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ABSTRACT

Cyanobacteria comprise a diverse group of widely distributed gram-negative bacteria,
which have the unique capacity amongst prokaryotes to perform oxygenic
photosynthesis. Acclimation to iron deprivation, a key theme in this Thesis, involves
several metabolic changes, which are closely interlinked with the high demand for iron
cofactors in the photosynthetic electron transfer chains of these organisms. In order to
gain in-depth information on the protein-level changes occurring under iron
deprivation, a targeted MS-based proteomics method, selected reaction monitoring
(SRM), was developed for the cyanobacterial model species Synechocystis sp. PCC 6803.
Altogether 106 proteins were selected as SRM-target proteins, representing various
key metabolic pathways and possible metabolic nodes linked with iron-dependent
enzymatic reactions. The SRM analysis resulted in a high-quality dataset, which verified
several responses to iron deprivation, such as those related to remodeling of
photosynthetic apparatus and induction of several iron acquisition proteins. New
information was obtained, for example, on the elevated levels of proteins acting as
electron sinks to alleviate the overreduction of the photosynthetic electron transfer
chain caused by the increase in Photosystem Il to Photosystem | ratio under iron
deprivation. As a demonstration of the sensitivity of the system, 64 of the quantified
target proteins had not been detected in earlier discovery-based proteomics assays.

The validated SRM method was subsequently applied to study the regulation of iron-
sulfur biogenesis in Synechocystis sufR and isaR1 mutant strains. SufR has been
characterized as a transcriptional repressor of the sufBCDS operon, which is responsible
of the Fe-S cluster biogenesis in cyanobacteria. Deletion of sufR caused drastic
induction of the sufBCDS operon proteins under Fe-sufficiency, while the proteins
carrying Fe-S cofactors were downregulated. Under extended Fe-depletion, increased
expression of the apo-form Fe-S proteins was observed in comparison to the wild type
strain under the same conditions. IsaR1, a small regulatory RNA, was found to be
responsible for the repression of several genes for Fe and Fe-S proteins as well as
tetrapyrrole biosynthesis genes under Fe-deprivation. Hence, IsaR1 affects the
photosynthetic apparatus both directly and indirectly upon acclimation to iron
deprivation. Importantly, both SufR (transcriptional repressor protein) and IsaR1 (small
regulatory RNA) were identified to repress the sufBCDS operon; SufR under Fe-
sufficiency and IsaR1 under Fe-deprivation. Such complex mixed regulatory circuit
highlights the importance of tight control over the biogenesis of Fe-S clusters as part of
the metabolic acclimation to varying iron conditions.
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TIVISTELMA

Syanobakteerit muodostavat monimuotoisen ryhman gram-negatiivisida bakteereita,
joille tunnusomaista on fotosynteesi — luonnollinen kyky muodostaa hiilipohjaisia
yhdisteita ilman hiilidioksidista ja vedesta kayttden energiana auringon valoa. Taman
vaitoskirjan keskeisenda teemana on syanobakteerien rauta-aineenvaihdunta ja sen
sddtely, osana fotosynteesille  valttdmattomien raudasta  riippuvaisten
elektoninsiirtoketjujen toimintaa. Tavoitteena oli kehittda Synechocystis sp. PCC 6803 -
syanobakteerille  raataldity massaspektrometriaan  perustuva  kohdennettu
proteomiikkamenetelma SRM (selected reaction monitoring) ja soveltaa sitd raudan
puutokseen liittyvien solunsisdisten muutosten havaitsemiseen proteiinitasolla.
Kohdeproteiineiksi SRM-analyysiin valittiin 106 entsyymid, jotka edustivat solun
toiminnalle keskeisia aineenvaihduntareitteja, seka erilaisia rautametaboliaan liittyvia
reaktioita. Menetelmallda saadut tulokset antoivat yksityiskohtaista tietoa solun
sopeutumisesta raudan puutokseen, kuten muutoksista fotosynteesikoneistossa, seka
elektroninsiirtoketjua suojaavissa mekanismeissa. Osoituksena kehitetyn SRM-
menetelman herkkyydestd, analyysi antoi kvantitatiivista tietoa 64:std proteiinista,
joita ei aikaisemmin  pystytty havaitsemaan vaihtoehtoisella  shotgun-
proteomiikkamenetelmalla.

Kehitettya SRM-menetelmaa sovellettiin  edelleen elektroninsiirtoreaktioille
valttamattomien rautarikki (Fe-S) -klusterien metabolian tutkimiseen. Kohteena olivat
SufR, joka sdatelee naiden kofaktorien biogeneesistad vastaavan suf operonin toimintaa,
seka sRNA IsaR1, jolla on tarkea rooli solun sopeutumisessa raudan puutokseen. SufR-
proteiinin inaktivaatio johti suf operonin yliekspressioon, samalla kun Fe-S —
kofaktoreita sitovien proteiinien maara solussa vaheni. IsaR1:n havaittiin repressoivan
tiettyjen Fe-S —proteiinien ekspressiota ja tetrapyrroli-pigmenttien biogeneesia, ja siten
vaikuttavan seka suoraan etta valillisesti fotosynteesikoneiston toimintaan silloin kun
rautaa on rajoittava maard. Yhtena vaitoskirjan merkittdvampana |oytona, SufR:n ja
IsaR1:n osoitettiin molempien vaikuttavan suf operonin toimintaan ja muodostavan
koordinoidun saatelysysteemin, joka reagoi hyvin herkasti solunsisdiseen raudan
madraan. Monimutkainen mekanismi korostaa Fe-S —kofaktorien merkitysta
fotosynteettisten organismien rauta-aineenvaihdunnan saatelyssd, osana solun
resurssien jakamista ja raudan puutteen aiheuttamien vaurioiden rajoittamista.
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1. INTRODUCTION

1.1. Cyanobacteria —the fittest of the survivors

1.1.1. Diversity and adaptability of cyanobacteria

Cyanobacteria constitute a diverse and widely distributed group of gram-negative
bacteria, which can perform oxygenic photosynthesis. They reduce atmospheric CO,
into carbohydrates with the electrons obtained from the solar-powered water-splitting
reaction, with concomitant release of O,. During evolution, cyanobacteria have
adapted to both aquatic and terrestrial habitats, including harsh environments (Rippka
et al., 1981). The successful colonization of cyanobacteria to a variety of ecological
niches can be explained not only by their long evolutionary history, but by their unique
cell structure, physiology and metabolism.

