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Background: Iron-sulfur (Fe-S) clusters are protein-bound cofactors associated with cellular electron transport
and redox sensing, with multiple specific functions in oxygen-evolving photosynthetic cyanobacteria. The aim
here was to elucidate protein-level effects of the transcriptional repressor SufR involved in the regulation of
Fe-S cluster biogenesis in the cyanobacterium Synechocystis sp. PCC 6803.

Methods: The approach was to quantitate 94 pre-selected target proteins associated with various metabolic func-
tions using SRM in Synechocystis. The evaluation was conducted in response to sufR deletion under different iron
conditions, and complemented with EPR analysis on the functionality of the photosystems I and Il as well as with
RT-qPCR to verify the effects of SufR also on transcript level.

Results: The results on both protein and transcript levels show that SufR acts not only as a repressor of the suf op-
eron when iron is available but also has other direct and indirect functions in the cell, including maintenance of
the expression of pyruvate:ferredoxin oxidoreductase Nif] and other Fe-S cluster proteins under iron sufficient
conditions. Furthermore, the results imply that in the absence of iron the suf operon is repressed by some addi-
tional regulatory mechanism independent of SufR.

Conclusions: The study demonstrates that Fe-S cluster metabolism in Synechocystis is stringently regulated, and
has complex interactions with multiple primary functions in the cell, including photosynthesis and central car-
bon metabolism.

General significance: The study provides new insight into the regulation of Fe-S cluster biogenesis via suf operon,
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and the associated wide-ranging protein-level changes in photosynthetic cyanobacteria.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Iron-sulfur (Fe-S) clusters are a group of essential cofactors involved
in a number of metabolic processes, such as photosynthesis, respiration
and nitrogen fixation [1]. The biologically relevant redox range of the
clusters, from — 710 mV of the Fx cluster in photosystem I [2] up to ap-
proximately 4+ 280 mV of Rieske Fe-S cluster in cytochrome bgf [3-5],
enables the Fe-S clusters to be utilized in catalytic redox reactions and
in redox sensing as part of gene regulation [6]. In environments which
induce oxidative stress, such as iron limiting conditions [7], the Fe-S
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cluster integrity and function are compromised due to their oxygen sen-
sitivity [8], which readily leads to destabilization and degradation of the
clusters with consequent inactivation of the corresponding proteins.

In oxygen-producing cyanobacteria, the Fe-S clusters are constantly
exposed to oxygen and more importantly, to semi-reduced oxygen rad-
icals that are generated in photosynthetic light reactions. Destabiliza-
tion of Fe-S clusters by oxygen radicals and the subsequent release of
catalytic Fe? *-iron provoke inactivation of various Fe-S proteins [9].
Damaged Fe-S clusters, in turn, limit photosynthetic electron transfer
especially in photosystem I (PSI), which harbours altogether three elec-
tron-transferring [4Fe-4S] clusters; Fx ligated to the PsaA and PsaB sub-
units and the F, and Fg clusters in the PsaC subunit of PSI [10,11].
Damage in PSI escalates the oxidative stress as it causes the over-reduc-
tion of the photosynthetic electron transport chain, which consequently
generates more reactive oxygen species (ROS).

Sufficient availability of iron is crucial for the maintenance of various
metabolic processes requiring iron cofactors such as heme, non-heme
or Fe-S clusters. Iron is especially important for the photosynthetic ma-
chinery, where as many as 12 Fe molecules are associated with PSI, and
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additionally PSII, cytochrome bgf and cytochrome c-553 harbor alto-
gether ten molecules of iron [12-15]. The relatively high requirement
for iron, which is at least one order of magnitude higher iron
quota than in non-photosynthetic bacteria [16-18], often causes
cyanobacteria to encounter iron deficiency in the natural environment.
Iron limitation easily results in an amplified effect, where the decrease
in iron-containing enzymes which fight against oxidative stress [7,19]
leads to increased oxidative stress and further damage to the Fe-S clus-
ters. Consequently, oxidative stress induces the Fenton reaction, where
the Fe? * released from the degraded Fe-S clusters reacts with hydrogen
peroxide (H,0,), causing oxidization and precipitation of iron as ferric
hydroxides while hydroxide (OH™) and hydroxyl radicals (OH") are
formed. Thus, the iron depletion feeds itself and gets more pronounced,
resulting in extensive changes in the electron transport network.

To cope with the limited amounts of iron in the oceanic and fresh
water environments, cyanobacteria have developed several iron trans-
port and storage mechanisms. Iron can be acquired from the scarce ex-
tracellular pool of iron, which exists as free, inorganic form or as
complexes with siderophores, which are secreted by some
cyanobacterial species. The free or chelated iron is transported to the
cell through the outer membrane via TonB-ExbB-ExbD system [20]
and then internalized through plasma membrane either as ferrous or
ferric form. The reductive iron uptake through the Fe?™ specific FeoB
transporter has been shown to be the most effective transport system,
while the Fe3* specific FutABC complex works as a complementary
transporter system [21]. Once inside the cell, the ferrous iron is typically
sequestered by the ferritin family proteins and stored as ferric iron [18].
Upon iron depletion, the stored iron is mobilized by the induction of yet
another type of ferritin protein, MrgA, in order to alleviate the need for
externally obtained iron [18]. At the same time, besides the increased
expression of iron transporters which enhance iron uptake, there is an
increase in proteins which can substitute for the iron-containing pro-
teins. These include the iron stress inducible flavodoxin (IsiB), which re-
places the Fe-S-containing ferredoxin as electron carrier protein [22].
Flavodoxin is co-expressed with the chlorophyll binding IsiA (CP43’) pro-
tein, which functions as an extra antenna for PSI under iron deficiency but
also enhances the thermal dissipation and protection of the cells from
photo-oxidative stress under iron deprivation [23-26]. The iron deficiency
also strengthens the preference of plastocyanin instead of heme-bearing
cytochrome 553, as an electron carrier between cyt bef and PSI [27,28].

In order to maintain a balance between available iron and the process-
es which depend on it, Fe-S cluster biogenesis and the regulation of the as-
sociated enzymes are directly linked with the overall iron metabolism
network of the cell. Transcription factors that regulate gene expression
in response to the redox state of the bound Fe-S clusters, function as sen-
sors of the available iron and cellular redox poise [29]. One of these tran-
scriptional factors is SufR (sll0088 in Synechocystis sp. PCC 6803;
Synechocystis from hereon), a homodimeric protein which binds one
|4Fe-4S]-cluster per subunit and acts as a repressor of the sufBCDS operon
[30,31]. The operon is part of the SUF-system, which contributes to the Fe-
S cluster biogenesis in cyanobacteria as well as in many non-photosyn-
thetic bacteria [30-33]. The components of the SUF system have been ex-
tensively studied mainly in Escherichia coli [32,33], and the SufB, SufC and
SufD have been shown to interact with each other and to form an Fe-S
cluster assembly complex. This complex interacts with the SufSE complex,
which is responsible of the transfer of sulfide into the cluster [32,34]. The
SufBCD itself is suggested to participate in iron mobilization and transfer
of Fe-S-cluster to the target proteins. The energy required for this is
most probably acquired from SufC, which is an unorthodox ABC/ATPase
[35]. The function of the Suf proteins in cyanobacteria has not been thor-
oughly elucidated, but based on the current knowledge it is expected to
resemble the corresponding system in non-photosynthetic bacteria.

Oxidative stress, which inflicts damage to the SufR Fe-S clusters, re-
duces the binding affinity of SufR to the sufBCDS-promoter region,
which leads to derepression of the suf operon [30,31]. Accordingly, chro-
mosomal inactivation of sufR has been shown to result in increased

transcript levels of suf operon genes in Synechococcus sp. PCC 7002 (here-
after Synechococcus) both under iron sufficient and deprived growth con-
ditions [30]. A similar response, although more pronounced, is observed
under iron limiting conditions in the wild type (WT) strain. Based on
the highly conserved sequence around the sufR-sufBCDS region, the over-
all mechanism is expected to be similar also for Synechocystis [30].

This study focused on the elucidation of the role of SufR, the tran-
scriptional repressor of the suf operon, under iron sufficient and de-
prived conditions in Synechocystis. The strategy was to subject 94 pre-
selected target proteins, either directly associated with Fe-S cluster me-
tabolism or having specific key functions in the cell, for quantitative pro-
teomics analysis upon inactivation of the SufR protein. To assess the
correlation between the amount and functionality of addressed Fe-S
proteins, the protein quantification was further evaluated against the
functional status of the Fe-S proteins and protein complexes involved
in photosynthesis as well as with respect to changes on transcript levels.

