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Summary

The cyanobacterium Synechocystis sp. PCC 6803
expresses four different FtsH protease subunits
(FtsH1-4) that assemble into specific homo- and het-
erocomplexes. The FtsH2/FtsH3 complex is involved
in photoprotection but the physiological roles of the
other complexes, notably the essential FtsH1/FtsH3
complex, remain unclear. Here we show that the FtsH1
and FtsH3 proteases are involved in the acclimation
of cells to iron deficiency. A mutant conditionally
depleted in FtsH3 was unable to induce normal expres-
sion of the IsiA chlorophyll-protein and FutA1 iron
transporter upon iron deficiency due to a block in
transcription, which is regulated by the Fur transcrip-
tional repressor. Levels of Fur declined in the WT and
the FtsH2 null mutant upon iron depletion but not in the
FtsH3 downregulated strain.Asimilar stabilizing effect
on Fur was also observed in a mutant conditionally
depleted in the FtsH1 subunit. Moreover, a mutant
overexpressing FtsH1 showed reduced levels of Fur
and enhanced accumulation of both IsiA and FutA1
even under iron sufficiency. Analysis of GFP-tagged
derivatives and biochemical fractionation supported a
common location for FtsH1 and FtsH3 in the cytoplas-
mic membrane. Overall we propose that degradation
of the Fur repressor mediated by the FtsH1/FtsH3

heterocomplex is critical for acclimation to iron
depletion.

Introduction

The membrane-embedded FtsH proteases found in bac-
teria as well as in chloroplasts and mitochondria contain an
AAA+ (ATPase associated with diverse cellular activities)
module, a Zn2+-binding protease domain (Erzberger and
Berger, 2006) and form oligomeric complexes involved in a
number of cellular functions including protein quality
control, transcriptional regulation and organelle biogen-
esis. The genome of the cyanobacterium Synechocystis
sp. PCC 6803 (hereafter Synechocystis 6803) encodes
four FtsH homologues designated FtsH1-4. FtsH1,
encoded by the slr1390 gene, and FtsH3, encoded by the
slr1604 gene, are crucial for cell viability whereas FtsH2,
encoded by the slr0228 gene, and FtsH4, encoded by the
sll1463 gene, are dispensable proteins (Mann et al., 2000).
FtsH2 forms a heterohexameric complex with FtsH3
(Boehm et al., 2012) and is involved in photosystem II
(PSII) repair (Silva et al., 2003) and in general quality
control of PSII in the thylakoid membrane of Synechocystis
6803 (Komenda et al., 2006; Nixon et al., 2010). Pull-down
experiments have also provided evidence for the formation
of an FtsH4 homocomplex and another FtsH heterocom-
plex consisting of the FtsH1 and FtsH3 subunits (Boehm
et al., 2012), but the location, subunit organization and
function of this FtsH1/FtsH3 complex remain to be clarified.
Since previous results (Wegener et al., 2010) and our own
preliminary experiments indicated a large increase in the
levels of FtsH1, FtsH2 and FtsH3 upon iron depletion
(Fig. 1), we have focused in this paper on their possible
involvement in the acclimation to iron deficiency.

Iron is an essential element for all bacteria because of its
role as a cofactor for enzymes involved in cellular metabo-
lism. Although abundant in the environment, iron defi-
ciency frequently occurs due to oxidation of the ferrous ion
to the ferric ion which is highly insoluble at physiological pH
(Breitbarth et al., 2010; Ratledge and Dover, 2000). While
iron limitation has obvious consequences, bacteria also
have to maintain a tight control over iron acquisition,
because free intracellular iron can react with superoxide
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and hydrogen peroxide forming highly reactive hydroxyl
radicals (Guerinot and Yi, 1994). In cyanobacteria iron is
also essential for the photosynthetic electron transport
chain as it is a constituent of many proteins involved in
electron transport. Thus cyanobacterial iron homeostasis
is tightly controlled, both at the protein level through incor-
poration of free metal ions into metallo-proteins (Lewin
et al., 2005), and more importantly at the transcriptional
level through the regulated expression of genes encoding
metal trafficking proteins, including uptake and storage
proteins (Ghassemian et al., 2006; Hernández-Prieto
et al., 2012). Iron deficiency results in a variety of physi-
ological and morphological changes in cyanobacteria
(Leonhardt and Straus, 1994). It causes significant loss
of the light-harvesting phycobilisomes (Guikema and
Sherman, 1983), reduction in the Photosystem I (PSI)
content (Sherman and Sherman, 1983), and replacement
of proteins with iron-containing cofactors by those with
non-iron cofactors, such as flavodoxin for ferredoxin
(Laudenbach et al., 1988). Moreover, this stress results in
significant changes in fluorescence and absorption prop-
erties of the cells: a blue shift of the chlorophyll (Chl)
absorbance peak measured at room temperature (shift
from 677–679 nm to 670–671 nm), and a large increase in
the Chl fluorescence emission peak at 685 nm measured
at 77 K. These spectral changes directly correlate with
expression of the isiA gene encoding a Chl-binding protein
that is homologous to PsbC, the CP43 inner antenna
protein of Photosystem II (PSII) (Burnap et al., 1993; Bibby
et al., 2001a). In Synechocystis 6803 IsiA functions as a
Chl storage protein and/or as an antenna for PSI (Bibby

et al., 2001b; Singh and Sherman, 2007). Studies suggest
that regulation of isiA is controlled at both the transcrip-
tional and post-transcriptional level. Post-transcriptional
regulation is mediated by an antisense RNA molecule,
IsrR, transcribed from the isiA non-coding strand (Dühring
et al., 2006). However, the main regulation of isiA expres-
sion is at the level of transcription which is under the control
of the ferric uptake regulator, Fur (Ghassemian and Straus,
1996; Kunert et al., 2003).

Fur is a widespread bacterial protein that regulates the
expression of iron-uptake and iron-storage systems in
response to intracellular iron concentration (Crosa, 1997;
Escolar et al., 1999; Dian et al., 2011; González et al.,
2012). It acts as a transcriptional repressor in the pres-
ence of iron, which functions as a co-repressor to
increase the binding affinity of Fur for AT-rich DNA ele-
ments termed Fur-boxes, present in the core promoters of
iron-regulated genes (Escolar et al., 1997; Escolar et al.,
1999; Yu and Genco, 2012). However, at low iron concen-
trations iron-free Fur (apo-Fur) has a reduced affinity for
the Fur-boxes allowing the RNA polymerase to access the
promoters of the downstream genes to initiate transcrip-
tion (Bagg and Neilands, 1987; Hernández et al., 2006).
Whether the level of the iron-free form of Fur is subject to
proteolytic control has not been addressed.

In the genome of Synechocystis 6803 there are three
genes coding for Fur-like proteins. One of them, encoded
by the slr1738 gene, seems to be a functional homologue
of the peroxide-sensing PerR protein (Li et al., 2004;
Garcin et al., 2012). Another one, encoded by sll1937, is
a zinc-uptake regulator, Zur (Hantke, 2001; Tottey et al.,
2012), whereas the third Fur-like protein, Sll0567, is a
likely true functional Fur homologue.

