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Band 7 proteins, which encompass members of the stomatin, prohibitin, flotillin, and HfIK/C protein families, are
integral membrane proteins that play important physiological roles in eukaryotes but are poorly characterized
in bacteria. We have studied the band 7 proteins encoded by the cyanobacterium Synechocystis sp. strain PCC
6803, with emphasis on their structure and proposed role in the assembly and maintenance of the photosyn-
thetic apparatus. Mutagenesis revealed that none of the five band 7 proteins (Slr1106, Slr1128, Slr1768,
S110815, and S111021) was essential for growth under a range of conditions (including high light, salt, oxidative,
and temperature stresses), although motility was compromised in an Slr1768 inactivation mutant. Accumu-
lation of the major photosynthetic complexes in the thylakoid membrane and repair of the photosystem II
complex following light damage were similar in the wild type and a quadruple mutant. Cellular fractionation
experiments indicated that three of the band 7 proteins (SIr1106, Slr1768, and Slr1128) were associated with
the cytoplasmic membrane, whereas Slr1106, a prohibitin homologue, was also found in the thylakoid mem-
brane fraction. Blue native gel electrophoresis indicated that these three proteins, plus S110815, formed large
(>669-kDa) independent complexes. SIr1128, a stomatin homologue, has a ring-like structure with an approx-
imate diameter of 16 nm when visualized by negative stain electron microscopy. No evidence for band 7/FtsH
supercomplexes was found. Overall, our results indicate that the band 7 proteins form large homo-oligomeric
complexes but do not play a crucial role in the biogenesis of the photosynthetic apparatus in Synechocystis sp.

strain PCC 6803.

Members of the band 7 superfamily of proteins are found
throughout nature and are defined by a characteristic sequence
motif, termed the SPFH domain, after the initials of the vari-
ous subfamilies: the stomatins, the prohibitins, the flotillins
(also known as “reggies”), and the HIK/C proteins (12, 49).
The stomatins and prohibitins and to a lesser extent flotillins
are highly conserved protein families and are found in a variety
of organisms ranging from prokaryotes to higher eukaryotes
(29, 34, 49), whereas HfIK and HfIC homologues are only
present in bacteria.

In eukaryotes band 7 proteins are linked with a variety of
disease states consistent with important cellular functions (6).
In general the eukaryotic band 7 proteins tend to be oligomeric
and are involved in membrane-associated processes: for exam-
ple, prohibitins are involved in modulating the activity of a
membrane-bound FtsH protease (17, 46) and the assembly of
mitochondrial respiratory complexes (30), stomatins are in-
volved in ion channel function (47), and flotillins are involved
in signal transduction and vesicle trafficking (25).
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In the case of prokaryotes, most work so far has focused on
the roles of the HIK/C and YbbK (also known as QmcA, a
stomatin homologue) band 7 proteins of Escherichia coli (7, 16,
17, 36) and the structure of a stomatin homologue in the
archaeon Pyrococcus horikoshii (57). Much less is known about
the structure, function, and physiological importance of band 7
proteins in other prokaryotes, especially the cyanobacteria
(12).

The unicellular cyanobacterium Synechocystis sp. strain PCC
6803 is a widely used model organism for studying various
aspects of cyanobacterial physiology and, in particular, oxy-
genic photosynthesis. One of the main areas of our research is
to understand the mechanism by which the oxygen-evolving
photosystem II (PSII) complex found in the thylakoid mem-
brane of Synechocystis sp. strain PCC 6803 is repaired following
light damage. Recent work has identified an important role for
FtsH proteases in PSII repair (19, 41). Given that FtsH is
known to form large supercomplexes with HIK/C in E. coli
(36) and with prohibitins in Saccharomyces cerevisiae mito-
chondria (46), we hypothesized that one or more band 7 pro-
teins might interact with FtsH in cyanobacteria and play a role
in the selective turnover of the D1 reaction center polypeptide
during PSII repair and so provide resistance to high light stress
(40). This idea was given early support by the detection of both
FtsH and SIr1106, a prohibitin homologue, in a His-tagged
PSII preparation isolated from Synechocystis sp. strain PCC
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6803 (40) and the detection of SIr1128 (a stomatin homo-
logue), S111021 (a possible flotillin homologue), and FtsH in a
His-tagged preparation of ScpD, a small chlorophyll a/b-like-
binding protein that associates with PSII (56). Recent mu-
tagenesis experiments have also suggested a role for Slr1128 in
maintaining growth at high light intensities (53).

In this paper we have used targeted gene disruption mu-
tagenesis and various biochemical approaches to investigate
the structure and function of band 7 proteins in Synechocystis
sp. strain PCC 6803, with particular emphasis on PSII function.
We provide evidence that four predicted band 7 proteins in
Synechocystis sp. strain PCC 6803 (SIlr1106, Slr1768, SIr1128,
and SlI8015) form large independent complexes, which in the
case of SIr1128 forms a ring-like structure. No evidence was
found for the formation of supercomplexes with FtsH. Impor-
tantly, single and multiple insertion mutants lacking up to four
of the five band 7 proteins are able to grow as well as the wild
type (WT) under a range of growth conditions, including high
light stress. Our results suggest that band 7 proteins are not
essential in Synechocystis sp. strain PCC 6803 and are not
required for efficient PSII repair. Possible functions of the
cyanobacterial band 7 proteins are discussed in the light of
recent results from other systems.

MATERIALS AND METHODS

Databases and phylogenetic analyses. Protein sequences were retrieved from
the UniProt (release 14.6; http://www.uniprot.org/) (1) and the NCBI protein
(http://www.ncbi.nlm.nih.gov/sites/entrez?db=protein) databases. Assignments
of the various band 7 proteins to respective band 7 protein subfamilies were
made according to the InterPro database (release 18.0; http://www.ebi.ac.uk
/interpro/) (28). Phylogenetic analyses were performed in the “workbench” en-
vironment (http://workbench.sdsc.edu/) using the ClustalW module (50) for ini-
tial protein sequence alignments and the DRAWGRAM/PHYLIP module (9) to
generate phylogenetic trees. The TMPRED server (http://www.ch.embnet.org
/software/TMPRED_form.html) (13) was used to predict transmembrane (TM)
domains of proteins of interest.