2. Materials and methods
2.1. Strains and growth conditions

The cyanobacterial strains used in this study were the Synechocystis
sp. PCC 6803 WT and the generated AsufR strain. The strains were culti-
vated under photoautotrophic conditions in AlgaeTron AG 230 growth
chamber (Photon Systems Instruments, Drasov, Czech Republic),
under controlled, 1% (vol/vol) CO, conditions. The temperature was
set to + 30 °C and the light intensity to 50 umol photons m~2 s~ 1.
The cells were grown in BG-11 medium [36], buffered with 20 mM
TES-KOH (pH 8.0) in Erlenmeyer culture flasks on a rotary shaker
(120 rpm). The precultures (40 ml BG-11 in 100 ml flasks) were
grown under standard BG-11 media until mid-logarithmic phase, har-
vested by centrifugation and washed either once or three times with
standard or iron depleted (no added FeNH,4-citrate) BG-11 media, re-
spectively. The precultures were used to inoculate the main cultures
(40 ml BG-11 in 100 ml flasks) to the starting OD75q nm Of 0.1. The cell
density was estimated by measuring the optical density at 750 nm
(OD750 nm) With a Genesys 10S UV-VIS spectrophotometer (Thermo
Scientific). The AsufR Synechocystis cells for SRM analyses were harvest-
ed from both iron sufficient (+ Fe) and deprived conditions (—Fe) at
OD750 nm 1.0 (short-term treatment), at approximately 62 h (4 Fe)
and 81 h (—Fe), and at 12 days under iron deprivation (long-term treat-
ment). The corresponding WT samples used for comparison were col-
lected and analyzed at 57 h (4 Fe), 76 h (—Fe) and after 12 days [37].

2.2. Construction of sll0088 deletion mutant

In order to inactivate SufR in Synechocystis, a deletion construct was
designed to disrupt the native sufR gene (sll0088) by insertion of a chlor-
amphenicol resistance cassette (Cm®) by homologous recombination.
The deletion construct was assembled by fusion PCR [38], using WT
Synechocystis chromosomal DNA and pACYCDuet-1 (Novagen) as the
PCR templates for the homologous regions and Cm®, respectively. The
chromosomal DNA was isolated by phenol-chloroform extraction from
Synechocystis WT; the colonies were inoculated to 1x TE-buffer
(10 mM Tris-HCl/0.1 mM EDTA), heated at + 65 °C for 10 min in equiv-
alent volume of saturated phenol (Sigma-Aldrich) and centrifuged
(5 min; 10,000 x g), after which the supernatant was washed twice
with chloroform (Sigma-Aldrich). The PCR primers (Oligomer) used
for generating the construct are listed in Table 1. Primers
P1(fw) 4 P2(rev) and P3(fw) + P4(rev) were used for the amplifica-
tion of the 5’ (269 bp) and 3’ regions (245 bp) of sll0088, respectively,
whereas complementary primers P5(fw) + P6(rev) allowed the ampli-
fication of the CmR® (1228 bp). The three PCR products were isolated
from 1% agarose gel, extracted (QIAEX® II Gel Extraction Kit) and used
as templates to compile the final deletion construct using the primers
P7(fw) + P8(rev).
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Table 1
Sequences of the PCR primers used for constructing and verification of the sufR deletion
mutant.

Primer name  Sequence 5’ to 3’

P1(fw) TTGTCCTTTCAGTTTACTGGACTGC

P2(rev) GGTGTTTTTGAGGTGCTCCAGTGGATAGAGAAATTGGGGTCTGCCC
P3(fw) GCTAGTTATTGCTCAGCGGTGGCATACGGCGGCAGGAAGGTTATATG
P4(rev) TTAGTTCGGGGTTTTAGACTGG

P5(fw) CCACTGGAGCACCTCAAAAACACC

P6(rev) TGCCACCGCTGAGCAATAACTAGC

P7(fw) TCTCCTGTTGTTGACCATGACC

P8(rev) AGGTGTGTTCCCCATCATTAAGCC

P9(fw) GCATCTACCGCCACATTACTTAAACG

P10(rev) CCTCAACGGCTACGATGTCTTGCAGG

2.3. Transformation of sufR deletion construct to Synechocystis

WT Synechocystis was transformed by adding approximately 1 pg of
purified sufR deletion construct to 100 pl of concentrated cell culture.
The DNA-cell mixture was incubated in a shaker o/n at +30 °C in dark-
ness and plated on BG-11. After 48 h, chloramphenicol was supplement-
ed to the transformant plate to a final concentration of 10 pug/ml.

To obtain a segregated Synechocystis AsufR mutant line, the
transformant colonies were restreaked multiple times under chloram-
phenicol selective pressure. The complete segregation of the mutant
was verified by colony PCR analyses, which were carried out with
primers P9(fw) and P10(rev) (Table 1) amplifying either 2 kb (WT) or
3 kb (AsufR) fragments of the Synechocystis genome.

2.4. In vivo absorption spectra

In vivo absorption spectra were measured with an Infinite 200 PRO
multiplate reader (Tecan) from 400 to 750 nm to follow the induction
of iron deprivation in the AsufR mutant and WT cells by the characteris-
tic shift in chlorophyll a (chl a) absorbance as well as changes in other
pigments such as phycobilisomes (at approx. 626 nm) and carotenoids
(at approx. 480 nm).

2.5. Protein quantification by SRM

The SRM-experiments followed the workflow described by
Vuorijoki et al. [37]. The proteins were extracted as whole cell lysate
in 0.1 M ammonium bicarbonate (NH4HCO3) buffer containing 8 M
urea, 0.1% (w/v) Rapigest SF (Waters Corporation, Milford, MA) and
0.2 mM PMSF protease inhibitor. An equal volume of acid washed
glass beads (150-212 pm, Sigma) was added to the solution and the
cells were disrupted with bead beater (Mini-Bead-Beater-8, Unigenetics
Instruments Pvt. Ltd., India). The protein concentration was determined
from the supernatant with the Bradford assay [39]. Proteins were re-
duced by dithiotreitol (DTT; Sigma) and alkylated with iodoacetamide
(IAA; Sigma), at final concentrations of 5 mM and 10 mM, respectively,
followed by acetone/ethanol precipitation at — 20 °C. The protein pel-
lets were digested o/n in 50 mM NH4HCO3 and 5% (v/v) acetonitrile
buffer with two additions of trypsin (Sequence grade Modified,
Promega, Madison, WI, USA) with 1:100 (w/w) trypsin to protein
ratio. The peptides were then desalted with Solid Phase Extraction tech-
nique and biological triplicates were loaded as 150 ng/5 Ll injection to
nanoflow HPLC system (EasyNanoLC 1000; Thermo Fisher Scientific).
The peptides were separated by using a 60 min non-linear gradient at
a flow rate of 300 nl/min (5-20% B in 35 min; 20-35% B in 50 min;
B = acetonitrile:water, 98:5). Thereafter, the peptides were ionized by
a nano-electrospray and analyzed in triple quadrupole mass spectrom-
eter (TSQ Vantage, Thermo Scientific). The mass spectrometer operated
in SRM mode with the settings described in [37]. The precursor to frag-
ment ion transitions were measured with 2.5 s cycle time with mini-
mum 20 ms dwell time for each transition.

The SRM data-analysis including the peak picking and identification
was done in Skyline [40] and the relative quantification was performed
with MSstats (3.1.4) package [41,42]. A global standard normalization
was used with two endogenous peptides (SNLDSNHITYR and SEELLGAASNR)
of the probable DNA-directed RNA polymerase omega subunit (ss2982).

Altogether 94 proteins with validated SRM-assays [37] were
targeted in this study in Synechocystis AsufR mutant cultured under dif-
ferent iron conditions, and compared with previously published data in
the WT strain. The SRM-assay information could be retrieved from Pan-
orama Public (https://panoramaweb.org/labkey/Vuorijoki_et_al_2015.
url) and PASSEL with PASS00726 identifier (http://www.peptideatlas.
org/PASS/PASS00726). For the quantification of six proteins (encoded
by sll0542, sll1031, sll1525, slr1963, slr2067, slr2136), a different set of
2-3 proteotypic peptides were selected, due to more stable signals be-
tween the replicates. These peptides (s110542; SLASGQEISGDTSTLEDR,
sll1031; SAVAHQTGNLAGDSANQLR, sll1525; GHTYEDILASINAR, slr1963;
GVTEPAEDGFTQIK, slr2067; SIVNADAEAR, sir2136; EGYSDQEFAEIGEK)
can be found in the MSstats input file (Table 2 in [43]) as well as in the
datasets deposited in Panorama Public and PASSEL with the assay param-
eters (accession information in Results section). The indexed retention
times (iRT-values) for these peptides can be found in Table 1 of [43].