The early origin of cyanobacteria dates back about 3,5 billion years, as suggested by the
discovery of the earliest fossil traces (Schopf, 1993). The evolution of cyanobacteria and
the beginning of oxygenic photosynthesis on Earth had a significant impact on the
overall atmospheric composition as carbon dioxide (CO3) was assimilated into diverse
carbon-based organic molecules. This was accompanied by the oxidation of abundant
compounds such as gaseous hydrogen sulfide (H,S) and ferrous iron (Fe?*) in the Earth’s
crust (Canfield et al., 2006; Sleep and Bird, 2008). Eventually, upon the Great Oxidation
Event (GOE) approximately 2,3 billion years ago (Holland, 2002; Bekker et al., 2004),
the photosynthetic activity of the early cyanobacteria resulted in gradual accumulation
of oxygen to the atmosphere at the same time as the oxygen sinks became saturated
(Rantamaki et al., 2016). This, together with the following endosymbiotic events, set
off the evolution of aerobic metabolism and multicellular life. While proteobacteria
evolved into mitochondria, which could produce energy for the organism via aerobic
respiration, the photosynthetic cyanobacteria evolved into oxygen producing
chloroplasts of plants and algae (Hedges et al., 2004).

Although classified as gram-negative bacteria, cyanobacteria have a unique cell wall
structure distinguishable from other prokaryotes (Hoiczyk and Hansel, 2000). The
characteristic features include considerably thicker peptidoglycan layer than in other
gram-negative bacteria (Golecki, 1988), and a distinctive outer membrane (Jiirgens and
Weckesser, 1985). The cyanobacterial outer membrane includes an unusual
lipopolysaccharide composition, but also photoprotective carotenoid pigments,
providing protection against UV radiation, which was especially important at the time
when the ozone layer did not yet exist (Resch and Gibson, 1983; Jirgens and
Weckesser, 1985). The periplasmic space of the cell wall, is separated from the
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cytoplasm by the cytoplasmic membrane, where oxygenic respiration takes place
(Peschek et al., 1988). The cytoplasmic membranes as well as the intracellular thylakoid
membranes, contain medium chain-length hydrocarbons (mainly C15 and C17) in their
structure (Schirmer et al., 2010). This unique feature among prokaryotes has been
suggested to contribute to membrane fluidity, growth and photosynthetic activity,
especially at low temperatures (Berla et al., 2015). Although the exact biological role of
hydrocarbons (alkanes and alkenes) is still not comprehensively understood, they are
expected to be particularly important components of the thylakoid membrane, which
is the site for photosynthesis as well as respiratory electron transfer chains (Mullineaux,
2014).

All cyanobacteria are able to perform oxygenic photosynthesis by two interlinked
photosystems (Il and 1), which span over the thylakoid membrane. The two
photosystems are connected by the cytochrome b¢f (Cyt bsf) complex, which mediates
electron flow from PSII to PSI in the photosynthetic electron transfer chain (PETC).
Photosynthetic electron transfer is initiated by the excited photosystem reaction center
chlorophylls, P680* in PSIl and P700* in PSI, which capture light energy from the
surrounding light harvesting pigments; chlorophyll a (Chl a), phycobilins and
carotenoids. The oxidized P680* of PSIl extracts electrons from H,O at the oxygen-
evolving complex that includes a manganese cluster on the lumenal side of the
thylakoid membrane (Yachandra et al., 1996), resulting in a release of molecular oxygen
and protons. This generates a proton gradient across the thylakoid membrane, which
is further augmented by the plastoquinone (PQ) -mediated proton translocation from
the cytoplasmic side of the thylakoid membrane to the lumen. In the process, two
protons are released to the thylakoid lumen upon plastoquinol (PQH,) oxidation in a Q-
cycle mechanism within the Cyt bef complex, where one electron returns back to PQ
pool and the other electron is forwarded to plastocyanin (PC) or cytochrome ¢c-553 in
the PETC (Cramer et al., 1996). Reduced PC of Cyt ¢-553 then donates an electron to
oxidized P700 (P700%), filling an electron hole in the PSl reaction center that was formed
by charge separation at P700* (Brettel, 1997; Webber and Lubitz, 2001). Electrons
excited in PSI reduce ferredoxin (Fdx) and finally NADP* to NADPH (nicotinamide
adenine dinucleotide phosphate) that is the main reductant in photosynthesis-
powered metabolism. The proton gradient generated in the PETC is used by the
membrane-embedded ATP synthase to produce ATP (adenosine triphosphate). The
two products of the photosynthetic reactions, NADPH and ATP, are the primary forms
of chemical energy indispensable for essentially all biochemical processes.

Cyanobacteria can deploy different metabolic modes depending on the environmental
conditions, ranging from photoautotrophy to strictly heterotrophic growth (Rippka,
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1972). As most cyanobacteria grow in habitats where light and CO; are sufficient, their
primary mode of metabolism is photoautotrophy, i. e. the ability to use sunlight to
convert CO; and water into carbohydrates. Carbon fixation occurs in specialized
compartments called carboxysomes, and the primary reaction is catalyzed by the
enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo) in the Calvin-
Benson-Bassham cycle (Bassham et al., 1950). This reaction is powered by the energy
obtained from photosynthetic light reactions in the form of ATP and NADPH. As an
auxiliary mode of metabolism, cyanobacterial species can use reduced sugars, either
extracellular or derived from intracellular glycogen reserves for heterotrophic as well
as photoheterotrophic growth upon transition to darkness or to low light conditions
(mixotrophy) (Fay, 1965; Marquez et al., 1993; Vonshak et al., 2000; Kdmarainen et al.,
2016).

Based on the type of carboxysome and RuBisCo, cyanobacteria can be divided into two
ecologically distinct groups; a- and B-cyanobacteria (Badger and Price, 2003). The a-
cyanobacteria are typically marine species, and together with diatoms are responsible
for most of the net primary production in the oceans (Field et al., 1998; Falkowski,
2002), whilst B-cyanobacteria can be found in both freshwater and marine
environments (Badger et al., 2006). The CO; fixed by the cyanobacteria and other
marine algae eventually sinks to the depths of the oceans and during millions of years
becomes fossilized into natural gas, oil and coal (Falkowski, 2002). By burning these
fossil fuel reserves for energy production, carbon is currently released back to the
atmosphere at a much faster rate than the primary producers can assimilate. As an
attempt to balance the global carbon cycle, cyanobacteria have become a promising
target for engineering efficient direct biofuel factories for renewable energy
production.

