lincomycin, D1 degradation again

proceeded with a half-life of ~2 h in the wild type but was slowed
dramatically in the mutant (Figure 3C). No D1 breakdown frag-
ments were detected in either mutant or wild-type samples using
a C-terminal-specific D1 antibody that had been used previously
to identify D1 fragments in higher plants (Canovas and Barber
(1993) (data not shown).

A pulse-chase experiment also was performed in the absence
of lincomycin. As shown in Figure 3D, loss of radiolabeled D1
again was impaired in the slr0228::Q) mutant compared with that
in the wild type, and there was no accumulation of D1 fragments
as assessed by immunoblot analysis.

Lipid Composition in an FtsH (slr0228)-Deficient Mutant

E. coli ftsH null mutants have been found to be lethal to cell
growth because of effects on the synthesis of lipopolysaccha-
rides and phospholipids (Ogura et al., 1999). Therefore, the lipid
content of an ftsH (slr0228) insertion mutant was investigated
as a possible reason for its sensitivity to photoinhibition.
Qualitative analysis using thin layer chromatography showed
that the content of neither galactolipids (composed mainly of
mono- and digalactosyldiacylglycerol and sulfoquinovosyldia-
cylglycerol) nor phospholipids differed between the glucose-
tolerant wild type (wild-type-G) and a derivative, slr0228::kanR,
in which the sIr0228 gene was inactivated (data not shown).
Upon further analysis of fatty acids by gas liquid chromatogra-
phy, however, we found that the slr0228::kan® mutant contained
a greater proportion of saturated fatty acids than the wild type
(Figure 4A), which would tend to decrease the fluidity of the
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Figure 2. Effect of Light on Oxygen Evolution from Whole Cells of Syn-
echocystis Wild Type and slIr0228::Q).

Cells at a chlorophyll concentration of 20 wg/mL were exposed to either
high light (1000 pE-m~2-s~7) (A) or low light (100 pnE-m~2-s~7) (B) in the
absence (closed symbols) or presence (open symbols) of lincomycin
(100 pg/mL). The hatched area in (A) represents the recovery period un-
der light growth conditions of 10 nE-m=2-s~1. WT, wild type. In (B), the
wild-type data are indicated by squares and the data for the slr0228::Q)
mutant are indicated by circles. Averages of two measurements of the
same sample are plotted. Error bars indicate the range between the two
values. Oxygen evolution was assayed in the presence of ferricyanide
(1 mM) and 2,5-dimethylbenzoquinone (1 mM).
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membrane. Small decreases in the level of unsaturated 18-car-
bon fatty acids were matched by an increase in the proportion
of 16:0 molecules.

Because the composition of the thylakoid membrane has the
potential to affect the dynamics of PSII repair, particularly at low
temperature (Kanervo et al., 1997), it was important to deter-
mine the potential effect of the changes in fatty acids on PSII
turnover in slr0228-deficient Synechocystis. Therefore, the pho-
toinhibition phenotype of the desA~/desD~ strain (kindly donated
by N. Murata, National Institute for Basic Biology, Okazaki, Japan)
was compared with those of wild-type-G and slr0228::kanR. This
desA~/desD~ mutant is missing the acyl-lipid desaturases that
introduce double bonds into the A12 and A6 positions of C4g
fatty acids and so has lost all fatty acids with double bonds at
those positions. It has been reported that PSII repair proceeds
normally at 30°C but is impaired at 20°C (Kanervo et al., 1997).
The desA~/desD~ cells contain no polyunsaturated fatty acids,
a more severe phenotype than that of the sIr0228::kan® mutant.
After a 2-h exposure to high light (1400 wE-m~2-s~7) at 30°C, ox-
ygen evolution had declined to almost zero in the slr0228::kan?
mutant, whereas wild-type and desA~/desD~ continued to evolve
oxygen at similar rates. After overnight incubation at low light,
the sIr0228::kan® mutant showed no detectable activity, in con-
trast with the wild type and the desaturase mutant (Figure 4B).
This evidence suggests that the small changes in the fatty acid
composition of the sIr0228::kan® mutant are not responsible for
changes in the repair cycle.