Cyanobacterial strains and growth conditions. A glucose-tolerant (GT) (55)
and WT (45) Synechocystis sp. strain PCC 6803 were used in this study. Unless
stated otherwise, strains were grown in liquid BG-11 mineral medium or on solid
BG-11 plates containing 1.5% (wt/vol) agar, both containing 5 mM N-tris
(hydroxymethyl)methyl-2-aminoethanesulfonic acid-KOH, pH 8.2, at a light in-
tensity of 20 wE m~2 s~ ! of white fluorescent light and at 29°C. Glucose-tolerant
strains were cultivated in medium supplemented with 5 mM glucose, and where
applicable kanamycin (50 pg ml~'), chloramphenicol (30 wg ml™1), spectinomy-
cin (50 pg ml™Y), or erythromycin (10 pg ml~') was added to the medium.
Comparative growth analyses were performed mainly between the Synechocystis
sp. strain PCC 6803 GT and a quadruple mutant (AQ) strain under the following
suboptimal growth conditions: (i) in plate assays on BG-11 and on BG-11 sup-
plemented with 5 mM glucose agar plates, with low (5 wE m~2s™!) and high (100
and 400 wE m~2 s~ ') light, shift from high (400 pkE m~2s™") to low (5 phE m 2
s~!) light, and low (22°C) and high (37°C) temperatures; (ii) in liquid BG-11
medium supplemented with 5 mM glucose, low (22°C) temperature, in the
presence of hydrogen peroxide (0.2 and 0.4 mM H,0,), supplemented with low
(2 mM NaCl) and high (684 mM NaCl) salt (as well as a shift from low to high
salt and vice versa), iron depletion (no iron source in the BG-11 medium), the
presence of DCMU (10 uM), 12-h light/12-h dark cycles, and low (ambient air
level) and high (3% [vol/vol]) CO, levels, as well as a shift from high to low CO,
levels (no glucose was added to the liquid BG-11 medium when the effect of
CO, levels was assessed).

Construction of mutants. Synechocystis sp. strain PCC 6803 single or multiple
band 7 gene disruption mutants were generated by individual or successive
transformations of WT or GT cells with plasmids containing the disrupted genes
(see Fig. S1 in the supplemental material): slr1106 was disrupted by a kanamycin
resistance cassette inserted at the Nael site 236 bp into the coding sequence;
slr1768 was disrupted by a chloramphenicol resistance cassette inserted at the
EcoNI site 256 bp into the coding sequence; slr1128 was disrupted by a specti-
nomycin resistance cassette inserted at the Mscl site 238 bp into the coding
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sequence; sll0815 was disrupted by an erythromycin resistance cassette inserted
at the HindIII site 317 bp into the coding sequence; si[02] was disrupted by an
erythromycin resistance cassette inserted at the Hpal site 836 bp into the coding
sequence. Two distinct quadruple band 7 gene disruption mutants were gener-
ated, wherein one (AQ) the slr1106, slr1768, slr1128, and sll0815 genes were
disrupted and in the other (AQ*) the slr1106, slr1768, slr1128, and s//1021 genes
had been disrupted. Unless stated otherwise, data on a quadruple mutant pre-
sented in this paper refer to the first mutant (AQ). The genotypes of the mutants
were verified by PCR analysis using the following gene-specific primers: slr1106-
Fw, 5'-GGGCTCGAGATGAGCAAACAATCCTTT-3'; slr1106-Rev, 5'-GGG
GGATCCCTAGTTAGCCAGGTCAGTTAG-3'; slr1768-Fw, 5'-GCCCATAT
GGGTGCTGTTATCTCGGCGATC-3'; slr1768-Rev, 5'-GGGGGATCCTTA
GGGGTCCGACATGATAATGGG-3'; slr1128-Fw, 5'-GCCCATATGGAAG
CCTTTTTTCTCTTCTTTCTCGTC-3'; slr1128-Rev, 5'-GGGGGATCCCTAA
ACTGCCCGATGGCGGTCTAC-3'; sll0815-Fw, 5'-GCCCATATGGCACGA
CAAGCTCGCTATCAA-3'; s110815-Rev, 5'-GGGGGATCCTCAACTATCCG
ATGTTATTTTTTC-3'; sll1021-Fw, 5'- GCCCATATGCAAAGTAAATTTTG
GTTTGAATTTCTCC-3'; sll1021-Rev, 5'-GGGAGATCTCTAAATTTCCTCC
GGGGAAAAATT-3'.

Preparation of crude thylakoid membranes. Crude Synechocystis sp. strain
PCC 6803 thylakoid membranes for one-dimensional (1-D) sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis were prepared
by glass bead (212 to 300 wm in diameter) breakage at 4°C followed by differ-
ential centrifugation as described by Komenda et al. (20) and for 1-D Blue native
polyacrylamide gel electrophoresis (BN-PAGE) membranes were prepared ac-
cording to the methods of Zhang et al. (59). Chlorophyll a (Chl a) content was
determined by extraction into methanol and absorption measurement at 666 and
750 nm (18). Protein concentrations were determined using a DC protein kit
according to the manufacturer’s instructions (Bio-Rad Laboratories, United
Kingdom).

Antigen production and generation of polyclonal and affinity-purified anti-
bodies. Band 7 genes were cloned as either full-length or truncated versions into
the pET16b expression vector (i.e., slr1106, A1-225slr1768, A1-150slr1128, and
sll0815). After the expression of recombinant Hiss-tagged proteins in BL21-
Gold(DE3)pLysS E. coli cells (Stratagene, United Kingdom), antigens were
affinity purified via a batch method using chelating Sepharose (GE Healthcare,
United Kingdom) coupled with Ni?* and sent to Seqlab (Germany) for a
3-month immunization procedure in rabbits. Samples from final bleeds were
affinity purified in a batch method using CNBr-activated Sepharose (GE Health-
care, United Kingdom) coupled with the respective antigens. Attempts to re-
combinantly express the SII1021 protein either as full-length or truncated (Al-
300s111021) versions failed.