1.1.2. Iron as a limiting factor of primary production

Besides the importance of an appropriate amount of light, suitable temperature and
pH, chemical elements play an important role, both as primary nutrients and trace
elements, in supporting optimal cyanobacterial growth and photosynthetic activity.
The primary limiting nutrients in aquatic environments are phosphorous (P) and
nitrogen (N) (Redfield, 1958; Dugdale, 1967; Sommer, 1989), followed by inorganic
carbon (C) (Klemer et al., 1995; Ibelings and Maberly, 1998). While both phosphorous
and nitrogen are crucial components of nucleotides, nitrogen is essential also in amino
acids among other cellular biomolecules. As nitrogen fixation is a slow and energetically
expensive process (Dixon and Kahn, 2004), the availability of nitrogen in the form of
readily available ammonium is often considered to be the major limiting factor in many
aquatic environments (Dugdale, 1967; Ryther and Dunstan, 1971; Falkowski, 1997).
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Biological nitrogen fixation itself is known to be dependent on the availability of one
particular trace element: Iron (Martin and Fitzwater, 1988; de Baar et al., 1995;
Falkowski, 1997). Besides being an indispensable cofactor in the active centers of the
nitrogenase reductase and nitrogenase enzyme (Raven, 1988), iron is required in high
stoichiometric quantities in the PETC, which is essential for all organisms performing
oxygenic photosynthesis. Consequently, the iron requirement of cyanobacteria
exceeds the iron quota of other non-photosynthetic bacteria by at least one order of
magnitude (Finney and O'Halloran, 2003; Keren et al., 2004; Shcolnick et al., 2009).

The extensive use of iron as a cofactor in several proteins can be explained by the vast
amounts of bioavailable iron under the anaerobic and reducing conditions of the early
Earth at the time that cyanobacteria originated. The accumulation of oxygen upon the
Great Oxygenation Event led to oxidation of the iron from the ferrous (Fe?*) to the ferric
(Fe®*) form, which subsequently resulted in precipitation of iron as ferric hydroxides at
neutral pH (Byrne and Kester, 1976). Ironically, although iron is the fourth most abundant
element in the Earth’s crust, the poor solubility of the ferric iron complexes limits
cyanobacterial photosynthesis in one third of the oceanic and fresh water regions (Martin
et al., 1991; Boyd et al., 2007; Schoffman et al., 2016), where the macronutrients N, P
and C are plentiful. In fact, iron concentrations rarely exceed nanomolar levels
(Wurtsbaugh and Horne, 1983; Johnson et al., 1997; Twiss et al., 2000; Morel and Price,
2003; North et al., 2007) — even in shallow coastal waters and lakes which are replenished
by iron from fluvial inputs, and undergo reductive dissolution of iron oxides as organic
matter is being degraded (Schoemann et al., 1998).

1.1.3. Acclimation of cyanobacteria to iron deprivation

Enzyme-bound iron can either be part of the porphyrin ring of haem, can form a
complex with other iron molecules in (non-haem) mono- or di-iron reaction centers, or
can combine with sulfide to form iron-sulfur (Fe-S) clusters. All these forms can be
found in the complete PETC, which contains as many as 21-24 iron atoms (Fig. 1). When
the PSI complexes are in trimeric form, the number of iron atoms in PETC can be as high
as 48. PSIl has haem-binding Cyt b-559 and Cyt ¢-550 proteins, and one non-haem iron
located between the PQ binding pockets Qa and Qg of the D2 and D1 proteins (Zouni et
al., 2001; Kamiya and Shen, 2003). The Cyt bef complex has four haems; three in Cyt be
and one in Cyt f, in addition to one [2Fe-2S] cluster, which is bound by a Rieske Fe-S
protein (Kurisu et al., 2003; Stroebel et al., 2003). After the Cyt b¢f complex, electrons
are transferred to the P700 reaction center of PSI either via haem-containing Cyt ¢-553
or copper-containing plastocyanin, depending on the availability of copper (Wood,
1978; Sandmann and Boger, 1980; Laudenbach et al., 1990; Zhang et al., 1992). In PSI,
electron flow continues from the excited reaction center chlorophyll P700, to the
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modified chlorophyll (Ao) and phylloquinone (Ai:), and further to the three [4Fe-4S]
clusters, named Fyx, Fa and Fg. The first iron-sulfur cluster, Fx(-710 mV), is coordinated
to cysteine residues in PsaA and PsaB subunits (McDermott et al., 1989), while the two
other [4Fe-4S] clusters of PSI, Fa and Fg, are bound to the PsaC subunit. Electrons are
passed on from Fg to the [2Fe-2S] cluster containing Fdx protein, or the flavodoxin (IsiB)
protein if iron is scarce (Hutber et al., 1977; Golbeck, 1999).

Cytoplasm

Rieske Fe-S
A
H,0 % 0,+2H* protein

Lumen

Figure 1. Simplified scheme of the photosynthetic electron transfer chain showing iron-containing sites.
The dots represent the ferrous (red) and ferric (dark red) iron, sulfur (yellow) and copper (orange) centers.
The dashed line represents electron flow. Expression of the copper binding plastocyanin (PC) protein
depends on the availability of copper, and participates more often in the electron transfer between Cyt bef
and PSI than Cyt ¢-553 (Zhang et al., 1992). Under iron depletion the [2Fe-2S] binding Fdx protein on the
acceptor side of PSl is replaced by flavodoxin (IsiB). These alterations in the PETC composition cause the
iron quota of single PS unit with monomeric PSI to range from 21 to 24 atoms, depending on the
environmental conditions.

The oxygenation of the Earth’s atmosphere forced cyanobacteria to develop strategies
to cope with scarce amounts of bioavailable iron, but also to avoid the deleterious
effects of the Fenton reactions, in which the reaction between hydrogen peroxide
(H202) and free ferrous iron leads to the formation of hydroxide and hydroxyl radicals,
and thereby to more pronounced oxidative stress (Latifi et al., 2005). Strict control over
the intracellular iron pool is therefore required and largely achieved by a global
transcriptional regulator called Fur; ferric uptake regulator (Hantke, 1981). In addition
to controlling the expression of iron acquisition and storage genes, a wide variety of
genes involved in e. g. photosynthesis, oxidative stress responses, and cellular
morphology are regulated by Fur (Gonzalez et al., 2014). This regulation is affected by
the intracellular iron concentration. Binding of the iron-bound Fur to so-called Fur-
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boxes in promoter regions represses the target genes, while in the absence of iron the
repression is alleviated (de Lorenzo et al., 1987; Escolar et al., 1999; Pecqueur et al.,
2006). The role of Fur in different organisms may vary, as for example in the
cyanobacterium Synechocystis sp. PCC 6803 the iron-free FurA (homolog for Fur) is
degraded by the proteolytic FtsH1/ FtsH3 complex (Krynicka et al., 2014), while in other
cyanobacteria FurA is expressed at a constant level even under iron deprivation
(Hernandez et al., 2002; Gonzalez et al., 2014). Although Fur is an important modulator
of iron-responsive genes under varying iron concentrations, the expression of several
genes can also be indirectly controlled by Fur. In Escherichia coli, Fur controls the
transcription of a small regulatory RNA (sRNA) called RyhB, which complements the
Fur-mediated regulation under iron-limiting conditions (Massé and Gottesman, 2002).
A similar regulatory mechanism could also exist in cyanobacteria, as the genes encoding
the iron-rich PSI and Cyt bgf complexes are not identified as targets of FurA, but are still
affected upon iron deprivation (Shi et al., 2007; Shcolnick et al., 2009; Gonzalez et al.,
2014).