Detection of FtsH in His-Tagged CP47 Preparations
Isolated from Strain HT-3 of Synechocystis

The role of FtsH (sIr0228) in D1 turnover in vivo may be direct,
indirect, or both. To assess whether FtsH (slr0228), and possi-
bly other ftsH gene products, could interact directly with PSII,
experiments were performed to determine if FtsH copurified
with PSII in preparations in which the PSIlI subunit, CP47, was
His tagged (Figure 5). We hypothesized that His-tagged CP47
isolated from detergent-solubilized cyanobacterial membranes
using immobilized Ni2*-affinity chromatography would contain
not only active PSIl complexes but also complexes that were
undergoing assembly or repair. We found that the Ni2* resin re-
tained immunodetectable FtsH (Figure 5A) as well as PSIl com-
plexes, as monitored by D1 immunoblot analysis (Figure 5B).
The FtsH antiserum used in this work was raised to a peptide
predicted from the sequence of E. coli FtsH and, in principle,
can recognize all four FtsH homologs in Synechocystis. In par-
allel work, Kashino and colleagues (2002) used mass spec-
trometry to analyze the protein composition of the same type of
His-tagged PSII preparation described here and unambigu-
ously detected both FtsH (sIr0228) and FtsH (slr1604). How-
ever, those authors could not exclude the nonspecific binding
of FtsH homologs to the Ni2* resin. To exclude this important
possibility, we chromatographed detergent-solubilized mem-
brane extracts from wild-type Synechocystis lacking a His tag
on CP47. As expected, PSIl no longer bound to the Ni?* resin
(Figure 5D). Importantly FtsH also was unable to bind to the
resin in detectable amounts (Figure 5C). From immunoblots of
concentrated fractions (lanes 5 to 8 in Figures 5A to 5D), we es-
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Figure 3. Synthesis and Degradation of D1 Protein in Cells Isolated from Synechocystis Wild Type and sIr0228::().

(A) and (B) Cells were labeled for 60 min at 100 pE:-m~2-s~" in the presence of L-3*S-Met, lincomycin was added (100 pg/mL), and then cells were ex-
posed for 2, 4, or 6 h at 1000 wE-m~2-s~1. Thylakoid membranes were isolated and analyzed by SDS-PAGE followed by Coomassie blue staining (A)
and autoradiography (B). All samples contained 1 g of chlorophyll. The location of the radiolabeled D1 polypeptide is indicated at right (-D1). The rel-
ative migration of molecular mass standards is indicated at left. The black dot indicates the band assigned to a precursor of D1. WT, wild type.

(C) Rate of degradation of total D1 is reduced in the sIr0228::Q) mutant as assessed by immunoblot analysis using D1-specific antibodies. Thylakoids
were isolated under the experimental conditions described for (A). Percentage D1 levels shown below the lanes were estimated by comparing the in-
tensity of cross-reaction to a dilution series (1/2 and 1/4) of the relevant samples taken at time 0.

(D) Pulse-chase analysis of the wild type and the sIr0228::Q) mutant in the absence of lincomycin with a pulse period of 60 min at 100 wE-m~2-s~'and
a chase period of 2 h at 1000 wE-m~2-s~'. Thylakoid proteins were separated by SDS-PAGE and stained with Coomassie blue (Stain), and radiola-
beled proteins were detected by autoradiography (Autorad). The position of D1 was confirmed by immunoblot analysis («-D1). All samples contained
1 ng of chlorophyll. The black dot indicates the band assigned to a precursor of D1.
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(A) Fatty acid composition of thylakoid membranes isolated from the
glucose-tolerant wild-type strain (light gray bars) and the sIr0228::kan”
mutant (dark gray bars). X:Y refers to the number of carbon atoms in the
fatty acid (X) and the number of double bonds (Y).