Protein analysis and immunoblotting. Membrane protein samples were either
separated on 12.5% (vol/vol) denaturing 1-D SDS-PAGE gels containing 6 M
urea (23) or on 5 to 12.5% (vol/vol) linear gradient native 1-D BN-PAGE gels
(37, 38) as described by Kiigler et al. (22) with modifications described by Cline
and Mori (8) and Herranen et al. (11). For 2-D BN/SDS-PAGE, a lane of the
1-D BN-PAGE gel was incubated in Laemmli SDS sample buffer containing 5%
(vol/vol) B-mercaptoethanol and 6 M urea for 1 h at room temperature (RT).
Subsequently, this gel strip was placed onto a 1-mm-thick 14% (vol/vol) SDS-
PAGE gel with 6 M urea (23). 2-D BN/SDS-PAGE analyses of pulse-labeled
samples were performed as described by Sobotka et al. (43). Gels were either
stained with Coomassie blue R-250 or by silver staining (3) or electroblotted onto
nitrocellulose membrane (0.2-wm pore size; Bio-Rad Laboratories, United King-
dom). Immunoblotting analyses were performed using specific primary antibod-
ies and a horseradish peroxidase-conjugated secondary antibody (GE Health-
care, United Kingdom). Signals were visualized using a chemiluminescence kit
(SuperSignal West Pico; Pierce). Primary antibodies used in this study were the
following: (i) a purified, polyclonal Slr1106-specific antiserum from rabbit, (ii) a
purified, polyclonal Slr1768-specific antiserum from rabbit, (iii) a purified, poly-
clonal SIr1128-specific antiserum from rabbit, (iv) a purified, polyclonal S110815-
specific antiserum from rabbit, (v) a polyclonal PsbO-specific antiserum from
rabbit, kindly provided by James Barber (Imperial College London, United
Kingdom), (vi) a polyclonal C-terminal D1-specific antipeptide antiserum from
rabbit (34), (vii) a polyclonal CP43-specific antiserum from rabbit (P6), (viii) a
polyclonal SbtA-specific antipeptide (residues 184 to 203) antiserum from rabbit,
kindly provided by Teruo Ogawa (Institute of Physical and Chemical Research
[Riken], Japan), (ix) a polyclonal antipeptide antibody specific for E. coli FtsH,
which is potentially cross-reactive with all Synechocystis sp. strain PCC 6803 FtsH
homologues, kindly provided by Teru Ogura (University of Kumamoto, Japan).

PSII activity ements and photoinhibition analysis. The activity of PSIT
of Synechocystis sp. strain PCC 6803 was assessed by measuring the light-satu-
rated (800 wE m™2 s™! of actinic light illumination) rate of oxygen evolution
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from whole cells using 1 mM 2,6-dichloro-p-benzoquinone (DCBQ) and 2 mM
potassium ferricyanide as artificial electron acceptors. The amount of oxygen
dissolved in a liquid culture was determined using a Hansatech DW2 oxygen
electrode (Hansatech Instruments Ltd., United Kingdom) linked to a computer
managed by an Oxy-Lab 1 control box (Hansatech Instruments Ltd., United
Kingdom). For photoinhibition analyses, 1-liter cultures of Synechocystis sp.
strain PCC 6803 were grown under routine growth conditions to an optical
density at 730 nm of approximately 0.8. Cells were then harvested and resus-
pended in fresh BG-11 medium to a concentration of 20 ug of Chl @ ml~! and
subjected to a white light intensity of 100 uE m~2s~! for 1 h and then 1,200 pE
m~2 s”! for 6 h at the normal growth temperature (29°C), with or without
lincomycin (100 pg ml™'), a protein synthesis inhibitor. The oxygen evolution
rates were calculated in terms of wmol of oxygen per mg of Chl a per h, and the
normalized rates (¢t = 0 corresponds to 100%) were plotted as a function of time.

L-[3*S]methi ysteine pulse-labeling of Synechocystis sp. strain PCC 6803
cells. L-[**S]methionine-cysteine pulse-labeling analyses of Synechocystis sp.
strain PCC 6803 cells were performed as described by Sobotka et al. (43).

Differential membrane protein extraction. Crude membrane isolations con-
taining 20 pg of Chl a were resuspended in 100 wl of buffer: extraction buffer
(EB; 20 mM Tricine, pH 8.0), EB with 2 M NaCl, or 20 mM CAPS, pH 12.0.
After two freeze-thaw cycles (30 min at —80°C, 20 min at RT), samples were
pelleted in a benchtop ultracentrifuge (Beckman Coulter T-100; TLA 120.1;
100,000 X g, 20 min, 4°C). The supernatant was kept as the soluble fraction,
whereas the pellet was resuspended in 100 wl of EB. Five microliters of each
fraction was analyzed by 1-D SDS-PAGE and immunoblotting.

Two-phase partitioning of plasma and thylakoid membranes. Purified plasma
and thylakoid membrane fractions of Synechocystis sp. strain PCC 6803 were
prepared by aqueous polymer two-phase partitioning (32).

Preparation of covalently cross-linked antibodies to protein A-Sepharose and
immunoprecipitation procedure. Antibodies of a polyclonal antiserum of interest
were covalently cross-linked to protein A-Sepharose (PC-A10; Generon, United
Kingdom) using the cross-linker dimethylpimelimidate as described by Schneider
et al. (39). Proteins or protein complexes of Synechocystis sp. strain PCC 6803
from freshly prepared crude membrane extracts corresponding to an amount of
40 g Chl a, resuspended in 450 wl ACA buffer (750 mM e-amino caproic acid,
50 mM bis-Tris HCI, pH 7.0, 0.5 mM EDTA) and solubilized by the addition of
50 pl of a 10% (wt/vol) solution of the nonionic detergent B-dodecyl maltoside
(B-DM; final concentration, 1% [wt/vol]) were immunoprecipitated using 30 i
of protein A-Sepharose with covalently coupled antibodies as described by
Komenda et al. (21) with the following modifications. The incubation period was
reduced to 1 h at 4°C, and the captured protein complexes were eluted under
native conditions (incubation of the protein A beads with 40 pl of 0.2 M glycine,
pH 2.4, 0.1% [wt/vol] B-DM for 5 min at RT, and subsequent centrifugation of
the liquid phase into 40 pnl 1 M bis-Tris, pH 7.0, 20% [vol/vol] glycerol for
neutralization). The samples were then used for 1-D SDS-PAGE and immuno-
blotting analyses as well as for visualization under the electron microscope and
subsequent single-particle analysis.