The strategies that cyanobacteria deploy in acclimation to low iron concentrations
include decrease and/or replacement of the Fe or Fe-S containing proteins, such as
those taking part in photosynthesis. As a consequence of the decreased amounts of
PSIl and especially of the iron-rich PSI complexes, the light absorption of associated Chl
a and phycobilin pigments is decreased. Further, the amount of NAD(P)H
dehydrogenase (NDH-1) complexes decreases on the thylakoid membrane, due to
several bound Fe-S clusters in these complexes. This diminishes the respiratory electron
flow towards the PQ pool, which has been implied to remain mostly oxidized under iron
deprivation (lvanov et al., 2006). The observed decrease in the amounts of flavodiiron
proteins FIv2 and Flv4 under iron deprivation (Hernandez-Prieto et al., 2012) can
further lead to increased damage in PSIl (Bersanini et al., 2014; Chukhutsina et al.,
2015). This, in turn, can diminish electron flow from PSIl toward carbon fixation (Zhang
et al., 2012), which have been shown to be repressed in transcriptome (Singh et al.,
2003; Shcolnick et al., 2009; Hernandez-Prieto et al., 2012), but not in proteome
analyses (Wegener et al.,, 2010). Several transcriptomics studies have additionally
shown a coordinated acclimation of carbon and nitrogen metabolism to iron
deprivation, with increased expression of nitrogen assimilation genes and decreased
expression of genes associated with carbon uptake in Synechocystis (Shcolnick et al.,
2009; Hernandez-Prieto et al., 2012).

The downregulation of iron-containing proteins under iron-limited conditions is
compensated by the upregulation of proteins that do not rely on iron as a cofactor. A
well-known example is the replacement of [2Fe-2S] binding ferredoxin with flavodoxin
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IsiB, which uses flavin mononucleotide (FMN) as a cofactor (Laudenbach et al., 1988;
Bottin and Lagoutte, 1992). The coexpression of IsiB and the chlorophyll-binding
antenna protein CP43’ (IsiA), encoded by the same bicistronic operon, is one of the
clearest indicators of iron deficiency in most cyanobacteria (Laudenbach and Straus,
1988; Geil} et al., 2001). Under iron deficiency, IsiA proteins accumulate and aggregate
as a single antenna ring around trimeric PSI complex, and provide protection against
photo-oxidative stress (Bibby et al., 2001; Boekema et al., 2001; Yeremenko et al., 2004;
Ihalainen et al., 2005). Under prolonged iron deficiency, the trimeric PSI complexes
begin to decompose to monomeric forms surrounded by single or double rings of IsiA,
which further continue to self-assemble even without PSI (Yeremenko et al., 2004). The
iron-deficiency-induced protein A (IdiA) has a role similar to IsiA in the protection of
PSIl acceptor side by interacting with the non-haem iron between Qa and Qg, when
phycobilisomes become degraded (Exss-Sonne et al., 2000; Michel and Pistorius, 2004;
Lax et al., 2007). Interestingly, IdiA has also been shown to be involved in ferric iron
transport, and has been named FutAl in that context (see below) (Tolle et al., 2002).

Although several marine and freshwater cyanobacteria can excrete ferric-iron-binding
siderophores to increase the amount of bioavailable iron (Murphy et al., 1976; Mawiji
et al.,, 2008; Hopkinson and Morel, 2009), many cyanobacteria do not produce
siderophores, but can still take up Fe-siderophore complexes as well as free inorganic
iron (Kranzler et al., 2011; Jiang et al., 2015). The transport of iron across the outer
membrane occurs mainly via the TonB-ExbB-ExbD system (Jiang et al., 2015), although
passive diffusion of inorganic iron through unspecific porins has also been shown to
occur (Fujii et al., 2011). Once delivered to the periplasmic space, the free ferric iron is
either transported through the plasma membrane via the cation diffusion facilitator
(CDF) system (Jiang et al., 2012) or captured by the FutA2 protein, which delivers the
ferric iron either to FeoB or FutABC transport systems. In the so-called reductive iron
uptake, the FutA2-bound ferric iron is reduced to the ferrous form by the Alternative
Respiratory Terminal Oxidase (ARTO)(Kranzler et al., 2014), followed by transport
though the plasma membrane via FeoB (Kranzler et al., 2011). This reductive iron
uptake has shown to be the most efficient transport mechanism in cyanobacteria
(Katoh et al., 2001; Kranzler et al., 2014), while the FutABC system appears to provide
an additional, ferric iron transport mechanism, which also has a regulatory function in
reductive iron uptake (Kranzler et al., 2014). The FutABC-transporter is an ATP-binding-
cassette-type transporter system (Katoh et al., 2001), which consists of i) membrane
associated FutB and FutC subunits, ii) the abovementioned periplasmic FutA2, and iii)
the thylakoid associated FutA1 (IdiA) protein.
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To avoid the toxic effects of free intracellular iron, the available ferrous iron can be
efficiently sequestered by the ferritin family proteins and stored as ferric oxides, thus
minimizing the chance of oxidative stress through generation of hydroxyl radicals
(Shcolnick et al., 2009). Under iron starved conditions the stored iron can be released
by the DPS (DNA Protection during Starvation) family protein MrgA, which also belongs
to the ferritin family (Shcolnick et al., 2007).

1.1.4. Synechocystis sp. PCC 6803 as a model species

Synechocystis sp. PCC 6803 (hereafter Synechocystis) is a non-toxic, non-nitrogen fixing,
non-siderophore-producing, unicellular, freshwater B-cyanobacterium, which was the
first photosynthetic organism to be completely sequenced (Kaneko et al., 1996). The
easy access to this genetic information via sequence databases, together with the
ability of Synechocystis to easily take in exogenous DNA (Barten and Lill, 1995), has
promoted this strain to be extensively used in fundamental research of cyanobacteria.
Consequently, Synechocystis has become the most explored cyanobacterial species in
research focusing on oxygenic photosynthesis and associated processes. A widely used,
glucose-tolerant, laboratory sub-strain of Synechocystis has also allowed the study of a
heterotrophic metabolism in complete darkness in the presence of glucose, with the
growth activated by only five minutes of daily pulse of white light (Anderson and
Mclntosh, 1991). The information gained from fundamental research of Synechocystis
has been invaluable in understanding the physiology of cyanobacteria as well as that of
other photosynthetic organisms. In addition, the knowledge obtained from applied
techniques has enabled efficient and rational engineering of photosynthetic organisms
toward biotechnological applications (Angermayr et al.,, 2015; Gudmundsson and
Nogales, 2015).