In this study we present evidence that the proteolytic
FtsH1/FtsH3 heterocomplex is located in the cytoplasmic
membrane of Synechocystis 6803 and regulates transcrip-
tion of iron depletion-induced genes by controlling the
availability of the transcriptional regulator Fur (Sll0567).
When expression of each of the two FtsH subunits forming
the FtsH1/FtsH3 heterocomplex was conditionally sup-
pressed, the corresponding mutants maintained a high
level of Fur during iron starvation and lost the ability to
acclimate via activation of isiA transcription. On the other
hand, overexpression of FtsH1 resulted in the decreased
cellular level of Fur and the accumulation of IsiA even in
cells cultivated under standard iron concentrations.

Results

A Synechocystis strain with suppressed expression of
the FtsH3 protease does not accumulate IsiA during
iron starvation

To establish a possible physiological role of FtsH3 in
acclimation to iron starvation we used the previously

Fig. 1. Level of FtsH proteases in WT under iron deficiency.
Thylakoid membranes isolated from WT cells harvested after 0, 24
and 72 h of growth under iron depletion were analysed by 1D
SDS-PAGE, gels were stained by Sypro Orange and used for
immunodetection using antibodies specific for FtsH1-4 proteases.
Part of the Sypro stained gel is shown to document loading of the
samples. Each loaded sample contained 2 μg of Chl.
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constructed and characterized SynFtsH3down strain of
Synechocystis 6803 (Boehm et al., 2012) (hereafter
FtsH3down) lacking the chromosomal copy of ftsH3 but
containing a plasmid-borne copy of ftsH3. Expression of
this gene is driven by the nirA promoter, the activity of
which is dependent on the concentration of NH4

+ ions in the
cultivation medium (Qi et al., 2005; Boehm et al., 2012).
The presence of 13 mM NH4

+ in the medium led to the
parallel loss of FtsH3, FtsH2 and FtsH1 within 5 days
(Boehm et al., 2012), whereas their disappearance was
not observed in WT cultivated under identical conditions
(hereafter WTNH4+) (Fig. S1). At this point FtsH3down as
well as WTNH4+ cells were transferred to a medium lacking
iron and containing the iron chelator deferoxamine (DFB).
To test whether FtsH2 (and hence the FtsH2/FtsH3 hetero-
complex) is also involved in acclimation to iron depletion,
the experiment was also performed with a mutant lacking
the FtsH2 protease grown in the presence of ammonia
(FtsH2−

NH4+). Within 24 h of iron depletion, the spectral
properties of WTNH4+ and FtsH2−

NH4+ cells exhibited symp-
toms of acclimation to iron depletion, namely a blue shift of
the Chl absorption peak from 679 nm for WTNH4+ and
676 nm for FtsH2−

NH4+, respectively, to 673 nm. After 72 h
of iron depletion the Chl absorption peak shifted to 670 nm
for both strains and then its value remained unchanged
(Fig. 2A). In contrast to WTNH4+ and FtsH2−

NH4+, the
FtsH3down mutant exhibited no spectral changes typical
for iron starvation (Fig. 2A). After 24, 72 and even 120 h
(not shown) the Chl absorbance peak maximum remained
at 678 nm.

All changes observed in WTNH4+ and FtsH2−
NH4+ cells in

the presence of DFB have been previously ascribed to the
iron deficiency-induced disappearance of PSI and accu-
mulation of the IsiA protein which becomes the major
Chl-binding protein of iron-starved cells of Synechocystis
6803 (Singh and Sherman, 2007). To confirm that the
same phenomena occurred in WTNH4+ and FtsH2−

NH4+ but
not in FtsH3down, we analysed proteins of all three
strains by one- and two-dimensional (1D and 2D) PAGE in
combination with immunoblotting. Although the Chl/OD750

ratio decreased in all strains during iron depletion due to
changed optical properties of the cells, the Chl/protein
ratio remained constant. Therefore, all samples were
loaded on an equal Chl basis; identical results were
obtained when loading was performed on an equal protein
basis. A 1D-stained gel together with immunodetection
(Fig. 2B) clearly showed that WTNH4+ and FtsH2−

NH4+ accu-
mulated IsiA and another iron-depletion induced protein
FutA1 after 72h of iron depletion while in the FtsH3down
mutant IsiA and FutA1 were hardly detectable as deter-
mined by immunoblotting and by staining combined
with mass spectrometry respectively (see Table 1). The
amount of PSI core protein PsaA also clearly decreased in
the first two strains (Fig. 2B) while its content remained

Fig. 2. Whole cell absorption spectra (A) and membrane protein
content (B) during acclimation of WTNH4+, FtsH2−

NH4+ and
FtsH3down strains to iron starvation. Cultures grown in BG11
medium containing 13 mM ammonium chloride were transferred to
iron depleted medium supplemented with 10 μM deferoxamin and
cells were harvested after 0, 24 and 72 h of iron depletion for
assessment.
A. Absorption spectra were measured with cell suspensions of
OD750 of 0.1. They were normalized to the red Chl absorption peak
(670–680 nm) and then spectra after 24 h (dotted lines) and 72 h
(dashed lines) were shifted by 0.05 and 0.1 A, respectively, for
better visualization of differences. A magnified absorption region
550 – 700 nm is also shown with vertical lines designating
absorption maxima and numbers showing the mean of absorption
maxima from three biological replicates ± SE.
B. Membranes isolated from harvested cells were analysed by 1D
SDS-PAGE; gels were either stained by Coomassie Blue (CB
stained gel) or were used for immunodetection of IsiA, PsaA and
Fur. IsiA and FutA1 were also identified by mass spectrometry (see
Table 1). Each loaded sample contained 2 μg of Chl.
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almost unchanged in the FtsH3down strain. A similar con-
clusion could also be made from a 2D analysis of mem-
brane proteins which showed accumulation of FutA1 and
various forms of IsiA protein ranging from monomeric
protein to trimeric PSI-IsiA supercomplexes in cells of
WTNH4+ and FtsH2−

NH4+ depleted of iron for 72 h (Figs 3
and S2). Both strains also showed the disappearance of
most of the PSI trimer and PSI monomer due to their
conversion into PSI-IsiA supercomplexes (Fig. S2, PsaD).
Interestingly, the control cells contained a low level of PSII
dimer and high level of carotenoids (Fig. 2A) before the
start of iron depletion, which is probably related to the
adverse effects of ammonia (Drath et al., 2008). After
addition of DFB the amount of PSII dimer increased
(Fig. 3) and carotenoid content was lowered (Fig. 2A)
indicating that iron depletion partly relieved cells from the
ammonia-induced stress. In contrast to WTNH4+ and
FtsH2−

NH4+ cells, the FtsH3down mutant grown under
identical conditions contained no detectable FutA1 and
IsiA-containing complexes; instead the level of PSII dimer
further decreased after addition of the chelator and
absorption spectra showed a small additional increase in
the level of carotenoids (Fig. 2A).