Electron microscopy and single-particle analysis. Samples were negatively
stained using 2% (wt/vol) uranyl acetate, pH 4.5, on carbon-coated copper
electron microscope grids via the droplet method devised by Harris (10). In order
to obtain an even distribution of protein complexes across the carbon support
surface, a dilution series was made for each sample over several grids. Imaging
was performed on Kodak SO-163 film (Eastman Kodak Company) at RT using
a Philips-FEI Tecnai 12 electron microscope (EM; http://www.fei.com/contact
-us.aspx) operating at 120 kV and 27,500X magnification, as maintained by the
Centre of Biomolecular Electron Microscopy at Imperial College London. Only
the micrographs with minimal astigmatism and drift, based on postscanning
image analysis after scanning into the computing environment using a Nikon
LS9000 CoolScan densitometer (Nikon Ltd., United Kingdom) operating at a
step size of 6.35 wm, were chosen. Finally, after calculating each micrograph’s
power spectrum, seven micrographs, for which the first minimum was calculated
to be in the 20- to 22.5-A spatial resolution range, remained and were chosen for
further image analysis. A data set consisting of all possible single particles (3,708
image locations, each a pixel box of 160 by 160 pixels) was compiled using
automatic selection in Boxer, a module of the EMAN software package (version
1.7) (27). All subsequent image processing was performed using the Imagic-5
environment (Image Science GmbH, Berlin, Germany) with protein visualized as
white and stain as black. No correction was made for the contrast transfer
function (CTF). The single-particle image locations were analyzed at a sampling
frequency of 2.31 A on the specimen scale. Reference-free alignment using a
soft-edged circular mask applied to each image, followed by multivariate statis-
tical analyses, gave initial 2-D class averages that were then iteratively refined in
order to obtain the final averages shown (35, 52). A clear subpopulation, con-
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sisting of 499 particles, was identified and assigned as the top views, i.e., the
largest 2-D projection observed. These data were then processed de novo to give
further refined class averages.

RESULTS

Identification and analysis of potential cyanobacterial band
7 proteins. To assess the prevalence of band 7 proteins in
cyanobacteria, an InterPro database search was performed
(run in January 2009), and 149 potential cyanobacterial band 7
proteins from 45 different strains were listed under the band 7
protein family database entry IPR001107. According to the
InterPro database, most of these cyanobacterial band 7 pro-
teins were assigned to the prohibitin (58 entries; IPR000163)
and stomatin (40 entries; IPR0001972) subfamilies, whereas a
significant number of proteins (51 entries) could not be reliably
assigned to any protein subfamily. The phylogenetic analysis of
selected cyanobacterial and other band 7 proteins showed that
the different band 7 protein subfamilies branch early on (Fig.
1). This suggests low sequence similarity among the various
band 7 protein subfamilies and might be explained by either a
distant common ancestor (49) or as a result of convergent
evolution of the SPFH domain (34). There is also variability in
the number of potential band 7 proteins encoded in cyanobac-
teria. For example, five were identified in Synechocystis sp.
strain PCC 6803 and only two were found in the thermophilic
cyanobacterium Thermosynechococcus elongatus (Table 1).

The band 7 proteins are not essential in Synechocystis sp.
strain PCC 6803. In order to probe the physiological impor-
tance of the band 7 proteins, five single mutants were con-
structed in the GT strain of Synechocystis sp. strain PCC 6803,
which is commonly used to study photosynthesis. In each of
these single mutants, the conserved SPFH domain found in
each band 7 protein was disrupted by the insertion of an an-
tibiotic resistance cassette, and PCR analysis was used to con-
firm that each of the mutants had segregated (data not shown).
To test whether there might be overlap of function between
these genes two quadruple mutants (AQ and AQ*) were also
generated in which four genes (slr1106, slr1768, slr1128, and
sll0815 in the AQ strain and slr1106, slr1768, slr1128, and
sl11021 in the AQ™ strain) were disrupted. Again, PCR con-
firmed that the mutants had segregated (see Fig. S2A and S3A
in the supplemental material). From these data we can con-
clude that intact band 7 proteins are not essential for cell
viability under the growth conditions used. Electron micros-
copy further confirmed that there was no obvious defect in the
quadruple mutant (AQ) with regard to size of cell or structure
of the cytoplasmic and thylakoid membranes (see Fig. S4 in the
supplemental material). Segregated mutants could also be cre-
ated in the WT strain of Synechocystis sp. strain PCC 6803
under photoautotrophic conditions. It was noticeable that the
SIr1768 inactivation mutant in the genetic background of the
WT strain showed reduced motility on agar plates (see Fig. S5
in the supplemental material), despite the retention of pili on
the cell surface as visualized by negative stain electron micros-
copy (data not shown).

To test whether growth might be affected under suboptimal
growth conditions, growth of the single mutants and the qua-
druple mutant (AQ) created in the glucose-tolerant strain was
compared to that of the GT strain under a range of different
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FIG. 1. Phylogenetic analysis of selected band 7 proteins. Selected protein sequences were aligned using CLUSTALW, and a rooted phylo-
genetic tree was generated using PHYLIP/DRAMGRAM. Band 7 proteins of the following organisms were included in this analysis (in
alphabetical order): Arabidopsis thaliana, Bacillus subtilis (subsp. subtilis strain 168), Chlamydomonas reinhardtii, Escherichia coli (strain K-12),
Gloeobacter violaceus, Homo sapiens, Pyrococcus horikoshii, Saccharomyces cerevisiae (baker’s yeast), Synechocystis sp. strain PCC 6803, Thermo-
synechococcus elongatus BP-1. Arrows indicate the band 7 proteins of Synechocystis sp. strain PCC 6803.

conditions (described in Materials and Methods), including
low (5 pkE m~2 s ') and high (100 and 400 wE m~2 s ') light,
a shift from high (400 pE m 2 s ') to low (5 pE m 2 s~ ")
light, low (22°C) and high (37°C) temperatures (these experi-
ments were performed as plate assays under both photoau-
totrophic and photoheterotrophic growth conditions), the
presence of hydrogen peroxide (0.2 and 0.4 mM H,0,) to test
for enhanced susceptibility to oxidative stress, low (2 mM
NaCl) and high (684 mM NaCl) salt to test for a possible role
in osmotic stress, iron depletion, the presence of DCMU (10
wM), 12-h light/12-h dark cycles (these experiments were per-
formed in liquid culture under photoheterotrophic growth con-
ditions), and low (ambient air level) and high (3% [vol/vol])
CO,, as well as a shift from high to low CO, levels (the
experiments performed to assess the effects of different CO,
levels were performed in liquid culture under photoautotro-
phic growth conditions). Under all conditions tested there was
no clear difference between the growth of the quadruple mu-
tant (AQ) and the GT strain (data not shown).