1.2. Iron-sulfur clusters in biological processes

1.2.1. Structure and function of iron-sulfur clusters

Iron—sulfur (Fe-S) clusters are essential cofactors in numerous important processes
that enable life on Earth, such as photosynthesis, respiration and nitrogen fixation
(Rouault and Tong, 2005). Fe-S clusters are composed of iron and sulfur, which can be
organized in several complex forms. In the simplest form, as represented by
rubredoxin, one iron atom is coordinated by four cysteine residues of the protein
(Lovenberg and Sobel, 1965). Actual Fe-S clusters have two ([2Fe-2S]), three ([3Fe-4S]),
four ([4Fe-4S] and [4Fe-3S]) or eight ([8Fe-7S]) iron atoms linked to inorganic sulfur.
The iron atoms of these clusters are most commonly coordinated to cysteine residues,
but they can also be bound via two histidine residues to one of the two iron atoms of
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[2Fe-2S] cluster as in the case of Rieske Fe-S clusters (Gurbiel et al., 1989), or via
aspartate (Gruner et al., 2011), glutamate (Volbeda et al., 2012) or arginine (Berkovitch
et al., 2004) residues to one iron of the [4Fe-4S] cluster. Besides coordinating the
clusters in the correct orientation in the enzyme, the ligation to these residues provides
stability to the cluster by allowing electron delocalization across the cluster (Beinert
and Kiley, 1999).

Fe-S clusters have diverse biological functions as part of gene regulation, electron
transfer, and catalytic reactions that relate to their specific electrochemical properties.
These clusters span over an exceptionally wide range of redox potentials [from -710 to
+321 mV; (Holton et al., 1996; Fromme and Grotjohann, 2006)], which allows them to
accept or donate electrons under physiological conditions where other cofactors, e. g.
NAD(P), flavins, haems, quinones etc., cannot function (Imlay, 2006). Upon electron
transfer, the cluster redox states change between +1 and +2 in ferredoxin-type low
potential Fe-S cluster proteins, while in high-potential iron-sulfur proteins (HiPIP) the
cluster redox states typically shuffles between +2 and +3 (Imlay, 2006). An unusual
range of redox states from +3 to +5, resulting from two-electron donation, has been
characterized for the high-potential, oxygen tolerant, [4Fe-3S] cluster of the
membrane-bound NiFe-hydrogenase of Hydrogenovibrio marinus (Shomura et al.,
2011). The oxidation state of each iron in the Fe-S cluster is typically +2 or +3.

The ability of protein-bound Fe-S clusters to sense changes in the redox environment
and pass on this information via the changed redox state, can induce alterations in the
protein frame. The ferrous and ferric forms of iron have different ligand preferences.
Ferrous iron prefers interactions with sulfur in cysteine and nitrogen in histidine, while
ferric iron prefers to make bonds with oxygen in aspartate (Outten and Theil, 2009).
Hence, the oxidation state of the Fe atoms in the Fe-S cluster can alter the coordination
to the protein, and transduce signals of the changing redox state of the cell. For
example, the oxidation state change of the Fe-S cluster can affect the DNA binding
affinity of the associated transcription factor and lead to changes in the expression of
redox responsive genes (Ding et al., 1996; Shen et al., 2007). Besides the electrostatic
interactions between Fe-S cluster and amino acid residues of the protein, the overall
protein structure with hydrogen bonding to the inorganic sulfur and terminal cysteine
ligands have been shown to increase the redox potential of the cluster (Yang et al.,
2004; Kolling et al., 2007; Birrell et al., 2016). Consequently, the effect of cluster
solvation or solvent exposure, i. e. hydrogen bonding between H,0 and the cluster has
also an impact on the cluster redox potential.
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In addition to being flexible redox sensors, the functional versatility of iron-sulfur
clusters enables their participation in catalytic reactions by substrate binding or radical
mechanisms. Non-redox, substrate-binding reactions occur in dehydratase enzymes
such as in aconitase, where a solvent-exposed iron of the [4Fe-4S] cluster is available
for the citrate-isocitrate isomerization reaction (Emptage et al., 1983). Radical
mechanisms, on the other hand, are used mainly in reactions involving enzymes of the
radical-SAM superfamily (Imlay, 2006), where the cluster functions both as a
coordinating ligand as well as a redox catalyst for activating aliphatic substrates.

1.2.2. Oxygen sensitivity of iron-sulfur clusters

The redox properties that allow Fe-S clusters to participate in diverse and challenging
reactions make many of them highly sensitive towards oxidation. The ability to transfer
one electron at a time between redox partners can lead to deleterious effects as the
Fe-S clusters can overcome the spin restriction of molecular oxygen (0,), resulting in
formation of reactive oxygen species (ROS) such as superoxide and hydrogen peroxide.
These univalent oxidants can further convert the catalytically active [4Fe-4S5]?* clusters
of dehydratases to an unstable [4Fe-4S]** state, which then degrade to an inactive [3Fe-
4S)** form upon the release of the solvent-exposed iron (Flint et al., 1993; Varghese et
al., 2003). The released Fe?* iron can further react with hydrogen peroxide in a Fenton
reaction and result in escalated oxidative stress due to formation of highly reactive
hydroxyl radicals and hydroxide ions.

The impact of the electrostatic environment on cluster stability becomes evident in the
case of spinach dihydroxy-acid dehydratase, which has been shown to be resistant to
oxidation since the [2Fe-2S]%* cluster is buried within the hydrophobic core of the
protein, and is thus less accessible to oxidants (Flint et al., 1993). Furthermore, the
degradation of the sheltered cluster differs from the solvent exposed hydratases, as
the two cluster-bound irons are in the ferric (Fe3*) form and the electrons come from
the sulfide rather than from iron upon cluster oxidation (Flint et al., 1993). This is in line
with the proposed mechanism of Fe-S cluster degradation via oxidation of the inorganic
sulfide ligand (S%) in the Fe-S cluster of spinach ferredoxin (Petering et al., 1971). The
sulfide is oxidized to sulfane (S°), which binds covalently to the cysteine residues of the
protein which used to coordinate the iron atoms of the Fe-S cluster. This cysteine-
bound sulfane sulfur (cysteine persulfide) can be reduced back to sulfide, possibly by a
rhodanese enzyme (Agro et al., 1971; Cerletti, 1986; Laudenbach et al., 1991) or a
cysteine desulfurase (Zheng et al., 1993), and used in restoration of the [4Fe-4S] cluster
if iron and reducing power are available (Zhang et al., 2012; Crack et al., 2014).
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While oxygen sensitivity can be a problem for enzymes relying on intact Fe-S clusters,
many transcription factors have evolved specifically to exploit the oxidation and
degradation of a cluster, and the associated conformational change of the protein as a
means to relay information about the oxidative state of the cell via gene regulation (see
section 1.2.1). This type of regulatory mechanism is employed by the transcriptional
regulators of the iron-sulfur cluster biogenesis; SufR and IscR (see section 1.2.4.)