FtsH3down cannot upregulate isiA transcription under
iron deficiency due to a high level of Fur repressor

Previous studies of iron starvation in cyanobacteria
showed a strong correlation between the accumulation of
IsiA and the level of its transcript (Singh and Sherman,
2000; Singh et al., 2003; Shcolnick et al., 2009). To
examine whether the FtsH3 protease is involved in this

transcriptional regulation, we assessed the level of isiA
transcript in cells of all three studied strains before and
after incubation with DFB. The transcript level was esti-
mated by reverse transcription-PCR (RT-PCR). The
amount of isiA transcript was similar for all three strains
when grown in medium with the standard iron concentra-
tion. However, after 24 h of iron depletion it increased
almost fifty times in WTNH4+ and FtsH2−

NH4+ cells while in
FtsH3down cells it increased maximally twice (Fig. 4).
After 72 h of iron starvation the difference in the isiA
expression among the tested strains was much smaller
reaching about seven to nine times the initial level in
WTNH4+ and FtsH2NH4+ and five times in FtsH3down. The
large increase in the isiA transcript after 24 h followed by
the drop after 72 h was consistently observed in WTNH4+

cells, but has not been detected in previous transcrip-
tomic studies, possibly because of differences in how iron
was depleted from the cells. Here we used a combination
of iron–free medium and DFB chelator whereas previous
studies used either iron-deficient media without iron che-
lator (Singh et al., 2003), or normal media with chelator
(Hernández-Prieto et al., 2012), conditions that might
deplete iron from the cells more slowly. In summary, the
data on the changes in the isiA transcript level during iron
depletion corresponded to the observed accumulation
of the IsiA and FutA1 proteins found in the individual
strains.

The level of the isiA transcript is determined by its
half-life which is affected by antisense RNA (Dühring
et al., 2006) and the rate of transcription which is mostly
dependent on binding of the Fur repressor (Ghassemian
and Straus, 1996; Kunert et al., 2003; González et al.,

Table 1. List of proteins identified by a combination of 2D CN/SDS PAGE, mass spectrometry and immunoblotting in the cells of control and
iron-depleted cells.

Protein

Mass spectrometric analysis

Immunoblot
Size (Da) Coverage

(%)
Detected/theoretical
no. of peptides

PLGS
scoreUniProtKB No. Length (AA)

CP47 55 903 38 16/28 2409 +
P05429 507
CP43 50 303 33 11/25 1934 +
P09193 460
D2 39 466 24 7/14 1350 +
P09192 352
D1 39 695 20 6/14 1051 +
P16033 360
IsiA 37 221 20 6/15 785 +
Q55274 342
FutA1 39 370 19 5/21 645 −
P72827 360
PsaA 82 950 − − − +
P29254 751
PsaD 15 644 32 2/9 56 +
P19569 141

PLGS score is a statistical measure of peptide assignment accuracy.
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2012). As FtsH2 has been implicated in regulation of
another transcriptional regulator, NdhR, in Synechocystis
6803 (Zhang et al., 2007), we were interested whether
FtsH3 could participate in regulating the levels of the Fur
repressor. Using a Fur-specific antibody (Fig. S3A) we
detected the vast majority of Fur in the membrane fraction
of Synechocystis cells (Fig. S3C) and during iron deple-
tion the level of Fur significantly decreased in membranes
of both WTNH4+ and FtsH2−

NH4+ while no such decrease
was observed in FtsH3down (Fig. 2B). Analysis of the
soluble fractions revealed that in WTNH4+ the protein
became almost undetectable after 72 h of iron deficiency
while the soluble fraction of the mutant contained even
more Fur than at the beginning (Fig. S3C).

To confirm that the iron-responsive changes in the Fur
level were not affected by the presence of ammonia, we
also checked the level of Fur in the membrane fraction
isolated from WT cultivated in the iron-depleted standard
BG11 medium. Again, the abundance of the IsiA transcript
steeply increased (Fig. 5A) and corresponded to a strong
decrease in the amount of Fur during 72 h of iron starva-
tion (Fig. 5B).

The presence of Fur in the membrane fraction of Syn-
echocystis was rather surprising and was therefore inves-
tigated in more detail in WT membranes. Most of the Fur
protein was released from membranes by treatment with
0.1 M Na2CO3 confirming that Fur is not a trans-membrane
protein (Fig. 6). Surprisingly, when membranes were solu-
bilized by the mild detergent dodecylmaltoside (DDM),
which we routinely use to solubilize membranes for
CN-PAGE, the Fur protein remained almost exclusively in
the unsolubilized fraction while the D1 protein of PSII and
PilA1 were easily solubilized. Neither the iron chelator DFB
nor the nuclease benzonase improved solubilization of the
protein by DDM. Only in the presence of EDTA was a large
portion of the protein released suggesting the role of
divalent cations in the attachment of Fur to membranes
(Fig. 6).

To further support the effect of FtsH3 on Fur-regulated
gene expression, we also assessed the amount of tran-
script from the slr1295 gene which codes for the FutA1
ferric ion transporter which we observed over-accumulated
in both 1D and 2D electrophoretic gels in iron-deficient
WTNH4+ and FtsH2−

NH4+ but not in FtsH3down (Fig. 2B;
Fig. 3). This gene has been shown to be upregulated
during iron deficiency (Hernández-Prieto et al., 2012) and
belongs to operons included in the Regulog collection of

Fig. 3. Accumulation of membrane protein complexes in cells of
WTNH4+, FtsH2−

NH4+ and FtsH3down strains before and after 72 h of
iron depletion. Cells grown in BG11 medium containing 13 mM
ammonium chloride were transferred to iron-depleted medium
supplemented with 10 μM deferoxamin B. Thylakoid membranes
were isolated from cells harvested after 0 and 72 h of growth in
iron depleted medium containing 10 μM deferoxamin B. Membrane
protein complexes were analysed by 2D CN/SDS-PAGE. The 1D
native gel was photographed (1D photo) or scanned by LAS 4000
for fluorescence (1D fluor) and after SDS-PAGE in the 2nd
dimension the resulting 2D gel was stained by Sypro Orange. Each
loaded sample contained 5 μg of Chl. Designation of complexes:
PSI(3) and PSI(1), trimeric and monomeric Photosystem I
complexes; PSI-IsiA, supercomplexes of trimeric Photosystem I and
IsiA; RCC(2) and RCC(1), dimeric and monomeric Photosystem II
core complexes; u.CP43, unassembled CP43. White arrows
designate IsiA protein in various complexes, black arrows FutA1.
The identity of FutA1 was verified by mass spectrometry (see
Table 1), IsiA by immunoblotting (Fig. S2).