PSII activity and repair in the band 7 quadruple mutant.
The main aim of this work was to assess the possible role of

band 7 proteins in PSII assembly and repair, particularly of
those in the prohibitin subfamily for which there is evidence for
a role in membrane quality control (24). Oxygen evolution
(Fig. 2) and immunoblotting experiments (data not shown)
revealed that the quadruple mutant (AQ) was able to accumu-
late WT levels of PSII complexes. Importantly, PSII repair was
functional in the quadruple mutant (Fig. 2), and rates of D1
turnover were similar in the quadruple mutant and WT as
assessed in pulse-chase experiments using L-[**S]methionine
(see Fig. S6 in the supplemental material). In addition the
overall assembly state of the major protein complexes in the
thylakoid membrane and dynamics of protein synthesis and
turnover in the light were similar in the mutant and WT as
judged from the analysis by 2-D BN/SDS-PAGE of **S-pulse-
labeled proteins (Fig. 3). Overall, these data did not support a
crucial role for the Slr1106, SIr1768, Slr1128, and SII0815 pro-
teins in PSII assembly or repair.

Membrane association of band 7 proteins in Synechocystis
sp. strain PCC 6803. Experiments were also performed to
clarify the cellular location, size, and structure of the band 7
protein complexes. The TMPRED server predicted one N-
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TABLE 1. Band 7 proteins of selected organisms used for the phylogenetic analysis shown in Fig. 1

Band 7 proteins

Proteins included in phylogenetic analysis

Organism " UniProt no.”
& (S/P/F/H/O) NCBI no. Protein name(s) Annotation®

A. thaliana 7/11/0/0/4 049460 NP_194580 Prohibitin 1/At4g28510 P
004331 NP_198893 Prohibitin 3/At5g40770 P
QIT082 NA? At4g27580 S

Q501E6° NP_197907¢ At5g25250 None
B. subtilis 0/0/1/0/0 032076 NP_390979 YuaG F
C. reinhardtii 1/2/0/0/1 AS8I8V6 XP_001701753 Prohibitin 1 P
A8J633 XP_001696940 Prohibitin 2 P
A8JI52 XP_001703625 None S
E. coli 1/0/0/2/1 POAAS3 NP_415022 YbbK/QmcA S
POABC3 NP_418596 HAIC H
POABC7 NP_418595 HfIK H

P77306 NP_417523 YqiK None
G. violaceus 1/1/0/0/1 Q7NJI7 NP_924791 Gl11845 P
Q7NIK9 NP_925120 GlI2174 S

Q7NIJI8 NP_924790 Gll1844 None
H. sapiens” 10/9/24/0/6 P35232 NP_002625 Prohibitin 1 P
Q99623 NP_009204 Prohibitin 2 P
P27105 NP_004090 Tomatin S

NP_937837

075955 NP_005794 Flotillin 1 F
Q6FG43 NA Flotillin 2 F
P. horikoshii 2/0/0/0/0 059180 NP_143371 Stomatin/PH1511 S
S. cerevisiae 0/2/0/0/0 P40961 NP_011648 Prohibitin 1 P
P50085 NP_011747 Prohibitin 2 P
Synechocystis sp. strain 1/1/0/0/3 P72754 NP_440089 SIr1106 P

PCC 6803 P73049 NP_440390 SIr1768 None
P72655 NP_439977 SIr1128 S

P74042 NP_441437 S110815 None

P72929 NP_440266 S111021 None
T. elongatus 1/1/0/0/0 Q8DI32 NP_682550 TIr1760 P
Q8DGX8 NP_682974 Tir2184 S

¢S, stomatins; P, prohibitins; F, flotillins; H, HAK/C; O, other proteins.
® According to the UniProt database (version 14.6).

¢ Annotations as stomatin (S), prohibitin (P), flotillin (F), or HIK/C (H) are according to the InterPro database (release 18.0).

4 NA, not available.

¢ Q501ES6 of A. thaliana was included in this analysis because it has been identified in a detergent-resistant membrane fraction (4) and as a plant flotillin homologue

(34).

/Sixteen of the 24 flotillins of H. sapiens listed in the InterPro database are fragments of flotillin-1.

terminal TM domain for each of the SIr1106, SIr1128, and
Sl11021 band 7 proteins, two N-terminal TM domains for
SIr1768, and no TM domains for S110815. Immunoblotting ex-
periments using antibodies specific for Slr1106, Slr1768,
SIr1128, and SlI0815 confirmed that all four proteins were
membrane associated (Fig. 4A). In addition these four band 7
proteins were not washed from the membrane by 2 M NaCl
and were only partially released by treatment with 20 mM
CAPS, pH 12.0. In contrast the peripheral PsbO protein of
PSII was released under all conditions and the integral D1 PSII
subunit could not be extracted. In conclusion, the Slr1106,
SIr1768, SIr1128, and SII0815 band 7 proteins of Synechocystis
sp. strain PCC 6803 are tightly associated membrane proteins.

Distribution of band 7 proteins in the thylakoid and cyto-
plasmic membranes. Synechocystis sp. strain PCC 6803, like
most cyanobacteria, contains an internal thylakoid membrane

system in addition to a surrounding cytoplasmic membrane.
The aqueous two-phase partitioning technique developed by
Norling and colleagues (32) was used to separate these two
types of membranes. Subsequent immunoblotting experiments
revealed that the SIr1106 protein could be found in both the
thylakoid and cytoplasmic membrane fractions, whereas the
SIr1768 and SIr1128 proteins were found in the cytoplasmic
membrane fraction only (Fig. 4B). As expected the PSII CP43
protein was detected only in the thylakoid membrane, whereas
SbtA (a sodium-dependent bicarbonate transporter) was lo-
cated in the cytoplasmic membrane (32, 59).