2.6. Quantification of functional PSII and PSI complexes by EPR

The electron paramagnetic resonance (EPR) spectroscopy was per-
formed with intact Synechocystis cells at room temperature to quantify
the relative amounts of PSII and PSI. The cells grown in standard BG-
11 medium (+ Fe) were harvested at OD;5g n,, = 1 and the iron starved
cells grown in iron depleted BG-11 medium (— Fe) were harvested after
12 days. The chl a concentration was determined prior harvesting and
used to adjust the final chl a concentration in the samples to 4 mg/ml.
Chlorophyll was extracted with 90% methanol and the absorbance at
665 nm was multiplied with an extinction coefficient of
78.741¢ ! cm™! to determine the chl a concentration [44]. The EPR
measurements were performed with Miniscope (MS5000) EPR-spec-
trometer, equipped with variable temperature controller (TC-HO4)
and Hamamatsu light source (LC8). The measurements were conducted
with the frequency of 9.44 GHz, center field of 336.5 mT, microwave
power of 3 mW, field sweep of 9 mT and modulation frequency of
100 kHz with modulation width of 0.5 mT. In order to fully oxidize
tyrosine D* (representing the amount of functional PSII), the
samples were first illuminated with continuous saturating light
(5000 pmol photons m~2 s 1) for 150 s. Prior the measurements, sam-
ples were dark-adapted for 1 min to obtain a stable and fully oxidized
tyrosine D’ radical as described by Tiwari et al. [45]. In order to ensure
the full oxidation of P700™" (representing the amount of functional
PSI), two different methods were tested. First one included photo-oxi-
dation of P700 in the presence of DCMU (10 pM), which blocks the elec-
tron transfer to PSI, causing accumulation of P700" and Tyr D" during
continuous illumination [46]. To calculate the quantity of oxidized
P700™" from the DCMU treatment, the Tyr D" signal obtained as post-il-
luminated dark spectrum was subtracted from the spectrum measured
during continuous illumination [46]. The other tested method was
based on chemical oxidation in dark using 100 mM of PSI electron ac-
ceptor potassium ferricyanide, Ks[Fe(CN)g] (from hereon FeCN),
which specifically generates only P700™" signal. As the quantity of oxi-
dized PSI was nearly the same after both treatments (Appendix Fig.
A.1), the chemical oxidation by FeCN was preferred in the subsequent
analysis for P700" oxidation. The relative quantification of P700™ was
performed by dividing the spin numbers of P700™" with that of tyrosine
D" on equal chlorophyll basis.

2.7. RNA isolation, cDNA synthesis and RT-qPCR

30-40 ml of cells cultured under the different test conditions were
harvested by centrifugation at 5000 rpm for 6 min at 4 °C (TX-400
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rotor, SL 16R centrifuge, Thermo Scientific), followed by immediate
freezing of the pellets by dipping the tubes in liquid N,. The cells were
then thawed on ice, washed with cold resuspension buffer containing
0.3 M sucrose and 10 mM sodium acetate (as described in [47]), and
re-frozen as before for storage at — 80 °C. For RNA isolation, the pellets
were thawed on ice and suspended in 200 pl resuspension buffer,
followed by addition of lysis buffer to obtain the final concentrations
of 25 mM EDTA (pH 8.0), 1% SDS and 10 mM sodium acetate (adapted
from [48]). To isolate the RNA, the samples were extracted multiple
times with 1:1 volume of hot acidic phenol:chloroform (1:1) until the
aqueous phase (top phase containing the RNA) was free of protein im-
purities (white precipitate at the solvent interphase). Remaining phenol
in the aqueous sample was removed by an additional extraction with an
equal volume of chloroform. RNA was precipitated by incubating the
sample o/n at — 20 °C in the presence of 0.56 M LiCl and 67% ethanol.
The co-precipitated genomic DNA was removed by 30 min DNase
(2 U) (TURBO DNA-free kit, Ambion) treatment according to
manufacturer's instructions. RNA concentration was measured with
BioDrop pLITE (BioDrop Ltd.) and the RNA integrity was verified on
1.2% agarose gel. Complementary DNA (cDNA) was synthesized from
1 pg of DNA free RNA using iScript™ cDNA synthesis kit (BioRad). The
c¢DNA was diluted five-fold and 5 pl of each triplicate sample of both
WT and AsufR strain was used as a template for RT-qPCR.

The RT-qPCR was performed on iCycler IQ Thermal Cycler (v. 4.006)
and the data was analyzed by iQ™5 Optical System Software (v. 2.0)
(Bio-Rad), using iQ SYBR Green Supermix (BioRad). The optimal anneal-
ing temperature for each amplicon (Table 2) was tested on a gradient
PCRrun from 53.8 °Cto 62.5 °C, and the PCR protocols were designed ac-
cordingly (3 min initial denaturation at 95 °C followed by 40 cycles of
95 °Cfor 10s, 57 °Cor 59 °C for 30 s and 72 °C for 20 s). Melting curve
analysis was performed as described in [47]. The efficiencies of
amplicon groups were calculated from a standard curve where a five-
fold dilution series of cDNA was plotted against threshold cycles (Cy-
value) of each dilution. The changes in gene expression relative to the
WT were calculated by Pfaffl method, taking into consideration the dif-
ferent amplification efficiencies (E) of each amplicon (Table 2) [49]. The
rimM (slr0808, encoding 16S rRNA processing protein) was used as a
normalization gene for the calculations [47]. Samples which were not
treated with reverse transcriptase served as negative controls.

3. Results
3.1. Inactivation of sufR in Synechocystis sp. PCC 6803

The sufR gene (slI0088), encoding the suf operon repressor protein
SufR in Synechocystis, was inactivated using homologous recombination

by targeted insertion of a chloramphenicol resistance (CmR®) cassette

Table 2

WT ASUfR

Fig. 1. Agarose gel electrophoresis showing the sufR colony PCR products of WT
Synechocystis (2 kb) and AsufR mutant strain (3 kb).

201 bp downstream from the second start codon [31]. This resulted in
the replacement of a 202 bp fragment in the middle of sufR with a
1228 bp insert, separating the N-terminal DNA-binding motif from the
C-terminal domain associated with [4Fe-4S] cluster binding [30,31].
The chloramphenicol resistant transformant colonies were screened
using colony PCR in order to confirm the integration in the sufR locus.
The colonies were streaked for several generations under antibiotic se-
lection pressure to obtain complete segregation of the mutation. In the
final screening, only amplification fragments corresponding to the
disrupted AsufR (~3 kb) were observed while the WT sufR fragments
(~2 kb) could not be detected (Fig. 1).

Despite the segregated sufR deletion, SufR-derived peptides were
detected in the subsequent SRM analysis in the mutant samples. The
signals originated from the truncated inactive polypeptide (68 amino
acids) expressed from the 5’ end of disrupted AsufR, upstream of the
inserted chloramphenicol cassette, which still harbored the native reg-
ulatory sequences; the only suitable SRM-peptides (proteotypic pep-
tides; PTPs) applicable for SufR quantification in the assay (Appendix
Fig. A.2) were located in this region. However, the signal intensities
remained marginal due to mRNA instability or rapid turnover of the
misfolded protein fragments, and unlike in the WT strain, the SufR
SRM-signals of the AsufR mutant did not increase in response to the in-
duced expression of SufR under iron depletion (Table 3, Fig. 2). In addi-
tion, the inactivation of SufR was demonstrated by the release of the
repression of suf operon expression under iron sufficient conditions in
the subsequent analysis of the AsufR mutant strain (Fig. 3).

3.2. Phenotype of the AsufR mutant

The AsufR mutant strain could not be distinguished from the WT
Synechocystis based on growth rate either under iron sufficient or

Primers used in RT-qPCR and the optimal annealing temperature and amplification efficiency (E) for each amplicon. Asterisk (*) refers to unspecific primer dimer signals, which affect the

amplification efficiency and give signals at late amplification cycles.