Fig. 4. isiA transcript level in WTNH4, FtsH2−
NH4+ and FtsH3down

cells. Amount of the isiA transcript was measured by RT-PCR
method. 2−ΔΔCt means a multiple of the initial transcript level after
indicated time of iron depletion when the initial level for each strain
is set to one (2−ΔΔCt = 1). RnpB was used as a reference gene. The
initial levels of the transcript in FtsH2−

NH4+ and FtsH3down were
reaching 150 and 80% of that in WTNH4+ respectively; means of 3
independent measurements ± SD are plotted.
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genes putatively regulated by Fur (http://regprecise.lbl
.gov/RegPrecise/genome.jsp?genome_id=305). Indeed,
the result confirmed that the increase in the level of slr1295
transcript after iron depletion was strongly suppressed in
FtsH3down similar to the IsiA transcript (Fig. 7).

Manipulating the level of FtsH1 affects the cellular level
of IsiA regardless of iron concentration

FtsH3 was recently identified as a component of the FtsH2/
FtsH3 heterohexameric complex responsible for quality
control of PSII in the thylakoid membrane (Boehm et al.,
2012). Since our present data showed that the FtsH2-less
strain is not impaired in acclimation to iron depletion, the
FtsH2/FtsH3 complex could be ruled out from participating
in the regulation of Fur levels. Given the current lack of
experimental support for the existence of FtsH3 homo-
oligomeric complexes and our previous data supporting
the existence of FtsH1/FtsH3 heterocomplexes (Boehm

et al., 2012) plus the present results showing the role of
FtsH3 in regulation of Fur levels, we hypothesized that the
FtsH1/FtsH3 complex is responsible for this regulation and
that manipulating the level of FtsH1 should also affect the
acclimation to iron deficiency. To test this hypothesis we
constructed two new Synechocystis 6803 mutants differing
in the cellular content of the FtsH1 protease. The strain
FtsH1down was constructed similarly to FtsH3down by
inserting the ftsH1 gene under a regulatable promotor,
in this case the promotor of the petJ gene encoding

Fig. 5. isiA transcript level and content of the Fur repressor in
control WT cells untreated with ammonia during iron depletion.
A. Amount of the isiA transcript was measured by RT-PCR method.
2−ΔΔCt means a multiple of the initial transcript level after indicated
time of iron depletion when the initial level is set to one (2−ΔΔCt = 1).
RnpB gene was used as a reference gene. Means of 3
independent measurements ± SD are plotted.
B. Membranes isolated from the cells harvested after 0, 24 and
72 h of iron depletion were analysed by 1D SDS-PAGE; gels were
either stained by Coomassie Blue (CB stained gel) or used for
immunodetection of Fur. Each loaded sample contained 2 μg of Chl
which is within the linear range for detecting Fur as documented in
Fig. S3B.

Fig. 6. Characterization of Fur membrane association in WT cells.
The membrane fraction isolated from the cells of WT was treated in
the following way before analysis by 1D SDS-PAGE:
Na2CO3 − membrane fraction washed with 0.1M Na2CO3 pH 12;
W − washed membranes, R − released proteins; Contr. − control
membrane fraction solubilized by 1% DDM; Benz. − membrane
fraction solubilized by 1% (w/v) DDM in the presence of 60 U
benzonase; DFB − membrane fraction solubilized by 1% (w/v) DDM
in the presence of 250 μM DFB; EDTA − membrane fraction
solubilized by 1% (w/v) DDM in the presence of 25 mM EDTA. P
means pellet; S means supernatant after solubilization by 1% (w/v)
DDM. The gels were stained by Sypro Orange for control of loading
and used for immunodetection by antibodies specific for Fur, D1
and PilA1. Each loaded membrane sample contained 1.5 μg of Chl,
with the amount of loaded supernatant corresponding to 1.5 μg of
Chl of the membrane fraction.

Fig. 7. Transcript levels of slr1295 gene regulated by Fur in
WTNH4+ and FtsH3down during iron depletion. Transcripts were
measured by RT-PCR method. 2−ΔΔCt means a multiple of the initial
transcript level after indicated time of iron depletion when the initial
level for each strain is set to one (2−ΔΔCt = 1). RnpB gene was used
as a reference gene. The initial level of the transcript in FtsH3down
was reaching 98 % of that in WTNH4+. Measurements were
performed in triplicate using independent cultures; means ± SD are
plotted.
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cytochrome c6, which is downregulated in the presence of
copper ions (Tous et al., 2001; Kuchmina et al., 2012).
Copper-induced suppression of FtsH1 was not as effective
as suppression of FtsH3 in FtsH3down using the nirA
promoter; nevertheless the ftsH1 transcript level in the
absence of Cu2+ (before suppression) was four times lower
in comparison to control WT cells and after 8 days of
cultivation in the presence of 0.8 μM Cu2+ the transcript
level declined six times in comparison to WT. In this copper-
enriched medium the FtsH1 protein became almost
undetectable by immunodetection and its negligible level
was maintained even when grown under iron depletion
(Fig. 8A). On the other hand, the amount of FtsH1 in the
control cells of WTCu+ increased after 72 h of iron depletion.
Similar to FtsH3down after DFB treatment, the FtsH1-
down mutant exhibited retardation in IsiA accumulation in

comparison to WTCu+. After 72 h of iron depletion the
mutant cells showed only limited decrease in the phyco-
biliprotein content (Fig. 8B, region 600 −650 nm) and the
Chl absorption maximum shifted from 678 nm to just
675 nm (Fig. 8B). This was reflected by the largely reduced
level of IsiA protein when compared to WTCu+ (Fig. 8C).
Significantly, FtsH1down, like the FtsH3down mutant,
accumulated higher levels of total Fur protein in compari-
son to WTCu+ even before iron starvation and its level in
both membrane and soluble fractions was reduced only
slightly when compared to WTCu+ after 72 h of iron starva-
tion (Fig. 8C).

The second mutant, termed FtsH1over, contained eight
times more ftsH1 transcript than WT. This FtsH1 overex-
pression was achieved by inserting the ftsH1 gene under
the control of the promoter of the psbA2 gene which
encodes the D1 protein and which under standard growth
conditions is the source of 90% of the cellular psbA tran-
script (Mohamed et al., 1993). The mutant cells showed
increased level of carotenoids, a lower content of phyco-
bilisomes and a change in the shape of the red absorption
maximum of Chl indicating increase in the absorption
around 672 nm (Fig. 9A). Protein analysis of the mutant
grown in the standard BG11 medium confirmed an
increased content of FtsH1 and FtsH3 and showed accu-
mulation of the IsiA protein (Fig. 9B) which was mostly
present in PSI-IsiA complexes similar to those seen in the
WT cells treated with DFB for 24 h (Fig. 9C). More impor-
tantly, the content of Fur protein was significantly lower in
this strain in comparison with WT grown in normal BG11
medium (Fig. 9B). Overall our data indicate that both FtsH1