The band 7 proteins form large complexes. 1-D BN-PAGE
in conjunction with immunoblotting was used to assess the
sizes of four band 7 proteins (Slr1106, SIr1768, Slr1128, and
S110815) in Synechocystis sp. strain PCC 6803 (Fig. 5). In all
cases the band 7 proteins were found predominantly in large

6002 ‘TT 1990300 U0 NOANOT 3937102 VI¥IdINI ¥e Bio'wse gl woly papeojumoq


http://jb.asm.org

6430 BOEHM ET AL.

--0- AQ
—0— GT -Linc
—=— GT +Linc

% of initial rate of oxygen evolution
(3.
o

30
20
10
0] . , ; . r .
0 1 2 3 4 5 6
time [h]

FIG. 2. Photoinhibition analyses of the Synechocystis sp. strain PCC
6803 GT and the AQ quadruple mutant. Cells at a Chl a concentration
of 20 pg ml~" were treated with high light (1,200 pE m~2 s~ ") at 29°C
over a period of 6 hours. Oxygen evolution of whole cells was assessed
for the Synechocystis sp. strain PCC 6803 GT and the AQ quadruple
mutant strains in the presence or absence of 100 pg ml~! lincomycin
at the indicated time points in the presence of 2 mM DCBQ and 1 mM
K;Fe(CN) using a Hansatech DW2 oxygen electrode (Hansatech In-
struments Ltd., United Kingdom). Oxygen evolution rates (in pumol
oxygen per mg of Chl a per h) were normalized (value at t = 0 was
100%) and plotted as a function of time. Error bars represent standard
deviation from the means of three measurements. The initial, absolute
rates of oxygen evolution for the respective strains were as follows: 324
(AQ without Linc), 316 (GT without Linc), and 350 (GT +Linc) (all in
wmol oxygen per mg of Chl a per h).

complexes of sizes significantly greater than 669 kDa, although
several smaller less-abundant complexes were also detected. In
yeast mitochondria the prohibitin homologues Phblp and
Phb2p form large hetero-oligomeric protein complexes, in
which both subunits display an interdependency on each other
and where the deletion of one of the subunits leads to the
destabilization of the other (2, 30). However, analysis of the
single band 7 mutants of Synechocystis sp. strain PCC 6803

A GT

AGIHIN
& &L
o
e
|
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CPA3~ 5f<8 ¢ & =
D2—E -,
01/ &
C lr— & |
o
( '
‘»' - >
1/,,,,; BERER e 2
Coomgssm autoradiogram
stain

J. BACTERIOL.

suggested that each of the band 7 protein complexes could
accumulate to the same level in the absence of the other band
7 subunits, consistent with the formation of independent com-
plexes. This conclusion was supported by immunoprecipitation
experiments performed on GT extracts (Fig. 6). Antibodies
specific for the Slr1106, Slr1768, and SIr1128 band 7 proteins of
Synechocystis sp. strain PCC 6803 immunoprecipitated only
their cognate subunit and not the other band 7 proteins under
investigation.

Does FtsH form supercomplexes with band 7 proteins in
Synechocystis sp. strain PCC 6803? FtsH has been shown to
form large supercomplexes with a prohibitin heterocomplex in
yeast mitochondria (46) and with an HfIK/C complex in E. coli
(17, 36). To test whether FtsH might also form a stable com-
plex with a band 7 protein complex in Synechocystis sp. strain
PCC 6803, in particular to the prohibitin homologue Slr1106,
1-D BN-PAGE gels of 1% (wt/vol) B-DM-solubilized crude
membrane extracts from WT and the various band 7 mutants
were immunoblotted using an antibody that recognizes all four
FtsH subunits of Synechocystis sp. strain PCC 6803 (Fig. 5G).
In all cases, immunodetectable FtsH migrated as a diffuse band
with an apparent molecular mass of approximately 550 to 670
kDa. No signal could be detected when the same antibody was
used to probe immunoprecipitated band 7 proteins (data not
shown). Overall there was no evidence from this 1-D BN-
PAGE and immunoblotting analysis of band 7 mutant and GT
strains for the significant accumulation of stable FtsH/band 7
complexes in Synechocystis sp. strain PCC 6803. The thermo-
philic cyanobacterium Thermosynechococcus elongatus was also
examined, as it is known that supercomplexes are more stable
in this organism and are more easily detected by 1-D BN-
PAGE (60). Again, no evidence was obtained for the forma-
tion of significant levels of a FtsH/band 7 supercomplex (data
not shown).

Interaction of Slr1106 with NdhI (S110520). Previous work
has shown that human mitochondrial prohibitins are able to

Coomassie
stain

autoradiogram

FIG. 3. Comparative 2-D BN/SDS-PAGE analysis of pulse-labeled crude membrane extracts isolated from the Synechocystis sp. strain PCC
6803 GT and the quadruple mutant strain, AQ. Coomassie blue-stained gels and autoradiograms of the 2-D BN/SDS-PAGE analysis of
pulse-labeled samples (an amount of 6 pg of Chl a was loaded per sample) were prepared as described by Sobotka et al. (43). The positions of
PSII dimers (RCC2), PSII monomers (RCC1), and RC47 protein complexes (RC47, PSII core complexes lacking CP43) as well as those of the

D1, D2, CP43, and CP47 PSII subunits are indicated.
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FIG. 4. Membrane association and localization of band 7 proteins
of Synechocystis sp. strain PCC 6803. (A) Differential membrane pro-
tein extraction from Synechocystis sp. strain PCC 6803 GT crude mem-
brane isolations. After two consecutive freeze-thaw cycles (30 min at
—80°C and 20 min at RT) in the indicated buffers (EB, 20 mM Tricine,
pH 8.0; EB with 2 M NaCl; or 20 mM CAPS, pH 12.0), soluble (S) and
pellet (P) fractions were generated by ultracentrifugation. An amount
corresponding to 1 g of Chl a was loaded per lane. The arrowhead
indicates the antibody signal that corresponds to the S1I0815 protein.
(B) Purified thylakoid membrane (TM) and plasma membrane (PM)
fractions were generated by aqueous polymer two-phase partitioning,
and 5 pg of protein was loaded in each lane. All samples in panels A
and B were analyzed by 1-D SDS PAGE followed by immunoblotting
with the indicated antibodies. (A) PsbO and D1 were used as markers
for peripheral and integral membrane proteins, respectively. (B) CP43
and SbtA were used as markers for the purity of the thylakoid and
plasma membrane fractions, respectively.