Optimal annealing temperature (°C) Amplification efficiency, E

Primer name Primer sequence 5’3’
sufR/sll0088_fw AAACAGTGGGGGAAGAACAGT
sufR/sll0088_rev CCGTAGCTCCACCAGTTTATGT
fed2/sll1382_fw ACAGCGTGATTGTCTCCGAC
fed2/sll1382_rev TTGCCCAGAAATAACCCGCA
sdhB/sll0823_fw TTGCCGTAATGCCATCTGTG
sdhB/sll0823 _rev ACTGATGGTGAAAACTCCGGT
sufB/slro074_fw CCATGGAATTGTCCACCTATTT
sufB/slr0074_rev GCATGAAGTTGATTGGTGTCAT
fed4/slr0150_fw TTTGCCCTATTCCTGTCGGG
fed4/sir0150_rev CACAGAGCAACACACAACCC
synifU/ssI2667_fw AACTCCGTCCCTACCTGATG
synifU/ssI2667_rev TAGGGTCATGGTGGAACTGG
nif]/sll0741_fw GGCCTACCTGCTCAGTGAAG
niff/sll0741_rev CCTCGCTTTGCATTTCCACC
rimM/slr0808_fw GGGAATTCCACGTCACTGAT
rimM/slr0808_rev GGGACGAGCACTTCTTTGTC

57 3.47*
57 2.02
57 2.07
59 2.11
59 2.02
59 2.01
59 1.87
57/59 1.86




L. Vuorijoki et al. / Biochimica et Biophysica Acta 1861 (2017) 1085-1098 1089

Table 3

The expression level fold changes of targeted proteins in WT and AsufR under all experimental conditions (I to III are short-term experiments, [V and V are long-term experiments) in
comparison to WT under iron sufficient conditions. The values are in log; scale. The small font sizes indicate measurements with adjusted p-values > 0.01. The red and green gradients
represent the amplitude of upregulation and downregulation of the proteins, respectively. The asterisk (*) indicates that the respective protein binds either Fe or Fe-S-binding motifs based
on UniProt and Cyanobase annotations and literature.

L 1L 1L Iv. V.
Gene Protein AsufR WT AsufR WT -Fe AsufR -Fe Metabolic context [ function Functional
symbol category
+Fe -Fe -Fe (12d) (12d)
sl11831 GIcF* 0.32 -2.96 -1.65 -1.15 -0.55 Glycolate pathway
sl11196 PfkA -0.01 0.32 0.54 0.59 0.53 Glycolysis o
slr1843 Zwf -0.32 0.99 1.15 1.86 1.85 Pentose phosphate pathway E
s110741 Nif]. Pfo* -1.20 -3.73 -4.08 -2.83 -2.69 '.E_ "
sl10542 Acs -0.59 -0.18 -0.28 0.26 0.01 Pyruvate and acetyl-CoA metabolism 5 §
5110920 Ppc -0.20 0.94 0.95 1.95 1.69 E 5
slr0665 AcnB* -0.64 -1.92 -1.74 -0.53 -0.68 2 R
slr1289 Ied -0.19 0.70 0.66 1.53 1.52 TCA cycle —,‘;
s110823 SdhB* -1.12 -2.14 -1.96 -1.64 -1.68 o]
sl11625 SdhB* -0.53 -1.49 -1.36 -0.54 -0.38
sll0158 GlgB -0.33 0.96 1.07 1.46 144 Carbohydrate metabolism
sl11356 GlgP* -0.09 0.52 0.64 1.49 1.33
sl10169 ZipN. Ftn2 -0.04 0.45 0.51 134 0.93 Cell division
slr0417 GyrA -0.44 0.76 0.90 1.02 0.86 DNA unwinding
s110698 DspA/Hik33 -0.25 0.34 0.38 0.37 0.32 Drug and analog sensitivity
s110728 AccA -0.42 0.52 0.41 0.15 -0.18 . .
FA-biosynthesis
slr1511 FabH -0.53 0.46 0.54 0.34 0.03
sll1341 BfrA* 0.05 -0.13 -0.25 0.72 0.36
slr1890 BfrB* 0.18 -0.35 -0.51 0.19 -0.43
Preference to
sIr1894 MrgA* -0.02 1.05 1.10 2.15 2.12 © ferrous iron
slr1392 FeoB* -0.56 5.75 5.87 5.36 4.98
sli1406 FhuA* 028 [[N19561 1062 19431940  Fewansport |
sIr1295 FutA1* -0.53 4582 483 499 468 and binding
slr0513 FutA2* -0.53 4.62 4.72 5.11 5.24 L Preference to
slr0327 FutB -0.09 2.30 2.45 2.64 3.07 ferric iron
sl11878 FutC -0.33 3.98 4.09 4.03 4.54
sl11454 NarB* -0.47 -1.10 -1.05 -1.46 -1.14 Glutamate family / Nitrogen assimilation
s110209 Aar -0.55 0.67 0.80 0.88 0.94 . .
Hydrocarbon biosynthesis
5110208 Ado* -0.02 -0.08 -0.12 -0.16 -0.36
sll1221 HoxF* -0.81 -3.03 -3.07 -2.61 -1.68
sll1226 HoxH -0.85 -0.29 -0.26 -0.61 -0.37 Hydrogenase g
sl11223 HoxU* -0.50 -2.58 -2.44 -1.97 -1.48 %
slr2143 CefD -0.10 0.77 1.00 1.76 1.84 g
slr0387 NifS -0.64 1.13 1.30 2.26 2.35 qé
s110088 SufR* -2.36 2.08 -1.33 247 -0.98 E
slr0074 SufB 245 0.45 0.83 0.57 0.41 Iron—sulphur cluster biosynthesis =
slr0075 SufC 3.26 0.20 0.69 0.53 0.96 =
slr0076 SufD 2.75 0.51 0.92 0.63 0.95 Z
slr0077 SufS 2.86 0.36 0.91 0.66 1.22 '%
slr1417 SufA* 1.21 0.03 -0.19 0.25 0.21 §
slr1239 PntA 0.02 0.15 0.33 0.58 0.47 NAD(P)-metabolism ]
sl10567 Fur* 0.17 -2.46 -2.35 -1.27 -1.08 -rgﬂ
sl11626 LexA -0.08 0.38 0.46 0.98 0.96 Regulatory functions s
sl11423 NtcA -0.09 0.52 0.48 149 145 E
slr0653 SigA 0.01 -0.35 -0.44 -0.76 -1.13 IS
5110306 SigB 0.40 1.36 1.62 1.67 1.57 RNA synthesis. modification. and DNA
sll0184 SigC 0.00 0.98 1.12 1.54 1.48 transcription
ss12982 Ycf61 0.13 0.15 0.24 0.02 0.04
slr0963 Sir* -0.31 0.29 0.37 0.38 0.35 Serine family / Sulfur assimilation
sl11382 Fed2* 0.92 -2.16 -1.99 -2.71 -3.22
slr0150 Fed4* 0.32 -2.09 -1.91 -1.96 -1.67 .
Soluble electron carriers
slr0148 Fed5* 0.00 -0.82 -0.53 -0.94 -0.64
s110662 Fed7* -0.57 -1.62 -1.84 -1.62 -2.30
slr1562 GrxC 0.03 0.92 0.99 1.38 1.07
slr0600 NTR -0.20 0.92 1.01 1.60 1.59
slr1139 TrxA -0.19 0.44 0.46 1.19 0.93 SS—bond reduction
slr0623 TrxA 0.09 0.25 0.57 1.13 1.06
sll1057 TrxM2 -0.49 0.04 0.16 0.04 -0.14
sl11621 Type Il PrX 0.06 0.81 0.80 0.91 0.92
slr2136 GcpE* -0.48 0.03 0.06 0.05 0.04 s . .
Terpenoid/isoprene biosynthesis
slr0348 IspH. LytB* -0.15 0.09 0.17 0.94 0.79
slr1329 AtpB -0.19 0.13 0.05 0.31 -0.02 ATP synthase
sl11031 CcmM -0.41 0.59 0.45 0.37 0.53
sll1734 CupA -0.17 0.99 0.93 0.43 0.49
slr2094 Fbpl -0.52 0.34 0.26 0.70 0.56 CO2 fixation
sll1525 Prk -0.43 0.10 0.06 0.52 0.10

(continued on next page)



1090

Table 3 (continued)

L. Vuorijoki et al. / Biochimica et Biophysica Acta 1861 (2017) 1085-1098

slr0009 RbcL -1.06 1.32 1.16 1.45 1.50
slr0342 PetB* -0.03 -1.32 -1.53 -1.57 -2.04 Cytochrome b6/f complex
sl11316 PetC1* -0.07 -1.15 -1.22 -1.26 -1.70
sll1521 Flv1* -0.49 -0.63 -0.42 1.20 1.34 . .