Fig. 8. Changes in the FtsH levels (A), whole cell absorption
spectra (B) and content of IsiA, FutA1 and Fur (C) during
acclimation of WTCu+ and FtsH1down strains to iron starvation.
Cultures of WT and FtsH1down grown in the BG11Cu+ medium
were transferred to iron depleted medium containing 10 μM
deferoxamin B and cells were harvested after 0, 24 and 72 h of
iron depletion for assessment.
A. Membrane proteins isolated from cells of WTCu+ and FtsH1down
after 0, 24 and 72 h of iron depletion were analysed by 1D
SDS-PAGE and immunoblot using antibodies against FtsH1, FtsH2
and FtsH3. The non-specific staining of AtpA/B subunits of ATP
synthase is also shown to document loading of the lanes. Each
loaded sample contained 2 μg of Chl.
B. Absorption spectra were measured with cell suspensions of the
same OD750 of 0.1 that were normalized to the red Chl absorption
peak (673–679 nm). Spectra after 24 h (dotted lines) and 72 h
(dashed lines) were shifted by 0.05 and 0.1 A, respectively, for
better visualization of differences. A magnified absorption region
550 – 700 nm is also shown with vertical lines designating the
mean of absorption maxima from three biological replicates ± SE.
C. Membrane (MF) and soluble (SF) fractions isolated from the
cells harvested after 0, 24 and 72 h of iron depletion were analysed
by 1D SDS-PAGE, gels were stained by Sypro Orange and used
for immunodetection of Fur and IsiA. Identity of FutA1 and IsiA in
the stained gel was verified by mass spectrometry. Each loaded
sample of MF contained 2 μg of Chl; amount of loaded SF
corresponded to amount of membrane containing 2 μg of Chl.
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and FtsH3, most probably in the form of a heterooligomeric
complex, are involved in the accumulation of Fur.

The FtsH1/FtsH3 complex is located in the
cytoplasmic membrane

To further confirm the existence of the FtsH1/FtsH3
complex in Synechocystis 6803 we compared the amounts
of each subunit in various mutant strains and assessed
their co-migration on 2D gels. Previously we have reported
that most of the FtsH2/FtsH3 complex migrates on native
gels with an apparent molecular mass of 650 kDa. This
mass is significantly higher than the size of 410 kDa pre-
dicted for a hexamer with the difference possibly reflecting
the presence of additional protein components in the
complex in vivo (Boehm et al., 2012). In an FtsH2−/FtsH4−

double mutant (lacking both the FtsH2 and FtsH4 homo-
logues) we detected a smaller 550-kDa complex using
specific antibodies against FtsH1 and FtsH3. This complex
was also found in WT together with a 650-kDa complex
assigned to FtsH2/FtsH3. In contrast, the 550-kDa
complex was not present in the FtsH1down strain. This
result is consistent with our assumption that in the
FtsH1down mutant the FtsH3 subunit is present only in the
FtsH2/FtsH3 complex and that the 550-kDa complex can
be assigned to the FtsH1/FtsH3 complex (Fig. 10). Overall,
these data provide further support for the existence of an
FtsH1/FtsH3 heterocomplex in vivo.

We have previously shown that FtsH2 and hence the
FtsH2/FtsH3 complex is located in thylakoid membranes
(Komenda et al., 2006). To help determine the location of
the FtsH1/FtsH3 complex we constructed mutants contain-
ing the GFP protein attached to the C-terminus of the FtsH1
and FtsH3 homologues (Fig. S7) and examined these
strains by confocal fluorescence microscopy. As a control
we used a strain having GFP attached to the C-terminus of
FtsH2. The GFP-tagged FtsH subunits accumulated in the
membranes as proteins of the expected size with only very
limited fragmentation detected (Fig. S8). In addition all
mutant strains could segregate indicating that the GFP-
tagged FtsH1 and FtsH3 subunits were still functional in
vivo and therefore the strains could be used for localization
experiments. Figure 11 showing the distribution of Chl and
GFP fluorescence in cells of all three strains clearly indi-
cated a different pattern of GFP signal distribution. While in
FtsH2-GFP the signal of Chl significantly overlapped with
the signal of GFP, in the FtsH1-GFP mutant the signal of
GFP was present on the surface of the cells clearly outside
the Chl fluorescence. The signal of FtsH3-GFP overlapped
thylakoids but also reached the cellular surfaces outside
the Chl–containing thylakoids in agreement with its dual
localization in both types of membranes. These results are

Fig. 9. Whole cell absorption spectra (A), content of FtsH1,
FtsH2, FtsH3, IsiA and Fur proteins (B) and PSI-IsiA complexes (C)
in the FtsH1over strain overexpressing FtsH1. Cultures of WT and
FtsH1over were grown in standard BG11 medium.
A. Absorption spectra were measured with cell suspensions of the
same OD750 of 0.1 that were normalized to the red Chl absorption
peak (673–679 nm). A magnified absorption region 650–690 nm is
also shown with the arrow designating the subtle difference in the
Chl absorption between WT and FtsH1over due to the
accumulation of IsiA.
B. Membranes isolated from harvested cells were analysed by 1D
SDS-PAGE; gels were used for immunodetection of FtsH1, FtsH2,
FtsH3, IsiA and Fur using specific antibodies. Chemiluminescent
signal of cytochrome f (PetA) is also shown to document equal
loading of the samples. Each loaded sample contained 2 μg of Chl.
C. Comparison of high molecular weight regions of the CN gel
between FtsH1over and WT cells harvested after 0, 24 and 72 h of
iron depletion. PSII-PSI supercomplexes present in the WT cells
before iron depletion are overlapped by PSI-IsiA complexes with
concomitant disappearance of trimeric PSI (PSI(3)) during iron
depletion. Similar levels of PSI(3) and PSI-IsiA complexes are seen
in the FtsH1over and WT cells depleted of iron for 24 h.

Fig. 10. FtsH3 forms separate hetero-oligomeric complexes with
FtsH2 as well as with FtsH1 in Synechocystis 6803. Membranes of
WT, FtsH1down and FtsH2−/FtsH4− were analysed by 2D
CN/SDS-PAGE in combination with immunodetection using
antibodies specific for FtsH1-3. 5 μg of Chl were loaded in each
lane of the first dimension. Solid rectangle delimits FtsH2/FtsH3
complex, dashed rectangle defines FtsH1/FtsH3 complex. Subunits
α and β of the complete ATP synthase (AtpA/B) complex are also
shown as internal standard for size estimation of the FtsH
complexes.
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in line with a previous investigation by mass spectrometry
of purified cytoplasmic and thylakoid membranes prepared
by a combination of sucrose-gradient centrifugation and
two-phase separation according to method of Huang et al.
(2002). FtsH3 was detected in both membranes while

FtsH1 was found just in the cytoplasmic membrane fraction
(Pisareva et al., 2007; 2011). We repeated this separation
procedure with WT cells and using an immunoblotting
approach confirmed the localization of FtsH1 in the cyto-
plasmic membrane and FtsH3 in both thylakoid and