interact with subunits of complex I (30) and that prohibitin
might have a chaperone function in the assembly of complex I
(5). In cyanobacteria the analogous complex to the mitochon-
drial complex I is the NDH-1 complex, which is found in the
thylakoid membrane as several different forms (59). We found
that polyclonal antiserum specific for the NdhI protein was
able to coimmunoprecipitate Slr1106 and NdhI from WT ex-
tracts, whereas in the M55 mutant lacking NDH-1 complexes
(33) neither subunit was immunoprecipitated (see Fig. S7 in
the supplemental material). These data suggested a possible
interaction between the Ndhl subunit of the NDH-1 complex
and the SIr1106 band 7 protein of Synechocystis sp. strain PCC
6803 in vivo. 2-D BN/SDS-PAGE analysis revealed that the
NDH-1L and NDH-1 M complexes, which both contain NdhI
(59), were still able to accumulate in the quadruple band 7
mutant to wild-type levels at both low (air level) and high (3%
[vol/vol]) CO, levels, as well as when the culture was shifted
from high to low CO, levels (see Fig. S8 in the supplemental
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FIG. 5. Band 7 protein complexes of Synechocystis sp. strain PCC
6803. Crude membrane isolations (samples contained 1 g of Chl a) of
the Synechocystis sp. strain PCC 6803 GT and various band 7 single and
multiple gene disruption mutant strains were analyzed by 1-D BN-
PAGE on a 5 to 12.5% (wt/vol) linear gradient polyacrylamide gel and
immunoblotted with the indicated antibodies. (B) The positions of
monomeric and dimeric PSII protein complexes are indicated. (F) The
arrowhead indicates the antibody signal that corresponds to the
S110815 protein.

material). Therefore, SIr1106 is not required for the accumu-
lation of these or the other major complexes of the thylakoid
membrane under our standard laboratory growth conditions.

The SIr1128 stomatin homologue of Synechocystis sp. strain
PCC 6803 forms a ring-like complex. To gain insights into the
3-D structure of band 7 proteins, immunoaffinity-purified
SIr1128 protein complexes (Fig. 6) were visualized by negative
stain and transmission electron microscopy (Fig. 7). The im-
ages of 3,708 individual Slr1128 protein complexes were col-
lected and analyzed by single-particle analysis (see Materials
and Methods). After the initial calculation of the 2-D class
averages from all 3,708 single particles by using reference-free
alignment techniques, a subpopulation of 499 single-particle
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FIG. 6. Immunoprecipitation of band 7 proteins of Synechocystis
sp. strain PCC 6803. Crude membrane isolations of the Synechocystis
sp. strain PCC 6803 GT and the quadruple mutant strain AQ (initial
samples contained 40 g of Chl a) were used for immunoprecipitation
with anti-Slr1106, anti-Slr1768, or anti-Slr1128 antibodies coupled to
protein A-Sepharose beads. Crude membranes of both strains (0.25 pg
Chl a) and eluted fractions (7.5 pul of a total volume of 80 pl) were
analyzed by 1-D SDS-PAGE (A) and immunoblotted with indicated
antibodies (B to D).

top views, i.e., the largest SIr1128 particle observed in terms of
projection surface area, was identified. Subsequent to a de
novo iterative refinement of these 499 single particles, seven
different class averages of the Slr1128 protein complexes were
distinguished by this in silico method. The Slr1128 complex
appeared to have a ring-like structure with an approximate
diameter of about 16 nm. However, no definitive conclusions
can be drawn concerning the number of individual SIr1128
subunits in each ring, given the small subpopulation of the
extracted data set.

DISCUSSION

Despite the widespread occurrence of band 7 proteins in
prokaryotes (12), relatively little work has been done to assess
their structure and physiological importance. We have shown
that four (SIr1106, Slr1768, SIr1128, and S110815) out of the five
band 7 proteins encoded by the cyanobacterium Synechocystis
sp. strain PCC 6803 are expressed as large membrane-bound
complexes. In the case of SII0815, sequence analyses had sug-
gested that it was potentially soluble (12). For the fifth band 7
protein (SI11021), we were unable to generate antibodies to
allow its study. However, S111021 protein was recently detected
in the cytoplasmic membrane fraction (14). We have also been
able to show that immunopurified Slr1128 forms a large ring-
like structure with an approximate diameter of 16 nm (Fig. 7).
This result is highly significant, as it is the first determined
structure of a native protein complex, albeit at low resolution,
for a member of the stomatin subfamily of band 7 proteins.
Recent work has shown that the E. coli-expressed soluble do-

J. BACTERIOL.

FIG. 7. Single-particle analysis of SIr1128 protein complexes of
Synechocystis sp. strain PCC 6803. (A) Selected region of an electron
micrograph that shows SIr1128 protein complexes (circled). Bar, 100
nm. (B) A subpopulation of 499 particles was classified as being the
largest projections observed within a total data set of 3,708, and these
were assigned as a top views. These were further classified into seven
classes, as shown, with a total average (last image) of ~16 nm in
diameter. Protein is appears as white, and stain is black.

main of the p-stomatin (PH1511) from the hyperthermophilic
archaeon Pyrococcus horikoshii is able to form a trimer (57).
Whether a trimer represents the building block for the forma-
tion of a higher-order structure in vivo remains uncertain. A
ring-like structure with an approximate diameter of 20 nm was
shown recently for the mitochondrial prohibitin Phbl/Phb2
hetero-oligomeric complex (48). Thus, the ability of band 7
proteins to form ring-like structures might be a common fea-
ture. 1-D BN-PAGE analysis revealed some heterogeneity in
the size of the SIr1106, Slr1768, and Slr1128 protein complexes.
The smaller complexes might reflect the presence of assembly
complexes, as suggested for Phb1/Phb2 in yeast (48), bona fide
functional complexes, or artifactual complexes generated dur-
ing the solubilization or electrophoresis procedures.