(B) Oxygen evolution of the glucose-tolerant wild-type strain (WT),
slr0228::kank (sIr0228), and desA-/desD~ Synechocystis cells (desA/
desD) in low light (t = 0 h, 10 umol-m~2-s~1; black bars), after 2 h of light
at ~1400 wmol-m~2-s~1 (light gray bars), and after recovery in low light
(19 h at 10 wmol-m~2-s~; dark gray bars). Results from duplicate cul-
tures are shown. Because of differences in the wild-type background
strain and the experimental conditions, these data cannot be compared
directly with the data in Figure 2. chl, chlorophyll.

timated the amount of nonspecific binding of immunodetect-
able FtsH to the Ni2* resin to be <5% of that found in the His-
tagged CP47 preparation (data not shown).

Another control experiment using a His-tagged derivative of
the membrane-bound IMMUTANS protein from Arabidopsis
(Prommeenate et al., 2001) confirmed that FtsH did not bind to
His-tagged membrane proteins in general (Figures 5E and 5F).
Other control experiments confirmed that His-tagged CP47 re-
tained FtsH when the chromatography was conducted in the
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presence of high salt (500 mM NaCl) and when Co2* rather than
Ni2+ was used as the immobilized ion (data not shown).

Reduced Levels of FtsH in His-Tagged CP47 Preparations
Isolated from a sIr0228 Insertion Mutant

To assess whether FisH (sIr0228) was required for the binding
of other FtsH homologs to PSII, we examined the levels of FtsH
in PSII preparations isolated from a His-tagged CP47 strain of
Synechocystis in which ftsH (sIr0228) had been inactivated (strain
HT-3/sIr0228::cmR). The results presented in Figure 6 show that
the level of immunodetectable FtsH was reduced to <25% of
that in the wild-type preparation. Upon careful examination of
the Coomassie blue-stained gel, minor staining bands that
comigrated with the immunodetectable FtsH bands were found
to be reduced in intensity in the slr0228 mutant compared with
the wild-type sample. Together, these results suggested that
other FtsH homologs are able to bind to PSIl independently of
FtsH (slr0228) but at reduced levels.

FtsH Forms a Large Protein Complex

In mitochondria and E. coli, FtsH forms a large protein complex
(Kihara et al., 1996; Steglich et al., 1999). The molecular mass
of the FtsH species found in the His-tagged PSII preparation
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Figure 5. FtsH Homologs Bind to Isolated PSIl Complexes.

Fractions obtained from immobilized Ni2*-affinity chromatography of
solubilized thylakoid membranes containing His-tagged PSII ([A] and
[B]), non-His-tagged PSII ([C] and [D]), and non-His-tagged PSII with
added His-tagged IMMUTANS (IM; [E] and [F]) were immunoblotted
with antibodies («-) specific for FtsH ([A], [C], and [E]), D1 ([B] and [D]),
and IMMUTANS (F). Lane 1, solubilized thylakoid membranes added to
the Ni2*-charged resin; lane 2, unbound material; lane 3, fifth wash; lane
4, last wash before elution; lane 5, elution with 50 mM imidazole; lane 6,
elution with 100 mM imidazole; lane 7, elution with 150 mM imidazole;
lane 8, elution with 300 mM imidazole. WT-G, glucose-tolerant wild
type.
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Figure 6. FtsH Homologs Are Depleted in His-Tagged PSl!I Isolated from a Strain Lacking FtsH (sIr0228).

Analysis of FtsH proteins in thylakoid membranes and His-tagged PSII preparations isolated from Synechocystis (strain HT-3) and a derivative lacking
functional FtsH (sIr0228) (strain HT-3/sIr0228::cmR, designated sIr0228 in [A]). A dilution series of the PSII preparation from HT-3 was used to quantify

immunoblots.