Fig. 11. Cellular localization of Chl fluorescence and GFP-tagged FtsH proteases in Synechocystis 6803. Panels A, B and C represent
confocal microscopy images of Synechocystis 6803 cells containing GFP-tagged FtsH1, FtsH2 and FtsH3 proteases respectively. Green
channel represents GFP fluorescence (excitation at 488 nm, detection at 500–530 nm), Chl emission is shown in red (excitation at 488 nm,
detection at 690–790 nm). The presented pictures were used for further analysis of GFP-tagged FtsH proteases and Chl fluorescence (see D,
E and F). Fluorescence intensity profiles across the x-axis of cells (see white bar) are presented (GFP − green line) together with localization
of Chl emission in thylakoid membranes (CHL − red line), the profiles are normalized to fluorescence intensity of GFP and Chl at a distance
value of 0.7 μm. Relative difference between GFP and Chl fluorescence (GFP − CHL – black line) represent averages and SD (grey) for
4 cells.
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cytoplasmic membranes (Fig. 12). Thus, we conclude that
the FtsH1/FtsH3 complex is localized in the cytoplasmic
membrane.

Discussion

Previous studies have provided an extensive analysis of
possible regulators of iron homeostasis in cyanobacterial
model organisms (Ghassemian and Straus, 1996; Kunert
et al., 2003; Hernández-Prieto et al., 2012; González
et al., 2014). A complex iron regulatory network has been
proposed involving the Fur repressor which acts at the
transcriptional level (González et al., 2012) and small
regulatory RNAs at the post-transcriptional level (Dühring
et al., 2006; Sevilla et al., 2011). Nevertheless, the possi-
bility that the abundance of Fur could be regulated by
proteolysis has not yet been examined either in cyanobac-
teria or in other bacteria.

FtsH is known to control the level of some regulatory
cytosolic proteins like heat shock proteins and transcrip-
tional factors. For instance, E. coli FtsH is involved in rapid
degradation of the heat shock sigma factor, sigma32
(RpoH), under non-stress conditions in vivo (Urech et al.,
2000). In the case of Synechocystis 6803, FtsH2 (encoded
by slr0228) is involved in acclimation to low carbon condi-
tions via regulation of the level of NdhR which is a tran-
scriptional repressor controlling transcription of genes
required for induction of carbon-concentrating mecha-
nisms (Zhang et al., 2007). Since FtsH2 has been found to
exist as a hetero-oligomeric complex with FtsH3 in vivo, we
assume that the FtsH2/FtsH3 complex is responsible for
this regulatory process (Boehm et al., 2012).

In the present study we studied the role of FtsH com-
plexes in the regulation of the cellular level of the Fur
repressor. We tested the acclimation to iron depletion in
various strains mutated in FtsH proteases and found that
the absence of FtsH2 and FtsH4 (not shown) did not
significantly affect the process. On the other hand, we
noticed that mutants with suppressed expression of the
essential FtsH1 and FtsH3 proteases were not able to
acclimate to iron depletion via expression of proteins
whose synthesis is normally induced under iron deficiency.
We tested several expression systems used for downregu-
lation of gene expression in bacteria and the required low
level of expression of ftsH1 and ftsH3 was achieved using
promoters downregulated by Cu2+ ions and ammonia
respectively. In contrast, the suppression of ftsH genes
was not sufficient using the tetracycline controlled pro-
moter (Huang and Lindblad, 2013). One potential disad-
vantage of our approach is that the concentrations of Cu2+

ions and ammonia used could have adverse effects on
cyanobacterial photosynthesis (Drath et al., 2008; Deng
et al., 2014). Indeed, the cells grown in the presence of
ammonia did show symptoms of stress as reflected by the
increased level of carotenoids (Fig. 2A). Nevertheless, as
the mutant strains were always compared with the control
strains cultivated under exactly the same conditions, any
differences identified between the control strains and cor-
responding suppression mutants could be ascribed to the
specific effect on gene regulation, not a general effect of
the regulating substances.

Given the recent identification of FtsH1/FtsH3 com-
plexes (Boehm et al., 2012), the results indicate that
induction of the isiA/isiB operon and other iron responsive
genes examined depends not only on the abundance of
iron but also on the level of the FtsH1/FtsH3 complex
which determines the amount of the Fur repressor. Micro-
array data showed no significant changes in the level of
Fur transcript in WT and FtsH3down strains during iron
depletion excluding the transcriptional regulation of Fur
level (Krynicka and Hess, unpublished). It is evident that
the FtsH1/FtsH3 protease is superordinate to Fur in the
regulatory cascade of iron homeostasis. Although we do
not have evidence that the regulation is mediated by
direct degradation of Fur by the protease complex, this
scenario is highly probable. Given that Fur can be present
in the cytoplasm, this would mean that the proteolytic
domains of the FtsH1/FtsH3 complexes are also oriented
on the cytoplasmic side of the membrane (Lee et al.,
2011; Boehm et al., 2012).

The localization of the majority of Fur to the membrane
fraction in a form that is unable to be solubilized by DDM
is rather surprising. Since we were not able to remove the
protein from membranes using DFB, the binding is not
dependent on iron. Fur was released from the membrane
fraction using 0.1 M sodium carbonate which is known to

Fig. 12. Localization of FtsH1-3 in purified thylakoid and
cytoplasmic membranes.
A. Coomassie stained gel of thylakoid (TM) and cytoplasmic
membranes (CM).
B. Immunochemical detection of proteins was performed using
antibodies specific for FtsH1, FtsH2, FtsH3, for thylakoid marker
CP43 and cytoplasmic membrane markers SbtA and NrtA,
transporters of bicarbonate and nitrate respectively. 1 μg of proteins
was loaded for each membrane sample.
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efficiently wash out peripheral membrane-associated pro-
teins but not transmembrane ones (Fujiki et al., 1982).
Fur could also be solubilized by SDS or, alternatively, by
DDM in the presence of EDTA suggesting the role of
divalent cations in Fur binding. In this respect, Fur
behaves like the Slr0006 protein induced under carbon-
limiting conditions (Carmel et al., 2011), possibly because
both proteins are present in a similar compartment. In the
same DDM-unsolubilized fraction we also detected the
LexA transcription factor by mass spectrometry (not
shown). This factor has been shown to colocalize with
DNA by Oliveira and Lindblad (2011) and has also been
detected in cytoplasmic membrane fractions (Zhang
et al., 2009). Likewise, Fur has also been detected in the
purified cytoplasmic membrane of Synechocystis (Tiago
Selao, personal communication). Taking into account the
cytoplasmic membrane location of the FtsH1/FtsH3
complex, we speculate that Fur (and possibly other tran-
scriptional factors like LexA) mediates the interaction of
the membrane with DNA. When Fur detaches from DNA
in the absence of iron, Fur becomes accessible to the
FtsH1/FtsH3 complex and is degraded. Membrane asso-
ciation of Fur bound to DNA might be physiologically
relevant and reflect the tight coupling of transcription and
translation of membrane proteins. This would explain why
a membrane-bound protease such as FtsH1/FtsH3 is
involved in regulating the level of Fur rather than a
soluble protease.