Detoxification
5110550 Flv3* -0.32 -1.13 -1.15 0.49 0.48
s110223 NdhB -0.08 -0.50 -0.56 -0.82 -1.02 NADH dehydrogenase
5110520 NdhI* 0.00 -2.06 -1.73 -1.66 -1.07
slr1302 CupB -0.07 -0.46 -0.30 0.12 -0.04 Other
5110247 IsiA ~0.47 8
slr1835 PsaB* 0.01 -1.83 -2.02 -3.55 -3.28 §

Photosystem I &=
ss10563 PsaC* 0.09 -1.66 -1.67 -3.30 -2.97 s
slr0737 PsaD -0.02 -1.88 -1.96 -3.51 2
slr2033 RubA* -0.08 0.44 0.47 0.74 0.45 PSI-biogenesis g
slr1963 Ocp -0.05 1.78 2.00 2.83 2.80 2
sl11398 Psb28 0.00 -0.07 -0.17 -0.27 -0.56 =
slr1311 PsbA2* -0.13 -0.79 -0.99 -1.71 -2.36 Photosystem Il é
s110849 PsbD* -0.24 -1.44 -1.18 -2.08 -2.79 g
ssr3451 PsbE* 0.00 -1.06 -1.13 -1.87 -2.66 £
s110427 PsbO 0.10 -0.67 -0.69 =1.51 -2.25
slr2067 ApcA -0.11 -0.76 -0.79 -0.94 -1.36
slr0335 ApcE -0.23 -0.63 -0.69 -0.72 -1.15 Phycobilisome (PBS)
sll1578 CpcA -0.27 -0.84 -0.84 -1.39 -2.27
s110813 CtaC 0.08 0.41 0.28 0.90 0.65
slr2082 CtaDII* -0.16 0.29 0.24 0.66 043 Respiratory terminal oxidases (RTO)
slr1379 CydA 0.25 0.46 0.45 1.42 1.23
ss13044 * 0.10 -0.26 -0.13 0.42 0.46
5110248 IsiB -0.56 _ Soluble electron carriers
slr1643 PetH* -0.32 -0.12 -0.06 0.03 -0.05

21

depleted conditions (continuous white light 50 pmol photons m™ s~ °,
1% (v/v) CO,, 30 °C, BG-11 media with or without supplemented ferric
ammonium citrate) (Fig. 4A). Culture absorption spectra of the AsufR
mutant, measured at OD;50 ,,, = 1, revealed an increase in the amount
of carotenoids (seen as higher signal at 480 nm) and reduced
phycobilisome (absorption peak at 626 nm) and chl a (absorption
peak at 680 nm) content under all tested conditions (Fig. 4B). This dif-
ference became apparent in the long-term 12 days batch cultivation
(long-term treatment), where the changes in pigment composition
were more pronounced and the AsufR mutant culture was more brown-
ish than that of the WT (Fig. 4C).

3.3. AsufR mutant analysis by SRM

To obtain a comprehensive view about changes occurring in the
protein expression profile resulting from sufR deletion, we applied a re-
cently developed SRM proteomics method for Synechocystis [37]. The
analysis was performed to monitor the protein expression in the
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WT ASUfR WT ASUfR WT ASUIR
+Fe +Fe -Fe -Fe -Fe(12d) -Fe(12d)

Strain / condition

Fig. 2. SufR protein expression across all tested conditions and strains based on SRM-
assays (adjusted p-values < 0.01). The signals observed in the mutant are considered as
artefacts as they stem from truncated SufR protein. In the WT strain, the expression of
SufR increased under iron depletion. The expression ratio is obtained by transforming
the initial log, fold change values (Table 3) to simple fold change scale and compared
against the WT + Fe-values normalized to 1.

AsufR mutant and WT under iron sufficient and deprived conditions,
both upon short-term growth when OD7s5¢ ,, = 1 was reached and
after a long-term growth of 12 days under iron deprived conditions. Al-
together 94 pre-selected proteins were quantified with high sensitivity
(>20 ms dwell time for each precursor-to-fragment ion transition) in
the designed assays. The targets were selected to represent several met-
abolic processes, especially those related to photosynthesis and carbon
metabolism as well as to iron and Fe-S cluster metabolism. The targets
were divided into three functional categories; (i) photosynthesis and
carbon fixation, (ii) other anabolic reactions/auxiliary metabolism and
(iii) catabolism/amphibolic pathways, as described previously [37].
The SRM experiment details, including the transition list and raw files
can be found from PASSEL [50] with a dataset identifier PASS00765
(http://www.peptideatlas.org/PASS/PASS00765) and the SRM results
can be accessed in Panorama Public [51] as Skyline format (https://
panoramaweb.org/labkey/SufR).

To differentiate the effects of sufR deletion from iron deprivation, all
the tested conditions and strains were first compared against the WT
strain under iron sufficient conditions (Table 3). The differential expres-
sion of the proteins in the AsufR mutant vs. WT under all applied exper-
imental conditions can be found in Table 4. The detailed statistical
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Fig. 3. Expression of the Suf proteins (SufBCDS and SufA) under iron sufficient and iron
deprived growth conditions at log; scale (star indicates adjusted p-value > 0.01).
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Fig. 4. A. Growth of Synechocystis WT and AsufR strain under tested conditions in
logarithmic scale. The samples were collected at OD;s50 nm = 1 from both iron sufficient
(squares) and iron deprived (circles) conditions and after 12 days (triangles) under iron
deprivation. The cultures were grown at 1% (v/v) CO, atmosphere with white light
illumination of 50 pmol photons m~2 s~'. B. Absorbance spectra of Synechocystis WT
and AsufR mutant cultures grown under iron sufficiency (+Fe) and iron deprived
conditions (— Fe) at two different time points (at OD;5¢ n,, = 1 and on day 12). The
spectra have been normalized to 750 nm. C. Synechocystis WT (left) and AsufR mutant
(right) strains grown under iron deprived conditions for 12 days.

information on the expression level changes of all proteins under all the
conditions is available in Table 3 in [43].

3.4. Highly induced iron-sulfur cluster biogenesis attenuates the expression
of Fe-S proteins under iron sufficient conditions

The SufB (2.45, log; fold change), SufC (3.26), SufD (2.75) and SufS
(2.86) proteins in addition to SufA (1.21) were all upregulated in the
AsufR strain under iron sufficient conditions (Fig. 3; AsufR + Fe, Table
3; 1% data column), consistent with the known role of SufR as a repres-
sor of the suf operon. This primary effect was accompanied by a down-
regulation of several enzymes harboring Fe-S clusters - a similar effect,
although less pronounced, as observed under iron deprivation (Fig. 5A).
The most downregulated Fe-S proteins included pyruvate flavodoxin

oxidoreductase Nif] (—1.20), succinate dehydrogenase Fe-S protein
SdhB (—1.12), diaphorase subunit HoxF (—0.81) (Fig. 5A; AsufR + Fe)
and hydrogenase subunit HoxH (— 0.85) of the bidirectional hydroge-
nase (Table 3; 1" data column). Significant downregulation was record-
ed also for proteins associated with i) CO, concentration and fixation
including RbcL (Fig. 5B; AsufR + Fe), CcmM, CupA, Fbpl and Prk, ii) O,
photoreduction such as Flv1l and Flv3, and iii) light harvesting proteins
CpcA (Fig. 5C; AsufR +Fe), ApcA and ApcE. The expression of proteins
involved in iv) Fe-transport and binding including FutC, FeoB (Fig. 5B;
AsufR + Fe), FutA1 and FutA2, v) pyruvate and acetyl-CoA metabolism
such as Nif] (Fig. 5A; AsufR + Fe), Acs and Ppc, as well as vi) AccA and
FabH in fatty acid metabolism followed a similar trend. The downregu-
lation of many carbon fixation associated proteins was accompanied by
an increased expression of the Fe-S protein glycolate dehydrogenase
subunit, GIcF (Fig. 5D; AsufR + Fe). The glycolate dehydrogenase is a
component of the photorespiratory pathway, which despite being es-
sential [52], decreases the efficiency of carbon assimilation due to oxida-
tion reaction in Rubisco [53].

3.5. Under short-term iron deprivation the inactivation of SufR induces only
modest changes in global protein expression

All suf operon proteins were upregulated under short-term iron de-
prived conditions in the AsufR mutant, yet their expression was clearly
lower in comparison to iron sufficient conditions (Fig. 3, Table 3; 1°* and
3 data column). Overall, under short-term iron deprivation
(0OD750 nm = 1) the sufR deletion had modest consequences on the ex-
pression level of the various target proteins. In comparison to the WT
under the same conditions (Table 4; 2" data column), the most affected
proteins were the suf operon proteins (SufB; 0.38, SufC; 0.50, SufD; 0.41,
SufS; 0.56), and the most upregulated protein was the glycolate dehy-
drogenase Fe-S subunit F, GIcF (1.31) (Fig. 5D) [52].