(A) At top, a Coomassie blue-stained 12% SDS-PAGE gel containing 6 M urea; at bottom, immunoblots using antibodies («-) specific for D1 and
FtsH. Apart from the dilution series, all samples contained 1 g of chlorophyll. The relative migration of unstained molecular mass standards (uM) is

indicated at left. Lane pM contains prestained marker proteins.
(B) Magnification of the FtsH region.

isolated from strain HT-3 was assessed by blue-native PAGE in
the first dimension followed by immunoblot analysis of protein
separated by SDS-PAGE in the second dimension. As expected,
PSII showed monomeric and dimeric complexes with predicted
sizes of 250 and 500 kD, respectively (Figure 7A). Also observed
were complexes assigned to monomeric and dimeric PSIl com-
plexes lacking CP43, so-called CP47 reaction centers (Rhee et
al., 1998), as well as a complex probably consisting of a het-
erodimer of one PSIl complex and one CP47 reaction center. Im-
munoblot experiments confirmed that under these conditions,
immunodetectable FtsH, potentially consisting of one or more
homologs, migrated mainly in a complex or complexes of >500
kD and did not comigrate with the majority of the PSIl com-
plexes identified on D1 and CP47 immunoblots (Figure 7B). Im-
munodetectable FtsH also was observed as a smear rather than
as a distinct band, possibly because of heterogeneity in the sizes
of the complexes containing FtsH. The lack of detectable comi-
gration of FtsH and His-tagged CP47 on overexposed immuno-
blots indicated that FtsH was attached only weakly to com-
plexes containing His-tagged CP47 and could not be isolated
as a distinct complex with CP47 by blue-native PAGE.

DISCUSSION

FtsH (sIr0228) Is Important for Photoprotection

The striking sensitivity of the growth of the sIr0228 mutant to
light emphasizes the physiological importance of this protease
for cell viability after light stress. A role for sIr0228 in photopro-
tection also is in agreement with recent DNA microarray data
that indicated a strong increase in the transcript levels for slr0228
upon exposure to high light (Hihara et al., 2001). Although we
have shown the involvement of FtsH (sIr0228) in PSII repair in re-
sponse to high light, it remains possible that FtsH (sIr0228) plays
a general role in the removal of unassembled or damaged mem-
brane proteins under a variety of different stress conditions.

FtsH (sIr0228) Is Required for Efficient PSIl Repair
in High Light

Our experiments clearly show that the PSII repair cycle is im-
paired in the ftsH (slr0228) mutant. The reduced rates of D1 syn-
thesis, processing, and degradation observed in the sIr0228::Q)
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Figure 7. Analysis of His-Tagged PSII by Two-Dimensional Gel Electrophoresis.

(A) Complexes were separated in the first dimension using blue-native PAGE (5 to 16% polyacrylamide gels) followed by SDS-PAGE in the second di-
mension and silver staining. The positions of dimeric and monomeric PSIl complexes and CP47 reaction center complexes in the first dimension are

indicated by lines above the gel.
(B) Immunoblots using antibodies («-) against FtsH, D1, and CP47.

mutant are compatible with a synchronized repair process, as
suggested by Komenda and Barber (1995), in which the syn-
thesis and incorporation of D1 into a PSIl complex and the deg-
radation of damaged D1 are mutually dependent. Therefore, in
principle, impaired D1 degradation might result from impaired
D1 synthesis (Komenda et al., 2000). However, the rate of D1
degradation was slowed even in the presence of lincomycin, so
any effects of protein synthesis on D1 degradation can be ex-
cluded. This feature suggests a role for FtsH (sIr0228) in the
degradation of D1. This might be because sIr0228 plays a di-
rect role in D1 degradation or has indirect effects on the D1 re-
pair cycle, such as on the disassembly of the damaged PSII
complex before D1 degradation, the accumulation of other pro-
teases involved in D1 degradation, the recruitment of chaper-
ones/proteases to damaged PSII, or the presentation of dam-
aged D1 to the degradation machinery, possibly after the
migration of damaged PSII from the thylakoid to the cytoplas-
mic membrane, in which D1 and D2 are thought to be synthe-
sized (Smith and Howe, 1993; Zak et al., 2001). The data shown

in Figure 4 indicate that the lipid content in the mutant and the
wild type is quite similar, so it is unlikely that slowing in the
repair cycle is the result of a general effect of membrane fluidity
on the migration of damaged PSII within the cell.