Our concept of FtsH1/FtsH3-mediated regulation of
iron homeostasis in Synechocystis 6803 can be summa-
rized in the following way. In WT at sufficient iron con-
centrations Fe2+ binds to the regulatory site of the Fur
monomer and triggers conformational changes leading to
an increase in Fur binding affinity for specific DNA
sequences in the promoter regions of isiA/isiB and other
Fur-regulated operons (Pohl et al., 2003; Pecqueur et al.,
2006). The activated Fur becomes attached to these
so-called Fur boxes and transcription of the isiA/isiB
operon is repressed (Hantke, 2001; McHugh et al., 2003).
When the intracellular iron concentration decreases, Fur
loses its bound Fe2+, detaches from the Fur box and
isiA/isiB genes start to be transcribed. Assuming an equi-
librium between DNA-bound and unbound repressor,
degradation of detached Fur by FtsH1/FtsH3 would help
drive the detachment of Fur from DNA. Under conditions
of iron sufficiency, the situation in the FtsH3down and
FtsH1down mutants is similar to that in WT. Fur is
attached to DNA and expression of IsiA is repressed. The
level of detached Fur is just slightly higher in comparison
to the WT cells. A different situation occurs upon iron
depletion. Fur loses its bound iron and largely detaches
from the promoter region. In mutants containing reduced
levels of the FtsH1/FtsH3 complex, Fur released from
DNA is not degraded and accumulates in the membrane

fraction. This increases the probability of scavenging the
residual amount of iron in the cells keeping the level of
iron-bound Fur high enough for sufficient binding to the
Fur boxes. Alternatively, the iron-free Fur despite its lower
affinity to DNA can weakly and transiently bind to the Fur
box keeping the regulated genes suppressed. Indeed,
DNase I footprinting analysis has indicated that binding of
Fur to DNA and therefore the expression level of iron-
controlled genes is a function of the concentration of both
the Fur protein and its cognate metal ion. A higher Fur
concentration in the absence of metals afforded approxi-
mately the same footprint as lower concentration of Fur in
presence of metal ion (de Lorenzo et al., 1987; Coy and
Neilands, 1991).

Expression of IsiA, as well as some other proteins
hypothetically regulated by Fur, increases in Synechocys-
tis not only under iron depletion but also under other
conditions such as mutation of PSI (Jeanjean et al.,
2003), stationary growth phase (Singh and Sherman,
2006) and high concentrations of hydrogen peroxide
(Singh et al., 2005) or cadmium (Houot et al., 2007). This
type of regulation can be nicely explained by the
increased accumulation of FtsH proteases under these
conditions (Houot et al., 2007) which would suppress the
level of Fur thereby allowing expression of IsiA even in the
presence of iron.

Although our previous data indicated that FtsH3 was
able to form heterocomplexes with either FtsH1 or FtsH2
(Boehm et al., 2012), we were unable to assess whether
FtsH3 was also able to form homocomplexes. Analysis of
mutants (Fig. 10) and changes in the level of FtsH pro-
teases during iron depletion (Figs 8 and S1) suggest that
the vast majority of FtsH1-3 is present as FtsH1/FtsH3
and FtsH2/FtsH3 heterocomplexes, and that the level of
the homocomplexes, if present, is much lower. However,
we still consider it possible that the composition of FtsH
complexes is dynamic and that under certain growth or
stress conditions homocomplexes might accumulate to
some extent.

Our previous analysis of an FtsH2 null mutant also
indicated that levels of FtsH3 declined to approximately
10% of WT levels suggesting that the amount of the
FtsH1/FtsH3 complex was much less than the FtsH2/
FtsH3 complex (Boehm et al., 2012). Consistent with this,
downregulation of FtsH1 did not result in drastic depletion
of FtsH2 and FtsH3; indeed the level of FtsH2 and FtsH3
actually increased during iron starvation. However, the
FtsH1down mutant did show weaker symptoms of iron
depletion than FtsH3down, despite the low levels of FtsH1
and FtsH3 (Fig. S1A and Fig. 8 respectively). Conse-
quently, we cannot rule out that the FtsH2/FtsH3 complex
can substitute to a limited extent for the FtsH1/FtsH3
complex in controlling the level of Fur. The parallel increase
in FtsH2 and FtsH3 levels in the FtsH1over strain (Fig. 9B)
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is interesting and might reflect upregulated expression of
the FtsH2/FtsH3 complex in response to increased
availability of FtsH3 if expression of FtsH3 is increased
in response to enhanced FtsH1 levels. Alternatively
increased levels of FtsH2/FtsH3 might be a response to
some other signal caused by overexpression of FtsH1.

The presence of FtsH3 in FtsH heterocomplexes found
in either the cytoplasmic or thylakoid membranes raises
important questions about how sorting of FtsH3 is
achieved. The relationship between the cytoplasmic and
thylakoid membrane and their possible contacts is cur-
rently unclear in cyanobacteria. One possibility is that
both membrane compartments share a common origin
allowing competition between FtsH heterocomplexes for
the shared subunit.

In summary, it seems that the co-ordinated expression of
the Fur regulated genes in Synechocystis is more complex
than was originally thought. Such convoluted regulatory
mechanisms enable the cell to cope with various environ-
mental changes. Homologues of Fur and FtsH1 and FtsH3
are encoded in the genomes of all cyanobacterial species
so far examined (see Cyanobase) and so we believe that
FtsH-mediated control of Fur expression operates in other
cyanobacterial species including the primordial cyanobac-
terium Gloeobacter violoceus. Indeed, we have also
observed a similar cellular location of Fur and its depletion
during iron deprivation in the cyanobacterium Anabaena
PCC 7120 (not shown). Since the Fur repressor is also
involved in the regulation of iron homeostasis in other
bacteria, it will be interesting to establish whether the role
of the FtsH protease in the regulation of the Fur level is
conserved within the whole eubacterial kingdom.

Experimental procedures

Strains, their construction and cultivation

The previously described FtsH3down (originally termed
SynFtsH3reg, Boehm et al., 2012) and FtsH2-less (FtsH2−)
strains (Komenda et al., 2006) as well as the control wild type
(WT) strain were derived from the non-motile glucose-tolerant
Synechocystis sp. PCC 6803 strain obtained from the labora-
tory of Wim Vermaas. Downregulation of FtsH3 was studied in
cultures cultivated in the presence of ammonium ions as
described in (Boehm et al., 2012). To deplete iron the cells
were transferred to iron depleted medium (residual concentra-
tion of iron about 5 μM) supplemented with 10 μM deferox-
amin B (DFB), an iron chelator. Cells were cultivated in the
presence of 5 mM glucose at an irradiance of 10 μmol photons
m−2 s−1 of white light.