1.2.3. Iron-sulfur cluster biogenesis

Due to the destructive natures of free inorganic iron and sulfur, Fe-S cluster assembly
needs to be tightly controlled to avoid the release of cluster components. In
prokaryotes, Fe-S clusters are known to be assembled by three distinct proteinaceous
machineries called NIF (nitrogen fixation), ISC (iron-sulfur cluster) and SUF (sulfur
utilization factor), which all deliver iron and sulfur to a scaffold protein for assembly,
followed by transfer of Fe-S clusters to the apoproteins. In eukaryotes, there is an
additional CIA (cytosolic iron-sulfur cluster assembly) system for cytosolic iron-sulfur
proteins. It is, however, strictly dependent on the ISC proteins, which are exported from
mitochondria for use by the CIA machinery (Lill and Mihlenhoff, 2005).

Although genes associated with Fe-S cluster assembly have been identified in
cyanobacteria, little is known about their actual function. All of the three major Fe-S
cluster assembly pathways are represented in the Synechocystis genome, but their
coverage and relative importance is different in comparison to other bacteria. The ISC
pathway, for example, is considered to have a housekeeping role in Fe-S cluster
assembly in non-photosynthetic bacteria (Zheng et al.,, 1998), but the system
components are only partially represented in cyanobacteria (Balasubramanian et al.,
2006). The NIF system, on the other hand, is utilized specifically in the formation and
insertion of Fe-S cluster complexes of nitrogenase enzymes in nitrogen fixing species
(Hu and Ribbe, 2011), such as cyanobacteria, azotobacteria and green sulfur bacteria.
The SUF system is conserved among photosynthetic microorganisms and in plants, but
is also found in archaea and in facultatively anaerobic bacteria as well as in non-
photosynthetic apicoplasts of malaria parasites (Fig. 2). As the SUF system is typically
recruited for the assembly of Fe-S clusters under conditions of oxidative stress or iron
limitation (Takahashi and Tokumoto, 2002; Nachin et al., 2003; Outten et al., 2004), it
is understandable that it is the dominant Fe-S cluster assembly system in the oxygenic
photosynthetic cyanobacteria that are arguably under continual oxidative stress.

The assembly of Fe-S clusters requires two relevant initial events: Sulfur mobilization
and iron acquisition. In the NIF system, initial phases of cluster formation occur via NifS
which functions as a cysteine desulfurase by utilizing a pyridoxal 5’-phosphate -
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dependent mechanism, where cysteine persulfide is formed on NifS. This persulfide is
transferred to iron-bound NifU protein, which functions as a scaffold protein to
assemble a nascent cluster. The cluster is further assembled on NifB and rearranged by
NifE and NifN to ultimately form the most complex Fe-S cluster in nature; the [Mo—7Fe—
9S] cluster of the dinitrogenase enzyme (Hu and Ribbe, 2011). The corresponding
cluster assembly in the ISC system is carried out by IscS and IscU, but the biosynthesis
is less complex due to the more simple structure of the Fe-S clusters; [2Fe-2S] and [4Fe-
4S]. Besides IscS and IscU, the ISC-assembly system requires the HscAB chaperone
system to transfer [2Fe-2S] clusters to the apoproteins, and ferredoxin to form reduced
[4Fe-4S] clusters from two [2Fe-2S] clusters (Chandramouli et al.,, 2007). In
Synechocystis, there are two IscS homologues, IscS1 and IscS2, but unlike in non-
photosynthetic bacteria, they are not essential (Tirupati et al., 2004). Further, there
are no genes homologous to IscU (Balasubramanian et al., 2006), suggesting that the
ISC system has a less significant role in cyanobacteria.

The assembly of the Fe-S clusters by the SUF system differs from that of NIF and ISC
systems. First, the SufS protein (encoded by the s//0077 gene in Synechocystis), which
is responsible of providing sulfur to the nascent Fe-S clusters in cyanobacteria, has a
cystine lyase activity in addition to the NifS/IscS-like cysteine desulfurase activity
(Kessler, 2004). In addition, the desulfurase activity of SufS is very poor, and requires
an interaction with SufE to effectively mobilize the sulfur (Loiseau et al.,, 2003;
Ollagnier-de-Choudens et al., 2003). Besides enhancing the desulfurase activity, the
careful sulfane sulfur transfer from SufS to SufE via specific cysteinyl residues minimizes
the release of sulfide and risk of oxidative damage. Further stimulation for SufS activity
stems from the presence of the SufBCD complex (Outten et al., 2003), which might
provide additional shelter for the assembly of the cluster. The exact function of each
component of the SufBCD complex is not yet known, but it have been shown that in E.
coli the complex serves as a scaffold for Fe-S cluster assembly, while SufA delivers the
cluster to apoproteins (Chahal et al., 2009). The E. coli SufB contains cysteine residues
that function as ligands for [4Fe-4S] cluster binding (i. e. a C-X,-C-X5-C motif), whereas
SufD has multiple histidine residues, which could be used in binding of iron. SufC is an
ATPase with an unusual ATP-binding-cassette-like component (Nachin et al., 2003) and
could provide the energy for iron acquisition. Interestingly, despite the relatively high
similarity among E. coli and cyanobacterial SufB and SufD amino acid sequences, the
very features that implicate SufB in binding the Fe-S cluster and SufD in coordinating
the iron, are either lacking (Fig. 2 a) or less well represented in cyanobacteria (namely,
13 histidine residues in Synechocystis SufD vs. 23 in E. coli). Synechocystis SufC on the
other hand has an ATPase activity as well as high sequence similarity to the E. coli
counterpart (Kitaoka et al., 2006). In Arabidopsis thaliana, the SufB homolog AtNAP1
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(At4g04770) has been shown to also possess ATPase activity, which is not observed in
E. coli (Xu et al., 2005). Thus, it is possible that both SufB and SufC are required for
providing energy for the iron acquisition in A. thaliana, and perhaps also in other
photosynthetic organisms.