FtsH (sIr0228) Is Required at an Early Stage
of D1 Degradation

Notably, the degradation of D1 is impaired in the sIr0228::()
mutant at an early stage, because full-length (as assessed by
SDS-PAGE) damaged D1 persists within the membrane. No D1
breakdown products were observed either immunochemically
or after the radiolabeling of D1. Importantly, the lack of fragmen-
tation of D1 in the sIr0228::Q) mutant suggests that D1 cleavage
and degradation are largely enzymatic under normal conditions
in vivo and not reliant on the action of reactive oxygen species
generated by damaged PSII (Mishra et al., 1994; Miyao et al.,
1995). However, reactive oxygen species are likely to be respon-
sible for the irreversible damage that causes the conformation
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changes that in turn trigger D1 for enzymatic degradation (Sharma
etal., 1997).

FtsH Homologs Bind to PSII

A direct role for FtsH (slr0228) in the repair cycle is strength-
ened considerably by the immunochemical detection of FtsH in
a His-tagged PSI| preparation (Figure 5). In parallel to our im-
munoblotting approach (Silva and Nixon, 2001), Kashino et al.
(2001, 2002) have shown using mass spectrometry that both
FtsH (slr0228) and FtsH (slr1604) are present in this type of His-
tagged PSII preparation. Importantly, we show here that the
presence of FtsH homologs in the His-tagged PSII preparation
cannot be explained by nonspecific binding to the Ni2* resin
(Figure 5). Thus, FtsH is able to attach to complexes containing
His-tagged CP47. Given the phenotype of the sIr0228::Q) mu-
tant, the simplest model for the function of FtsH (sIr0228) is a
direct role in the biogenesis and/or degradation of PSII or its
subunits. The abundance of FtsH is relatively low compared
with that of the other PSII subunits, as determined by Coo-
massie blue staining, indicative of its presence in a minor frac-
tion of PSII (Figure 6). This might be a reflection of the pres-
ence in the preparation of PSIl complexes undergoing repair.
To date, attempts to identify proteases that copurify with PSII
from chloroplasts have been unsuccessful, possibly because
the starting material usually has been PSII from the appressed
thylakoid membranes rather than from the nonappressed stro-
mal lamellae, where PSII repair is believed to occur. In our ap-
proach, there was no initial bias in the PSIlI chosen for purifica-
tion because our membrane samples contained all cellular
membranes, including the plasma membrane.

The analysis presented here of a His-tagged PSII preparation
isolated from an slr0228 insertion mutant indicates that one or
more FtsH homologs are able to bind to PSII, albeit at reduced
levels compared with those in wild-type preparations. The abil-
ity of other FtsH homologs to bind to PSII would explain why
there is still PSII repair in the sIr0228::Q) mutant at low light in-
tensities (Figure 2B). However, at higher light intensities, in the
absence of FtsH (slr0228), the degradation of damaged D1 is un-
able to match the increased rate of damage to PSII (Figure 2A).

VAR1 and VAR2 Are Close Relatives of FtsH (slr0228)
in the Chloroplast and Also Are Important
for Preventing Photoinhibition

Current predictions suggest that six to eight FtsH homologs
might be targeted to the chloroplast of Arabidopsis (Adam et
al., 2001; Sokolenko et al., 2002). Such a large number might
reflect the targeting of different homologs to different membranes
(e.g., the thylakoid and the inner envelope membrane), different
substrate specificities, and different patterns of expression.