For construction of the FtsH1down strain the ftsH1 (slr1390)
gene was cloned into the pSK9 vector (Kuchmina et al., 2012)
used for conditional knockouts of genes fused to the petJ
promoter which is repressed by copper. The resulting integra-
tive plasmid (Fig. S4A) was used for transformation of the WT
strain of Synechocystis 6803 via homologous recombination.
Transformants were selected for chloramphenicol resistance

(30 μg ml−1) and complete segregation was confirmed by
PCR. The wild-type copy of the ftsH1 (slr1390) was deleted
using a linear construct containing upstream and downstream
regions of the ftsH1 (slr1390) gene with the kanamycin resist-
ance cassette in the middle generated by megaprimer PCR
method (Burke and Barik, 2003) as described in detail in
Supplementary Material and Methods and Fig. S4B. Success-
ful deletion of original ftsH1 indicated that FtsH1 is functionally
expressed using the petJ promoter. To suppress expression of
FtsH1, the strain was initially grown in BG-11 medium lacking
copper ions and after reaching OD750 of 0.5 (exponential phase
of growth) copper ions were added to give a final concentration
0.8 μM (BG11Cu+ medium). For iron depletion treatment the
cells were transferred to the BG11Cu+ medium lacking ferric
ions supplemented with 20 μM DFB. The mutant was culti-
vated in with the presence of 5 mM glucose at an irradiance of
10 μmol photons m−2 s−1 of white light.

For construction of the FtsH1over strain the ftsH1 gene was
cloned into the pPD-FLAG vector (Hollingshead et al., 2012),
normally used for expression of 3xFLAG-tagged protein under
the strong psbA2 promoter. In our construct the FLAG tag was
omitted (Fig. S5A). Synechocystis 6803 transformants were
selected for kanamycin resistance (50 μg ml−1). The wild-type
copy of ftsH1 (slr1390) was again deleted using a linear
deletion construct generated by megaprimer PCR method,
this time containing a chloramphenicol-resistance cassette
(Fig. S5B). The segregated mutant was cultivated autotrophi-
cally in standard BG-11 medium at an irradiance of 40 μmol
photons m−2 s−1 of white light.

The FtsH2/FtsH4-less double mutant termed FtsH2−/
FtsH4− used for identification of the FtsH1/FtsH3 complex
was constructed by transformation of the existing FtsH2−

strain by an ftsH4 knockout vector (Fig. S6A) as described in
detail in Supplementary Material and Methods. The double
mutant was selected for resistance to both chloramphenicol
(30 μg ml−1) and kanamycin (5 μg ml−1) and was grown under
low-light conditions (∼ 5 μmol photons m−2 s−1) until segrega-
tion was complete as judged by PCR. The absence of the
FtsH4 protein was verified by immunoblotting (Fig. S6B). The
mutant was cultivated in BG-11 medium supplemented with
5 mM glucose at an irradiance of 10 μmol photons m−2 s−1 of
white light.

GFP-tagged FtsH mutants were constructed using trans-
formation vectors consisting of the particular ftsH coding
sequence fused to DNA encoding a thrombin cleavage site,
GFP and a strep II tag with a downstream selectable marker
conferring chloramphenicol resistance constructed as
described in detail in Supplementary Material and Methods
and in Fig. S7. After transformation of WT, transformants
were selected for chloramphenicol resistance (30 μg ml−1)
and complete segregation was confirmed by PCR. The result-
ing mutants are termed FtsHxGFP, where FtsHx represents
the particular FtsH subunit. The strains were cultivated auto-
trophically in standard BG-11 medium at an irradiance of
40 μmol photons m−2 s−1 of white light.

All liquid cultures (50–100 ml) were shaken in 250 ml
conical flasks at 29°C. Cultures were analysed in the expo-
nential phase (OD750 in the range 0.5–0.7). All experiments
and measurements with cells were performed at least in
triplicate (biological repeats) and typical results are shown in
the figures.
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Analysis of proteins and their complexes

Membrane protein complexes were analysed by clear native
electrophoresis in combination with SDS-PAGE and Western
blotting as described in Komenda et al. (2012). The previously
described primary antibodies against the following proteins
were used in this study: anti-FtsH2 and anti-FtsH3 described
in (Boehm et al., 2012), anti-PsaD (Shen and Bryant, 1995),
anti-IsiA (Sandström et al., 2001), anti-Fur (Hernández et al.,
2002), anti-CP43 (Boehm et al., 2009), anti-SbtA (Boehm
et al., 2009) and anti-NrtA (Norling et al., 1998). We also used
new antibodies raised in rabbit against peptide 578–592 and
556–573 of the Synechocystis 6803 FtsH1 and FtsH4 pro-
teins, respectively, against peptide 2–18 of the Synechocystis
6803 PsaA protein and against peptide 147–160 of Synecho-
cystis 6803 PilA1. Purified plasma and thylakoid membrane
fractions from Synechocystis cells were prepared by aqueous
polymer two-phase partitioning in combination with sucrose
density centrifugation (Norling et al., 1998).

Tryptic in-gel digestion and protein identification by
mass spectrometry

The identification of the Coomassie Blue-stained protein spot
separated by 2D CN/SDS-PAGE were done after tryptic
digestion on a NanoAcquity UPLC (Waters) on-line coupled
to an ESI Q-ToF Premier mass spectrometer (Waters) as
described in (Janouškovec et al., 2013).

Spectroscopic methods

Absorption spectra were measured using a Shimadzu
UV3000 spectrophotometer (Komenda et al., 2007).

Fluorescence microscopy

Fluorescence micrographs were obtained with a laser-
scanning confocal microscope Olympus FV1000 (Olympus,
Japan) using procedures described in detail in Supplemen-
tary Material and Methods. GFP fluorescence was measured
between 500–530 nm (with emission dichroic mirror reflect-
ing below 560 nm) and Chl fluorescence between 690–
790 nm. Series of 20 images were taken for every sample
and after their averaging the GFP and Chl differences across
the cell were calculated to quantify GFP localization.

RNA isolation, reverse transcription and
quantitative PCR

Total RNA was isolated from frozen cells following the hot
Trizol protocol as described in (Komenda et al., 2007), puri-
fied by an RNeasy MinElute Cleanup Kit (Qiagen) and treated
with TURBO DNase (Ambion). 20 ng of purified RNA was
used for cDNA synthesis using specific primers for isiA and
slr1295 and SuperScript II Reverse Transcriptase (Invitro-
gen). Real time-quantitative PCR reactions were performed
on a Rotor-Gene 3000 using the iQ SYBR Green Supermix
(Bio-Rad). Determination of the isiA and slr1295 transcript
levels by quantitative PCR was performed in triplicate using

three independent cultures. rnpB (encoding the B subunit of
ribonuclease P) was used as a reference gene. Its level was
found to be proportional to total RNA (measured spectropho-
tometrically) in all strains. The ΔΔCt method was used to
calculate gene expression normalized against rnpB. The ΔCt
values were reproducible to within 0.5 cycle.
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