3.6. Long-term iron deprivation leads to elevated expression of Fe-S proteins
in AsufR mutant

In accordance with the observed phenotypic changes in the AsufR
mutant, the overall protein expression profile was altered more exten-
sively in long-term iron deprivation than in short-term treatment
(OD750 nm = 1) (Table 4; 2" and 3™ data column). The clearest effects
in comparison to the WT included diminished amounts of PSII-associat-
ed proteins, increased expression of Fe-S proteins and differential ex-
pression of complexes involved in ferrous (Fe?*) and ferric (Fe3*)
iron transport. As in the short-term iron depletion experiment, the suf
operon was induced also in the long-term treatment but only moder-
ately (SufC; 0.43, SufD; 0.32, SufS; 0.56) (Table 4; 3" data column).

Although all the photosynthetic complexes were greatly downregu-
lated under long-term iron deprivation (Table 3; 4™ and 5 data col-
umn), the relative amplitude of downregulation was different for
proteins related to PSI and PSII between AsufR mutant and WT (Fig.
5C). The proteins of PSII (PsbE; —0.79, PsbO; —0.75, PsbD; —0.71,
PsbA2; —0.65 and Psb28; —0.29), phycobilisome (CpcA; —0.88,
ApcE; —0.43, ApcA; —0.42) and the iron rich cytochrome bef complex
(PetB; —0.47 and PetC1; —0.44) were all downregulated in AsufR. On
the contrary, the PSI proteins (PsaB; 0.26, PsaC; 0.33 and PsaD; 0.16)
were repressed to a lower extent in the mutant than in the WT under
long-term iron deprivation. (Table 4; 3™ data column)

In general, under iron deprived conditions the expression of the Fe-
transport proteins was elevated in comparison to iron sufficient condi-
tions in both strains (Table 3). In AsufR mutant, however, there was a
decrease in the amount of ferrous iron transport and binding proteins,
and an increase in ferric iron specific Fut-system in comparison to WT
in the long-term treatment (Fig. 5B). In parallel to the downregulation
of the ferrous iron transport protein FeoB (—0.38), the Alternative Re-
spiratory Terminal Oxidase CtaDII (ARTO), which has been shown to
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Table 4

The expression level fold changes of AsufR mutant vs. WT control strain. Log; scale upregulation and downregulation of the proteins are shown in red and green gradient, respectively. The
values marked with small font indicate adjusted p-values >0.01. The asterisk (*) indicates that the respective protein binds either Fe or Fe-S-binding motifs based on UniProt and
Cyanobase annotations and literature.

Protein £ 1t [t . . Functional
Gene AsufR vs.WT AsufR vs.WT AsufR vs.WT Metabolic context/ function
symbol +Fe _Fe —Fe.12d category
sl11831 GlcF* 0.32 1.31 0.60 Glycolate pathway
5111196 PfkA -0.01 0.22 -0.06 Glycolysis
slr1843 Zwf -0.32 0.16 -0.01 Pentose phosphate pathway %’
s110741 Nif]. Pfo* -1.20 -0.35 0.14 E
sl10542 Acs -0.59 -0.10 -0.25 Pyruvate and acetyl-CoA metabolism g %
5110920 Ppc -0.20 0.01 -0.26 % é
slr0665 AcnB* -0.64 0.18 -0.15 2 2
slr1289 Ied -0.19 -0.04 -0.01 ',gu
TCA cycle =
s110823 SdhB* -1.12 0.17 -0.04 (&}
sll1625 SdhB* -0.53 0.13 0.16
sl10158 GlgB -0.33 0.11 -0.02 .
Carbohydrate metabolism
sl11356 GlgP* -0.09 0.12 -0.16
sl10169 ZipN. Ftn2 -0.04 0.06 -0.41 Cell division
slr0417 GyrA -0.44 0.14 -0.16 DNA unwinding
s110698 DspA/Hik33 -0.25 0.03 -0.05 Drug and analog sensitivity
s110728 AccA -0.42 -0.11 -0.33 : .
FA-biosynthesis
slr1511 FabH -0.53 0.08 -0.31
sll1341 BfrA* 0.05 -0.12 -0.36
slr1890 BfrB* 0.18 -0.17 -0.62
sIr1894 MrgA* ~0.02 0.06 ~0.03 L Preference to
slr1392 FeoB* -0.56 0.12 -038 ferrous iron
s111406 FhuA* -0.28 0.06 -0.03 Fe -transport
slr1295 FutA1* -0.53 0.01 -0.31 and binding
s1r0513 FutA2* -0.53 0.10 0.13 | Preference to
sIr0327 FutB -0.09 0.15 0.43 ferric iron
s111878 FutC -0.33 0.11 0.51
sll1454 NarB* -0.47 0.05 0.32 Glutamate family / Nitrogen
s110209 Aar -0.55 0.13 0.06 X .
Hydrocarbon biosynthesis
5110208 Ado* -0.02 -0.04 -0.20
sll1221 HoxF* -0.81 -0.05 0.93
sl11226 HoxH -0.85 0.02 0.24 Hydrogenase
sl11223 HoxU* -0.50 0.14 0.49 e
slr2143 CefD -0.10 0.23 0.08 2
slr0387 NifS -0.64 0.17 0.08 _'SU
5110088 SufR* s
slr0074 SufB . . 2
Iron-sulphur cluster biosynthesis i
slr0075 SufC =
s1r0076 Sufb =
slr0077 SufS é
slr1417 SufA* 1.21 -0.22 -0.04 g
slr1239 PntA 0.02 0.18 -0.11 NAD(P)-metabolism E
sl10567 Fur* 0.17 0.10 0.20 E
sl11626 LexA -0.08 0.08 -0.02 Regulatory functions %
sl11423 NtcA -0.09 -0.04 -0.05 E
slr0653 SigA 0.01 -0.09 -0.37 &
s110306 SigB 0.40 0.26 -0.10 RNA synthesis. modification. and DNA
sll0184 SigC 0.00 0.15 -0.06 transcription
5512982 Ycf61 0.13 0.09 0.02
slr0963 Sir* -0.31 0.08 -0.03 Serine family / Sulfur assimilation
sl11382 Fed2* 0.92 0.17 -0.50
slr0150 Fed4* 0.32 0.18 0.29 .
Soluble electron carriers
slr0148 Fed5* 0.00 0.29 0.30
5110662 Fed7* -0.57 -0.22 -0.68
slr1562 GrxC 0.03 0.06 -0.31
slr0600 NTR -0.20 0.09 -0.01
slr1139 TrxA -0.19 0.02 -0.26 .
SS-bond reduction
slr0623 TrxA 0.09 0.32 -0.07
sl11057 TrxM2 -0.49 0.13 -0.18
sl11621 Type Il PrX 0.06 0.00 0.01
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Table 4 (continued)

slr2136 GcpE* -0.48 0.02 -0.02 L R i
Terpenoid/isoprene biosynthesis
s1r0348 IspH. LytB* -0.15 0.08 -0.15
slr1329 AtpB -0.19 -0.07 -0.33 ATP synthase
sl11031 CcmM -0.41 -0.14 0.16
sll1734 CupA -0.17 -0.06 0.06
slr2094 Fbpl -0.52 -0.08 -0.14 CO2 fixation
sl11525 Prk -0.43 -0.04 -0.42
slr0009 RbcL -1.06 -0.15 0.05
slr0342 PetB* -0.03 -0.21 -047
Cytochrome b6/f complex
sl11316 PetC1* -0.07 -0.07 -0.44
sl11521 Flv1* -0.49 0.21 0.15 . .
Detoxification
5110550 Flv3* -0.32 -0.01 -0.01
s110223 NdhB -0.08 -0.06 -0.20
NADH dehydrogenase
5110520 NdhI* 0.00 0.33 0.59
slr1302 CupB -0.07 0.15 -0.15 Other
s110247 IsiA -047 0.04 -0.31 -
slr1835 PsaB* 0.01 -0.19 0.26 2
Photosystem I I
ss10563 PsaC* 0.09 -0.02 033 S
slr0737 PsaD -0.02 -0.08 0.16 _§
slr2033 RubA* -0.08 0.03 -0.30 Photosystem I biogenesis E
slr1963 Ocp -0.05 0.23 -0.03 ﬁ
s111398 Psb28 0.00 -0.10 -0.29 '_q:_;
slr1311 PsbA2* -0.13 -0.20 -0.65 €
Photosystem II 2
5110849 PsbD* -0.24 0.26 -0.71 S
ssr3451 PsbE* 0.00 -0.07 -0.79 -E
s110427 PsbO 0.10 -0.02 -0.75
slr2067 ApcA -0.11 -0.03 -0.42
slr0335 ApcE -0.23 -0.06 -0.43 Phycobilisome (PBS)
sll1578 CpcA -0.27 0.00 -0.88
s110813 CtaC 0.08 -0.13 -0.24
slr2082 CtaDII* -0.16 -0.05 -0.23 Respiratory terminal oxidases (RTO)
slr1379 CydA 0.25 -0.01 -0.19
ss13044 * 0.10 0.13 0.04
110248 IsiB -0.56 0.15 -0.54 Soluble electron carriers
slr1643 PetH* -0.32 0.06 -0.09
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Fig. 5. Expression fold changes (Log,FC) of selected representative proteins discussed in the text. A. Downregulation of Fe-S proteins was seen in AsufR mutant under iron sufficient
conditions (4 Fe) as well as under iron deprivation (—Fe). Under long-term iron deprivation [—Fe (12 days)] these Fe-S proteins were less repressed in the AsufR mutant in
comparison to the WT. B. Proteins which have opposite expression trends in AsufR mutant under iron sufficient conditions (+ Fe) in comparison to cells grown under iron deprivation.
C. The effect of sufR deletion and iron deprivation on PSII and PSI associated proteins. D. Fed4 and GIcF represent mutant-specific expression trends (constant upregulation in
comparison to WT), whereas Fed2 represents the condition-specific expression trends (regulation dependent on the growth conditions). The expression changes with adjusted p-
values > 0.01 are marked with star.
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participate in reductive iron uptake by FeoB [21], was likewise down-
regulated (—0.23) (Table 4; 3" data column).