Two Arabidopsis ftsH mutants, var? (Sakamoto et al., 2002)
and var2 (Chen et al., 2000; Takechi et al., 2000), have been
identified. They are both variegated, consistent with a role for
FtsH in the development of chloroplasts. Based on the analysis
of the sIr0228 mutant described here, the effect of high light on
PSII activity was examined recently in the green sectors of the
var2 mutant of Arabidopsis (lacking FtsH2). PSIlI was found to

be more susceptible to photoinhibition than the wild type, and
the degradation of D1 and D2 in lincomycin-treated detached
leaves was impaired (Bailey et al., 2002). In contrast to the work
presented here, selective D1 turnover has yet to be analyzed in
var2 or any plant FtsH mutant. Nevertheless, it is likely that var2
is impaired in the early steps of D1 degradation (Bailey et al.,
2002). Interestingly, VAR2 is the closest Arabidopsis homolog
to FtsH (sIr0228). More recently, the var1 mutant of Arabidopsis
(lacking FtsH5) also was shown to be important for withstand-
ing photoinhibition, although the effects on D1 degradation have
yet to be analyzed (Sakamoto et al., 2002). Besides its effects
on the development of chloroplasts, the downregulation of chlo-
roplast FtsH expression is important for the hypersensitive re-
action after virus infection, probably because of the loss of photo-
synthetic activity in infected cells (Seo et al., 2000).

A Possible Conserved Mechanism for D1 Degradation
in Cyanobacteria and Chloroplasts Involving FtsH

The analyses of the var2 mutant (Bailey et al., 2002) and the
slr0228 mutant presented here suggest a conserved role for
FtsH in D1 degradation in oxygenic photosynthetic organisms.
Because D1 degradation is blocked at an early stage in both
mutants, we propose that FisH is involved in the degradation of
full-length damaged D1, not just breakdown fragments, as sug-
gested previously (Lindahl et al., 2000).

Based on studies of FtsH in E. coli (Akiyama and Ito, 2003)
and its homologs in mitochondria (Langer, 2000), suggestions
can be made for how FtsH (slr0228) and its chloroplast homologs
could catalyze D1 degradation. The ATPase activity of FtsH
(slr0228), and possibly other homologs, might drive the pulling of
damaged full-length D1, or D1 fragments, through a large FtsH
pore within the membrane (Shotland et al., 1997). The data shown
in Figure 7 support the idea that the FtsH homologs are able to
form large protein complexes in Synechocystis. D1 proteolysis
might occur from either the free N or C terminus of damaged
D1 (Chiba et al., 2002) or perhaps from the ends generated by
endoproteolytic cleavage (Shotland et al., 2000) of D1 in ex-
posed regions of the protein, such as between transmembrane
helices 4 and 5, close to the binding pocket of the secondary
quinone. By analogy with the situation in E. coli, the proteolytic
activity of FtsH could be stimulated by the proton-motive force
across the thylakoid membrane (Akiyama, 2002) and be a highly
processive reaction, so that D1 degradation products would not
normally accumulate in vivo. In the case of wild-type Synechocys-
tis, there is no indication of the light-induced accumulation of D1
fragments in vivo, and for plants, D1 fragments have been de-
tected only under rather extreme conditions in which the normal
enzymatic removal of damaged D1 might have been unable to
keep pace with the production of damaged PSII (Greenberg et al.,
1987; Canovas and Barber, 1993). Under such circumstances, the
observed D1 fragments might be generated by reactive oxygen
species or proteases unrelated to FtsH.