a) Synechocystis LTMAEPT-WPA-VHYPPIDYQDIIYYSAPK-======- QSKKKLESLDEVDP======="~. ALLETF-EKLGIPLSEQKRLSNVAVDAIFDSVSI
Synechococcus LKMAEPE-WAH-VKYPPIDYQDIVYYAAPK- -KETKKIESLDEIDP-- ==-ALLETF-EKLGIPLSEQKRLSNVAVDAVFDSVSI
A. thaliana LKLEEPK-WSD-NRYPSTNFQDMCYY SAPK- ——KKPTLNSLDEVDP-~ —-QLLEYF-DKLGVPLTEQKRLANVAVDAVIDSVST

P. trichocarpa LKLKEPK-WSD-NEYPIIDFQDMCYYSAPK-
Z. mays LTMVEPT-WSD-NEYAPVDLQOSICYYSAPK-

KKPTVNSLEEADP--
TKPKLNSLDEVDP--

—-ELIKYF-DRLGIPLTERNRLANVAVDAVLDSVST
—-ELLKTF-DRLGIPLTEQKRLSNVAVDAVIDSTSI

C. reinhardtii LTMEEPK-WSD-NAYPEIDYQDVSYYSEPK- =-FKEKLESLDQVDP-~- —-ELLKTF-EKLGIPLNEQKRLSNVAVDAVFDSVSI
L. danicus REMLLPQ-WEH-LKFPSIDYGSITYYSAPK========= VKKKIDSLDEVDP-=-—-=-== ELLKTF-EKLGISLNEQKRLTNVAVDVVFDSVSV
D. chrysanthemi LQMEEPH-WLK-AHYERLNYQDYSYYSAPS, GEEDDSEGSQPGAQQQPAGDAAHGNYLTREVEDAF-DKLGVPVREGK---DVAVDAIFDSVSV
E. coli LEMEEPH-WLK-AHYDKLNYQDYSYY SAPSEGNEDDTEASEPGAVOQTGANA- -~~FLSKEVEAAF ~EQLGVPVREGK---EVAVDAIFDSVSV
P. falciparum NIFKLPD-WNF-FDCPNINYDNIIYYSSIL--- = KDN- NLIYYLKNNLNIEFLDSILIKNNSIDIIFDSMSI
S. kunkelii LKIKNPS-W-G-PNLEFIDFDEYIYY IKPT========== EHIATKWDEVPE------=- KIKKTF-DRLGLPEAEREYLA--GIKAQYDSEPV
H. salinarum TKMPMPTDWPGQPDLTELDIEEIVPY IRPD--—-—-—VDKRSGADEWEDLPD--—————- ETQDTF-EQLGTPEAERNALS-—GVGAQYESEVV
B. subtilis YNMPMPQ-W-G-GDLNSLNFDEITYYVKPS—-—-—————— ERSERSWDEVPE--——--—- EIKQTF-DKLGIPEAEQKYLA--GVSAQYESEVV
P. micropora LTLVEAE-ASS-SNIPK YLPLL - P EVAEGT RIILASEIDSVTV
b) 0 Heterotrophic bacteria —I: @ Synechocystis
m Cyanobacteria [ Synechococcus
@ Algae B A thaliana
| Plantae | P. trichocarpa
m Archaea B Z mays
@ Protozoa C. reinhardtii
[ outgroup . ® D. chrysanthemi
o Ecoli
L. danicus
B P. falciparum
I o S. kunkelii
@ B. subtilis
O outgroup
Relative time
120 1.00 0.80 0.60 0.40 0.20 0.00

Figure 2. Sequence comparison of 13 SufB homologs from photosynthetic and non-photosynthetic
organismes. (a) Partial amino acid sequence alignment with the [4Fe-4S] cluster binding cysteine residues,
identified in two species, highlighted in red. (b) The phylogenetic tree of the complete SufB sequences was
based on the alignment constructed by a neighbor-joining method. The sequences were aligned with
MUSCLE, multiple sequence alignment tool (v. 3.8.31) (Edgar, 2004), and the tree was constructed by the
Maximum Parsimony method with Subtree-Pruning-Regrafting (SPR) algorithm. The relative divergence
times for all homologs were estimated with the Reltime method (Tamura et al., 2012) and the JTT matrix-
based model (Jones et al., 1992) implemented in MEGA7 software (Kumar et al., 2016). Full species names
and UniprotKB accession numbers for SufB homologs: Synechocystis; Synechocystis sp. PCC 6803; Q55790,
Synechococcus: Synechococcus sp. PCC 7002; Q6UACO, A. thaliana: Arabidopsis thaliana; Q92597, P.
trichocarpa: Populus trichocarpa; BOH1C6, Z. mays: Zea mays, B6SVH9, C. reinhardtii: Chlamydomonas
reinhardtii; A8JE40Q, D. chrysanthemi: Dickeya chrysanthemi; Q9EXPS, E. coli: Escherichia coli; P77522, L.
danicus: Leptocylindrus danicus; AOA023HCD2, P. falciparum: Plasmodium falciparum (isolate 3D7);
Q25799, S. kunkelii: Spiroplasma kunkelii; AOAOK2JEM7, H. salinarum: Halobacterium salinarum; BOR3K1,
B. subtilis: Bacillus subtilis (strain 168); 032162, and P. micropora: Paulinella micropora; AOA1L5YCI2
(outgroup).

The Fe-S cluster assembly scaffolds have been classified into two categories, the U-type
and the A-type, based on their ability to assemble and mobilize clusters. The U-type
scaffold proteins usually require chaperones to transfer the clusters to apoproteins.
The A-type scaffold/carrier proteins either deliver the cluster from the U-type scaffold
to apoproteins or act as alternative scaffolds for the cluster assembly, and possibly
participate in iron acquisition (Ayala-Castro et al., 2008). The cyanobacterial Nfu
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protein, which is similar to the C-terminal domain of Azotobacter vinelandii NifU
protein, has the ability to transfer clusters to ferredoxin (Nishio and Nakai, 2000),
indicating that it is not a typical U-type scaffold protein. As both Nfu protein and the
proteins encoded by the sufBCDS operon (hereafter suf operon) are essential in
cyanobacteria (Balasubramanian et al.,, 2006), there is a possibility they could
complement each other in cluster assembly and delivery. The SufBCD-SE complex could
act as U-type scaffold, while Nfu could transfer the Fe-S cluster to the target proteins,
thus acting as an A-type protein. However, the Suf complex could also assemble the
clusters within the apoproteins, as suggested by Outten et al. (Outten et al., 2003). The
A-type scaffold proteins in cyanobacteria are IscA (encoded by slr1565 in Synechocystis)
(Balasubramanian et al., 2006) and SufA (encoded by s/r1417 in Synechocystis)
(Wollenberg et al., 2003). Despite the nonessential roles of IscA and SufA in the
cyanobacterium Synechococcus sp. PCC 7002 (hereafter Synechococcus), their deletion
led to clear phenotypes under iron deprivation and redox stress, respectively
(Balasubramanian et al., 2006). It was suggested that IscA would be involved in the
regulation of iron homeostasis, due to its repressive effect on iron stress inducible
genes (isiA, sidA and sidC) as well as on the suf operon and iscS1 and iscS2 genes under
iron sufficiency. SufA, on the other hand, was suggested to be involved in sensing redox
stress, as it was shown to repress the suf operon under oxidative and iron-deprived
conditions (Balasubramanian et al., 2006).