3.7. Identification of condition-independent and condition-specific changes
in AsufR mutant

The SRM analysis revealed a set of proteins responding similarly to
the deletion of the sufR gene across all experimental conditions used
in this study (mutation-specific response). In addition to the characteris-
tic upregulation of the suf operon, these expression trends involved al-
leviated repression of glycolate dehydrogenase subunit F (GIcF) and a
ferredoxin, petF-like protein (Fed4) (Fig. 5D), as well as the downregu-
lation of fatty acid biosynthesis, carbon fixation (Prk) and
phycobilisome (CpcA) proteins in comparison to the WT strain under
corresponding conditions (Table 4).

Another set of proteins demonstrated protein expression trends in
which the response of the AsufR strain was dependent primarily on
the iron conditions (condition-specific response). This group involved
proteins harboring Fe-S clusters such as HoxF, NarB (Fig. 5A) and
HoxU, in addition to FutC related to Fe (IIl)-transport (Fig. 5B). Under
iron sufficient conditions these proteins in the AsufR mutant were con-
sistently downregulated, whereas under iron deprivation the effect was
opposite in comparison to the WT strain under corresponding condi-
tions (Table 4). Fed2 was the only protein out of the 94 targets for
which the condition-specific response was the other way around, and
the protein was expressed at higher levels in the presence of iron and
repressed in the absence of iron as compared to the WT (Table 4).

3.8. SufR deletion does not induce changes in the relative ratio of functional
PSII/PSI complexes

The relative ratios of functional PSI and PSII reaction centers in the
AsufR mutant and the WT control strain were analyzed using EPR spec-
troscopy (Fig. 6). The EPR signal I (dotted line) corresponds to oxidized
P700™" representing the amount of active PSI, while the signal II (solid
line) corresponds to the oxidized tyrosine D (Tyr D*) which correlates
with the amount of active PSIIL The EPR profiles of oxidized P700" and
Tyr D* did not change in response to sufR deletion under iron sufficient
conditions (Fig. 6A) or under long-term iron deprived conditions (Fig.
6B). In the presence of iron, the PSI/PSII ratios were 4.31 + 0.68 and
4.69 4 0.71 for the WT and the AsufR mutant, respectively (Fig. 6C;
bright blue and red bars). Under the iron deprived conditions, the
total content of functional PSI was drastically reduced in both strains
as seen in the relative decline in signal intensity of P700%" (Fig. 6A &
B). The functional PSI/PSII ratio decreased by several folds to 0.54 +
0.13 and 0.50 4 0.13, in WT and in AsufR mutant, respectively. (Fig. 6C)

3.9. RT-qPCR verifies the direct targets for SufR regulation

In order to evaluate whether the protein level changes observed in
sufR deletion strain are seen already at the transcript level, and thus
could be verified as direct targets for the SufR regulation, we performed
RT-qPCR for several genes encoding proteins with altered expression.
The targets included genes for proteins with a mutation-specific expres-
sion i.e. Fed4 (slr0150) and SufB (slr0074), a condition-specific expres-
sion i.e. Fed2 (sll1382), and an altered expression under iron sufficient
conditions i.e. Nif] (sl0741) and SdhB (sll0823). In addition, the tran-
script accumulation for SufR (slI0088) and SyNifU [54] (ss[2667) was an-
alyzed. SyNifU could not be targeted in SRM assays due to lack of PTPs,
but the corresponding transcript levels were measured as the protein
has been proposed to function as a scaffold for Fe-S cluster assembly
and transport [54]. In the case of fed2, fed4 and sdhB, the relative tran-
script abundances were not noticeably affected (Fig. 7), and to some ex-
tent the expression trends were even the opposite in comparison to the
SRM results under the tested conditions. This implies that the expres-
sion changes observed at protein level were indirect effects of the SufR
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!
50 (scale) il \
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Fig. 6. Quantification of functional PSII and PSI reaction centers in Synechocystis using EPR
spectroscopy. Overlay of oxidized P700™ and TyrD" EPR spectra from WT and AsufR
mutant under A) iron sufficient culture conditions (+ Fe) and B) iron deprived culture
conditions (—Fe). C) PSI/PSII ratios of WT and AsufR mutant in the presence of iron
(bright blue and red, respectively) and in the absence of iron (light blue and red,
respectively) calculated from A) and B) on basis of chl a.

inactivation. Furthermore, the relative transcript accumulation of synifU
proved to be negligible in the sufR deletion strain. On the contrary, sufB
and nif] showed similar expression trends both on the transcript and
the protein levels, suggesting them to be direct targets of SufR regulation
(the sufB transcript accumulation under long term iron deprivation being
the only exception). The relative transcript abundance of nif] was 0.48 +
0.08 (log,FC = — 1.05) under iron sufficient conditions, which is compa-
rable to the amplitude of downregulation at the protein level
(logoFC = —1.20). Similar correlation was seen under the two iron de-
prived conditions, although the amplitude of regulation was not as high
as under iron sufficiency (Fig. 7 and Table 4). RT-qPCR also verified the
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Fig. 7. Transcript accumulation of fed2, fed4, synifU, nif], sdhB, sufB and sufR in the sufR deletion
strain under the applied experimental conditions as analyzed with RT-qPCR. The bars with
three-color gradient from dark to light green represent iron sufficient (+ Fe), short-term
iron deprived (—Fe) and long-term iron deprived [—Fe (12 days)] conditions, respectively.
The results are the means from three biological replicates with standard deviations.

sufR deletion with transcript accumulation being similar or lower than in
the negative controls.

4. Discussion
4.1. New protein level insight on the effects of SufR by targeted proteomics

SufR is a negative transcriptional regulator of the sufoperon involved
in the synthesis of Fe-S clusters [30,35,55,56], and of specific interest in
photosynthetic oxygen evolving cyanobacteria which are highly depen-
dent on these cofactors. SufR was first discovered through screening of
viable suppressor mutations for primary mutations in psaC, which
substituted cysteine ligand for [4Fe-4S] cluster, Fg, with serine
(C14Sps,c) in the PSI protein PsaC [57]. The mutations inactivating sufR
enabled photoautotrophic growth and restored the amounts of mutated
PsaC to WT levels [55]. The role of SufR has been further investigated in
cyanobacteria [30,58], but prior to this work, the direct and secondary ef-
fects have not been studied at protein level, or in response to the availabil-
ity of iron in the model organism Synechocystis. Here we generated a SufR
deficient Synechocystis mutant strain, and deployed SRM proteomics for
monitoring protein-level changes arising either directly from the deletion
itself or from the altered regulation of Fe-S cluster metabolism via the suf
operon and nif]. Our SRM analysis of the AsufR mutant also enabled the
screening of the changes occurring under iron sufficient and deprived
conditions in processes that are either directly or indirectly linked to Fe-
S cluster metabolism, with a specific focus on the iron-rich proteins asso-
ciated with photosynthetic apparatus and selected key metabolic process-
es of the host. Since these effects and interactions could otherwise be
challenging to identify, SRM provided a convenient and comprehensive
means to elucidate the functional role of SufR more extensively.

4.2. Suf operon regulation

The suf operon response observed under iron deprived culture con-
ditions in the WT was consistent with [4Fe-4S]-cluster demetallation of

SufR i.e. transition from holo- to apo-form and consequent suf operon
derepression [30]. However, in the AsufR mutant, the extent of the suf
operon induction was notably higher than in WT, reflecting a more
complete derepression of the operon in the absence of SufR under all
tested conditions (Fig. 3). Interestingly, the expression of the Suf pro-
teins in Synechocystis AsufR mutant was clearly lower under iron deple-
tion than under iron sufficient conditions, in contrast to the
Synechococcus AsufR mutant, where strong and constitutive upregula-
tion of the suf operon transcripts was observed under both conditions
[30].