Analysis of D1 Degradation in Vitro and in Vivo

To understand the pathway or pathways of D1 degradation, it is
important to combine data obtained in vitro with that obtained



with mutants in vivo. There are clear advantages and disadvan-
tages to both approaches. To date, the in vitro approach has
identified a role for chloroplast FtsH1 in the degradation of a D1
fragment but has failed to identify a possible role for FtsH in
the degradation of full-length damaged D1. This might reflect
the weak and unstable activity of FtsH used in the assay and
the difficulty of measuring the small amount of full-length D1
degradation on immunoblots. At a more fundamental level, re-
cent work with E. coli FtsH suggests that it is important to use a
membrane system and not detergent-solubilized extracts to re-
constitute the FtsH-catalyzed degradation of a membrane
protein (Akiyama and lto, 2003). Therefore, the use of membrane
vesicles might be a useful approach in the future to determine
whether FtsH alone can degrade full-length damaged D1 in vitro.

Are Multiple Proteases Involved in D1 Degradation
in Synechocystis?

A survey of the Synechocystis genome has revealed 62 poten-
tial peptidases, many of which have close homologs in the
chloroplast (Sokolenko et al., 2002). To date, the contribution of
each of these to D1 degradation has not been assessed. Based
on experiments in vitro, a member of the HtrA/DegP family of
proteases, DegP2, has been suggested to catalyze the initial D1
cleavage event in chloroplasts (HauBihl et al., 2001). Although
DegP2 is related to the HtrA/DegP family of proteases in Syn-
echocystis, it is much larger, containing ~200 additional amino
acid residues at the C terminus (HauBuhl et al., 2001). In this
respect, there is no obvious close homolog of the DegP2 pro-
tease in Synechocystis. Therefore, the use of DegP2 in D1 deg-
radation in chloroplasts might have occurred after the divergence
of cyanobacteria and chloroplasts. The contribution of the DegP/
HtrA proteases found in Synechocystis to D1 degradation in vivo
is unclear, although it is known that they are needed for growth
at high light intensities (Silva et al., 2002). However, the dramatic
phenotype of the slr0228 mutant described here suggests an
important physiological role for this particular FtsH protease in
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the degradation of damaged D1. Importantly, its absence can-
not be compensated for totally by other proteases within the
cell, including the other members of the FtsH protease family.

METHODS

Synechocystis Strains and Growth Conditions

Table 1 describes the Synechocystis strains used in this work. The
slr0228::Q) mutant and wild-type Synechocystis sp PCC 6803 were
grown photoautotrophically in BG-11 medium (Rippka, 1972) at 28 to
30°C and at a light intensity of 10 wumol-m~2-s~1. All strains constructed
in the glucose-tolerant background were grown mixotrophically in
the presence of 5 mM glucose at 28 to 30°C and at a light intensity of
20 pE'm~2-s~1'. Standard methods were used to generate the Syn-
echocystis mutants constructed in this work (Williams, 1988), and PCR
was used to confirm that all copies of slr0228 had been inactivated. The
desA~/desD~ strain (Tasaka et al., 1996) was made available by N.
Murata.

Photoinhibition Experiments

The photoinhibition experiments, pulse-chase radiolabeling of cells with
353-Met, isolation of thylakoids, and oxygen evolution measurements
were performed as described by Komenda and Barber (1995). Cell cul-
tures were harvesting in early to mid exponential phase.

Isolation of His-Tagged Photosystem II

His-tagged photosystem Il (PSIl) complexes were isolated according to
Bricker et al. (1998) with the following modifications. Thylakoid mem-
branes were resuspended in buffer A (50 mM Mes, pH 6.0, 25% [v/v]
glycerol, 20 mM CaCl,, and 5 mM MgCl,) and solubilized at a final con-
centration of 1 mg chlorophyll/mL with 1% (w/v) B-D-dodecyl maltoside
(DM) at 4°C for 10 min. Unsolubilized membranes were removed by cen-
trifugation at 150,000g for 30 min using a Beckman Ti70 rotor. The solu-
bilized extract was diluted to 0.15 mg chlorophyll/mL with buffer A, and
70 pL was mixed for 1 h at 4°C with 200 uL of nitrilotriacetic acid aga-
rose resin (Qiagen, Valencia, CA) charged with Ni2*. The resin was