We could find no evidence for the accumulation of large
supercomplexes between FtsH protease complexes (assumed
to be hexameric) and the various band 7 complexes. This is in
contrast to the situation in yeast mitochondria and E. coli,
where such supercomplexes can be isolated by detergent sol-
ubilization and sucrose density gradient centrifugation (36, 46).
However, recent work has shown that a second band 7 protein
in E. coli, termed YbbK or QmcA, is able to interact with FtsH
but that the resulting complex is much less stable than the
FtsH/HfIKC supercomplex (7). It therefore remains possible
that similar weak interactions between band 7 proteins and
FtsH might still be present in Synechocystis sp. strain PCC
6803.

Our data suggest that band 7 proteins are not required for
photoprotection in Synechocystis sp. strain PCC 6803 and in
particular the assembly and repair of the photosystem II com-
plex, which is considered the primary target for photodamage
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in vivo (31). This raises the question as to the significance of
the presence of Slr1106 in His-tagged PSII preparations (40).
We still cannot exclude the possibility that Slr1106 plays a
noncrucial and redundant role in PSII assembly and degrada-
tion. However, the low levels of Slr1106 detected in the His-
tagged PSII preparation might reflect adventitious binding of
SIr1106 to the lipoprotein complex, especially if Slr1106 has
lipid-binding properties. Likewise, we have been able to detect
an interaction between SIr1106 and the NdhI (S110520) subunit
of the NDH-1 complex (see Fig. S7 in the supplemental ma-
terial). More work is required to confirm the physiological
relevance of this interaction, especially as assembly of NDH-1
is not drastically affected in the absence of SIr1106 (see Fig. S8
in the supplemental material).

Mutants with defects in the assembly and maintenance of
quality control in the membrane often show impaired growth
under stress conditions (15, 41). Somewhat surprisingly, the
growth of single and multiple band 7 insertion mutants was not
significantly compromised under a range of adverse conditions
as judged in growth experiments (see Materials and Methods).
Microarray data (kindly provided by Iwane Suzuki, University
of Tsukuba, Japan) generated for WT Synechocystis sp. strain
PCC 6803 indicated changes in transcript level for the SI110815
protein (4.48-fold increase upon a shift from 34 to 22°C) or the
SIr1106 and SIr1128 proteins (2.89-fold and 3.13-fold in-
creases, respectively, upon exposure to 0.25 mM H,0,). How-
ever, when the quadruple mutant (AQ) was grown photohet-
erotrophically under these stress conditions in liquid culture
(growth at 22°C or exposure to 0.2 and 0.4 mM H,0,), no
difference in growth could be observed in comparison to the
Synechocystis sp. strain PCC 6803 GT strain (data not shown).
This suggests that the observed changes in transcript levels
might be compensated for in vivo or that the lack of the
SIr1106, SIr1128, or S110815 protein does not have a noticeable
effect on the ability of the quadruple mutant to grow under
these conditions.

Very recently, Wang et al. (53) reported that Slr1128 formed
complexes with His-tagged HIiA (also called ScpC) and His-
tagged HIiB (or ScpD) and that these complexes interacted
with trimeric PSI complexes. Our data are not readily recon-
ciled with these results. First, in agreement with earlier pro-
teomics data (11), we have shown here that Slr1128 is predom-
inantly located in the cytoplasmic membrane fraction of
Synechocystis sp. strain PCC 6803 (Fig. 4B), which is consid-
ered to lack Scps (53, 56), and also trimeric PSI as assessed by
native gel electrophoresis and the lack of the PsaE subunit
(58). In addition in coimmunoprecipitation experiments we
were unable to pull down ScpC (HIiA) with SIr1128 (see Fig.
S9 in the supplemental material). In our experience significant
amounts of the SIr1128 protein are retained by immobilized
Ni-nitrilotriacetic acid columns even when non-His-tagged
crude membrane extracts are chromatographed (see Fig. S10
in the supplemental material). This raises the possibility that
the presence of Slr1128 in His-tagged Scp fractions might be
artifactual. Wang and colleagues (53) also indicated that
growth of an SIr1128 mutant is sensitive to high light illumi-
nation (400 uE m~2 s™'), in contrast to the phenotype of the
slr1128 gene disruption mutants described here. To test the
role of Slr1128 further, we also examined the phenotype of a
slr1128 disruption mutant created in the Synechocystis sp.
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strain PCC 6803 WT background. We found that the mutant
strain was able to grow as well as the WT in BG-11 liquid
culture at similar light irradiances (40, 200, and 400 wE m~?
s~ 1) to those used by Wang and colleagues (53) (data not
shown). The disparity in the growth data on the Slr1128 mu-
tants might reflect subtle differences in the growth conditions
used or differences in the mutants examined. In both types of
mutant the conserved SPFH domain was disrupted. However,
the SIr1128 mutants constructed here could potentially express
the first 79 out of 321 amino acid residues (the N-terminal TM
domain is predicted to lie between residues 68 and 86),
whereas Wang and colleagues constructed a mutant only able
to express the first 36 residues (53). We therefore cannot
totally exclude the possibility that a functional truncated
SIr1128 subunit might still accumulate in the mutant described
here, although work on other band 7 proteins has emphasized
the importance of the C-terminal region for formation of high-
er-order oligomers (42, 48). This same possibility also extends
to the other band 7 proteins investigated here.

The question arises as to the possible function of band 7
proteins both in cyanobacteria and other organisms. The
emerging view is that prohibitins, flotillins, and stomatins
might have a scaffold function in the organization of the mem-
brane (6) and consequently have wide-ranging effects on mem-
brane structure and function, including vesicle trafficking, as-
sembly of complexes, the operation of ion channels, and
transmembrane signaling. Such diverse roles might explain why
cyanobacteria contain different numbers of band 7 proteins
(Fig. 1). In the case of Synechocystis sp. strain PCC 6803 evi-
dence is now emerging that the thylakoid membrane is heter-
ogeneous (51) with regions preferentially involved in mem-
brane protein synthesis and presumably the assembly of large
membrane complexes. In addition recent proteomics data sug-
gest heterogeneity also in the cytoplasmic membrane (44). In
addition there might be routes, so far unclear, by which pro-
teins and lipids in the cytoplasmic membrane are trafficked to
the thylakoid membrane (26, 54). Thus, proteins with mem-
brane scaffolding functions would be predicted to be present in
cyanobacteria. Our work suggests that if band 7 proteins do
play such a role, it is not a crucial one.
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