Observation of a lower induction of Suf proteins and sufB transcrip-
tion in Synechocystis AsufR mutant in the absence of iron than in iron
sufficiency suggests that there may be some SufR-independent regula-
tory mechanism controlling the translation of the suf operon and
mRNA degradation under iron depletion in Synechocystis. Such regula-
tion could involve a small non-coding RNA (sRNA), predicted within
the 5’ UTR of sufB gene [59], and a promoter with a transcriptional
start site at position 2871555 (120 nt upstream of the sufB start
codon), which becomes highly induced especially during iron depriva-
tion [60]. As the region overlaps with the regulatory site of the suf oper-
on [31], it could affect the transcription of the downstream suf genes. It
is likewise conceivable that the suf operon expression is controlled via a
mixed regulatory circuit [61], including a combined effect of a transcrip-
tion factor and sRNA as a post-transcriptional regulator, thus resembling
the regulation of ErpA in Escherichia coli. In this system, both the tran-
scription factor IscR and sSRNA RyhB repress the expression of an Fe-S
cluster carrier protein ErpA, however, under different iron concentra-
tions [62]. Moreover, the expression of the isc operon, which codes for
proteins involved in the assembly of a housekeeping Fe-S cluster system
in E. coli, has been shown to be regulated by the combination of the tran-
scription factor IscR [63] and non-coding RNA RyhB [64], with the re-
cruitment of the regulator being dependent on the availability of iron.
It is thus apparent that protein expression associated with Fe-S cofactor
assembly involves complex and fine-tuned control systems even in het-
erotrophic organisms, and this is likely to apply also for autotrophic bac-
teria such as Synechocystis which are even more dependent on the
precise modulation of iron metabolism under changing environmental
conditions.

4.3. Protein-level responses to suf operon induction

The observed protein level consequences associated with Suf protein
expression vary depending on the amount of available iron. In
Synechococcus, the induction of sufBCDS genes resulted in growth inhi-
bition under iron sufficient conditions, whereas under iron depletion
the induced transcription of suf genes has been linked to enhanced abil-
ity to grow [30]. Accordingly, on the basis of our data, the sufR deletion
appeared to have a negative impact on Synechocystis under iron suffi-
cient conditions: Although the growth of the AsufR mutant was not af-
fected (Fig. 4A), the Fe-S proteins were downregulated, phycobilisome
absorbance was decreased, and the stress responsive carotenoid pig-
ments were more abundant than in the control strain (Fig. 4B). Thus,
in the presence of iron, when the Suf protein expression is not induced
in the native cells, deletion of the SufR repressor results in uncontrolled
Fe-S cluster biogenesis. This is accompanied by the downstream effects
which resemble iron deprivation such as downregulation of Fe-S pro-
teins. Certain Fe-S proteins, however, were not regulated the same
way as in response to iron deprivation, emphasizing the difference be-
tween SufR-specific and condition-specific effects in the absence of
iron. For example, the expression of PSI subunits PsaB (one [4Fe-4S]
cluster) and PsaC (two [4Fe-4S] clusters) was not altered at all, whilst
Fed2 and Fed4, both harboring [2Fe-2S] clusters, showed elevated ex-
pression levels in the mutant. This was proven to be an indirect conse-
quence of the sufR deletion, as the change in the expression of fed2
and fed4 at the transcript level was negligible (Fig. 7).
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Under iron depletion the Suf proteins were only moderately upreg-
ulated in the AsufR mutant, with concurrent minimal impact also on the
expression of other proteins. Hence, the effects caused by sufR deletion
were largely masked by the changes induced by iron deprivation. In
some cases the difference between the AsufR strain and WT appeared
only after long-term iron deprivation, as in the case of Fe-S cluster pro-
teins. For example, while the PSI and PSII complexes were increasingly
downregulated in the course of iron depletion (Fig. 5C), the Fe-S cluster
proteins of the PSI complex as well as other Fe-S proteins (HoxF, GIcF;
Fig. 5A & D) were less repressed in the mutant. On the other hand, the
PSII associated proteins were found to be systematically more repressed
in the mutant than in WT.

In parallel to SRM, EPR spectroscopy was applied to evaluate (i) if the
higher amount of PSI proteins in the AsufR strain under iron deprivation
resulted in increased levels of functional PSI complexes, and (ii) if the si-
multaneous downregulation of PSII proteins could be seen as changes in
relative functionality of the photosystems. The results demonstrated no
significant change in the relative quantities of functional photosystems
between the AsufR mutant and the WT (Fig. 6). This suggests that the
slight accumulation of PSI-associated proteins does not contribute to
the amount of active PSI complexes when iron is not readily available.
Thus, although the Fe-S cluster biogenesis and repair machinery is acti-
vated, the limited amount of iron results in an accumulation of catalyt-
ically inactive proteins in the mutant with consequences on the
repression of PSII proteins. This is in full accordance with the strict re-
quirement of redox balance upon functioning of the photosynthetic ap-
paratus and with the suggested mechanism of the PSI centers depleted
of Fe-S clusters functioning as photoprotective energy quenchers capa-
ble of dissipating excess energy from the photosynthetic apparatus
under stress conditions [65]. Despite increased need of iron for the Fe-
S cluster proteins in the AsufR mutant, there is a decrease in the proteins
involved in Fe? * specific transport system, which is only partially com-
pensated by the upregulation of the less effective Fe>* specific Fut-
transport system (Fig. 5B) [21].

4.4. New roles of SufR

Our SRM analysis provided evidence suggesting that SufR affects the
protein expression profile also by other means than via repression of the
suf operon. This is supported by the comparative genome analysis by
RegPrecise 3.0 [66], which implicate that there are three different
regulons for SufR; SufR itself, the suf operon and Nif], an Fe-S cluster pro-
tein with a central role in carbon metabolism. Nif] is a pyruvate:ferredoxin
oxidoreductase (PFOR) which catalyzes the conversion of pyruvate into
acetyl-CoA [67], thus affecting the metabolic flux towards acetyl-CoA-de-
rived products. The observed Nif] downregulation in the AsufR mutant
under iron sufficient conditions, as observed both at the protein and the
transcript level, likely explains the observed downregulation of the pro-
teins involved in the downstream processes from acetyl-CoA (Table 3;
1% data column). These include proteins taking part in the biosynthesis
of lipids (AccA; —0.42 and FabH; —0.53), terpenoids (GcpE; —0.48 and
IspH; —0.15), flavonoids, polyketides, amino acids (glutamate, gluta-
mine, proline, arginine), and other precursor molecules produced in the
TCA cycle (AcnB; —0.64, Icd; —0.19, SdhB encoded by sll0823; —1.12
and SdhB encoded by sll1625; —0.53). The regulation of Nif] thus corrob-
orates the hypothesis that SufR could be associated with some non-pho-
tosynthetic housekeeping processes and possibly in some contexts
required for viability, as supported by the fact that some previous at-
tempts to delete sufR from Synechocystis have failed [30,55].

5. Conclusion

The regulation of Fe-S cluster biogenesis by the transcriptional re-
pressor SufR is highly dependent on the amount of available iron in
the cyanobacterial model organism Synechocystis sp. PCC 6803. Under
iron sufficient conditions, SufR is the main repressor of the suf operon

as well as an activator of Nif], and apparently associated with maintain-
ing the physiological levels of Fe-S proteins in the cell. Under iron dep-
rivation, the suf operon is induced due to de-repression of apo-SufR, but
the expression of suf operon appears to be regulated also independently
of SufR. This tight control is physiologically important when iron is not
readily available for the Fe-S cluster biosynthesis. Our results suggest
that in the absence of native SufR regulation the induced suf operon
would lead to accumulation of inactive proteins devoid of Fe-S cofactors.
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Appendix Fig. A.1. Overlay of EPR spectra obtained from WT Synechocystis cells treated
with DCMU (10 pM; black line) and FeCN (100 mM; red line), representing fully
oxidized P700 reaction centers. The data was recorded from cells cultivated under iron
sufficient conditions.
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Appendix Fig. A.2. The constructed sufR::Cm® disruption strain. Representation of sufR
gene (black) inactivated by insertion of a chloramphenicol resistance cassette (light
grey) encoding for heterologous chloramphenicol acetyltransferase in Synechocystis. The
only suitable SufR specific PTPs fulfilling the criteria for SRM analysis correspond to
sequences encoded by the 5’ end of sufR (Peptides 1-2).
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