Table 1. Synechocystis Strains Used in This Study

Strain Relevant Genotype

Reference

Wild-type Synechocystis sp PCC 6803
Synechocystis sp PCC 6803-G

Glucose-tolerant derivative of the wild type
HT-3 C-terminal Hisg-tagged derivative of CP47 (PsbB);

Pasteur Culture Collection
Williams (1988)
Bricker et al. (1998)

glucose-tolerant background; kan®

slr0228::Q)

Insertion of a 2-kb () fragment into the Accl site of

Mann et al. (2000)

ftsH (sIr0228) 233 bp downstream of the initiation
codon; wild-type background; spec?

HT-3/sIr0228::cmR

Replacement of a 0.5-kb Smal fragment within ftsH

This work

(sIr0228) with a chloramphenicol resistance cassette;
coding region disrupted 253 bp downstream of the
initiation codon; HT-3 background; kanR, cm®

slr0228::kanR

Insertion of a kanamycin resistance cassette into ftsH

This work

(sIr0228) at the Mscl site 1144 bp downstream of
the initiation codon; glucose-tolerant wild-type

background; kan®
desA~/desD~

desA::(kanR+bleR)/desD::cmP; glucose-tolerant
wild-type background

Tasaka et al. (1996)
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washed at least five times with 150 pL of buffer A containing 0.03% DM
and 5 mM imidazole, and the bound proteins were eluted step-wise with
150-pL fractions of buffer A and 0.03% DM containing increasing con-
centrations of imidazole (50, 100, 200, and 300 mM). Fractions were an-
alyzed on an equal-volume basis. To determine whether FtsH could bind
to IMMUTANS, His-tagged IMMUTANS (14 ng) (Prommeenate et al.,
2001) was incubated on ice for 10 min with a solubilized extract obtained
from the glucose-tolerant strain of Synechocystis (0.15 mg chlorophyll/
mL; final volume of 70 pL) and then chromatographed using the Ni2*-
charged resin as described above.

Gel Electrophoresis and Immunoblot Analysis

SDS-PAGE and immunodetection were performed as described by
Hankamer et al. (1997). The D1-specific antiserum was raised against a
C-terminal peptide and has been described by Nixon et al. (1990). Quan-
titation of the intensity of bands was performed using NIH Image soft-
ware version 1.62. Blue-native gel electrophoresis was performed ac-
cording to Schégger and von Jagow (1991) and Schégger et al. (1994)
using His-tagged PSIl complexes isolated as described above. Fifty-
microliter samples were prepared for electrophoresis by mixing 10 p.L of
Coomassie Brilliant Blue G 250 stock solution (5% [w/v] in 500 mM ami-
nocaproic acid), 20 pL of 50 mM Bis-Tris, pH 7.0, 750 mM aminocaproic
acid, and 20 pL of PSII (containing 2 g of chlorophyll) in buffer A con-
taining 100 mM imidazole and 0.03% (v/v) DM. Electrophoresis through
5 to 16% polyacrylamide gels was performed at 100 V and 15 mA over-
night at 4°C, and then the voltage was increased to 400 V for 3 to 4 h. Af-
ter denaturing electrophoresis in the second dimension, gels were
stained with silver as described by Blum et al. (1987) or immunoblotted.

Lipid Analysis

Membranes were prepared from Synechocystis cells essentially accord-
ing to Régner et al. (1990). Lipid and fatty acid extraction was performed
as described by Kruse et al. (2000). The relative amounts of galactolipid
or phospholipid were investigated using thin layer chromatography,
staining with anthron or molybdenum oxide, respectively. Fatty acid
composition was analyzed using gas liquid chromatography, again ac-
cording to Kruse et al. (2000).

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 Peter J. Nixon, p.nixon@imperial.ac.uk.
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