1.2.4. Regulation of iron-sulfur cluster biogenesis

In order to maintain the physiological levels of the Fe-S clusters, Fe-S cluster biogenesis
needs to correspond to the synthesis of the target apoproteins in which they are to be
incorporated. If this balance is not achieved, it either results in accumulation of non-
functional apoproteins or formation of soluble iron and sulfur or insoluble iron sulfides
(Frazzon and Dean, 2001). To synchronize the demand and supply of Fe-S clusters, the
cell typically relies on a feedback regulation model where the apo- or holo-form Fe-S
cluster proteins control the genes responsible for Fe-S cluster biosynthesis (Schwartz
et al., 2001).

The regulation of Fe-S cluster biosynthesis pathways has been best characterized in E.
coli, and the regulatory features are commonly considered to be valid also for other
bacteria due to the high level of amino acid sequence similarity of the associated
proteins. However, the specific requirements for Fe-S clusters in different organisms
vary due to diverse growth habitats and metabolic modes, and therefore one should
be cautious in making generalizations between different bacterial species. An example
of the sequence differences is presented in Fig. 2, where SufB homologs from 13 species
were compared in a phylogenetic analysis.
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The central regulator for Fe-S biogenesis in E. coli is IscR, a negative as well as positive
transcriptional regulator for more than 40 genes (Giel et al., 2006). Many of these genes
are involved in Fe-S cluster assembly, including erpA and nfuA genes in addition to the
operons iscRSUA-hscBA-fdx and sufABCDSE. Both ErpA and NfuA are A-type
carrier/scaffold proteins in E. coli, which are expressed under oxidative stress and iron
starvation (Loiseau et al., 2007; Angelini et al., 2008; Py et al., 2012). The isc operon
encode proteins that constitute the “housekeeping” Fe-S cluster biogenesis machinery
(Zheng et al., 1998; Schwartz et al., 2001), while the suf operon encoding proteins
comprise the Fe-S cluster biogenesis system under oxidative stress and iron-deprived
conditions in E. coli (Lee et al., 2004; Outten et al., 2004). Homodimeric IscR binds a
labile [2Fe-2S] cluster, which is used for sensing changes in intracellular redox state and
iron availability (Schwartz et al., 2001; Nesbit et al., 2009). The sensory function of the
Fe-S cluster in IscR is associated with the coordination of the cluster with three
cysteines and one histidine (Fleischhacker et al., 2012). This structural conformation
results in less efficient insertion of the Fe-S cluster in IscR, which ensures that the need
for Fe-S cluster biogenesis for other proteins is fulfilled before holo-IscR can be formed.
The cluster-bound IscR acts as a repressor for iscRSUA along with a range of several
genes encoding Fe-S cluster binding and biogenesis proteins (Giel et al., 2006). As the
cluster degrades, the binding affinity of apo-IscR to the promoter decreases resulting
in the derepression of the target genes (Fleischhacker et al., 2012). As an alternative
functional mode, under oxidative stress or iron deprivation, the cluster-free IscR binds
to the promoter region of sufABCDSE and activates gene expression (Yeo et al., 2006).
In addition to the role of IscR, the transition for using the SUF system as the
predominant pathway for Fe-S cluster assembly under iron starvation is further
enhanced by the effect of SRNA RyhB and the iron-sensor regulator Fur. RyhB binds
upstream of iscS causing the 3’ end of the iscRSUA transcript to be degraded, while iscR
gets translated to apo-IscR, and leads to the induction of the suf operon (Desnoyers et
al.,, 2009). In addition, both RyhB and suf operon are repressed by Fur under iron
sufficient conditions, while in the absence of iron the abolished repression by Fur
results in further suf operon induction (Patzer and Hantke, 1999). The regulatory circuit
comprised of IscR and RyhB also controls the expression of ErpA (Mandin et al., 2016).
Under iron sufficient conditions the transcription of erpA is repressed by IscR, whilst
under iron deprived conditions the repression occurs via RyhB. It thus appears that the
role of regulatory sRNAs (here specifically RyhB) is highly important in reallocating the
available iron to the essential proteins under iron limitation, when the global iron-
dependent regulator Fur cannot repress the genes involved in iron metabolism, such
as the ISC system in Fe-S cluster biogenesis. The fine-tuned control of the regulatory
circuit composed of a transcription factor and an sRNA also allows the induction of isc
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operon and erpA gene within a narrow iron concentration range, where their
expression is absolutely needed (Mandin et al., 2016).

In cyanobacterial model species Synechocystis and Synechococcus, the ISC system
components are non-essential and only partially represented, as opposed to the SUF
system which is both vital and fully represented, and thus considered to be the
dominant Fe-S cluster assembly system (Seidler et al., 2001; Balasubramanian et al.,
2006). In this system the Suf proteins are encoded by the suf operon, which is under
regulation by SufR (Wang et al., 2004). Like IscR, SufR is a homodimeric transcriptional
repressor with three cysteines and one non-cysteine residue for Fe-S cluster binding
(Shen et al., 2007; Fleischhacker et al., 2012). There is also apparent functional analogy
between the proteins, as both are known to regulate their own expression; iscR is
regulated as a part of iscRSUA operon (Schwartz et al., 2001), whilst sufR is regulated
independently from its own promoter, which has lower affinity to SufR than the suf
operon promoter (Shen et al., 2007). In other aspects, SufR differs from IscR at least in
terms of three distinctive features. First, IscR has a winged helix-turn-helix (WHTH) DNA
binding domain characteristic of the Rrf2 family of transcriptional regulators (Finn et
al., 2010), whereas SufR uses its N-terminal basic helix-loop-helix (bHLH) domain to
bind DNA (Wang et al., 2004). Second, the homodimeric IscR binds one [2Fe-2S] cluster
(Nesbit et al., 2009), while the homodimeric SufR binds two [4Fe-4S] clusters (Shen et
al., 2007). Third, the oxidation state of the [4Fe-4S] cluster in SufR determines its
binding to the suf operon and suffR promoter regions in Synechocystis (Shen et al.,
2007), unlike in IscR where DNA binding is affected only by the presence or absence of
the cluster (Fleischhacker et al., 2012). In the SUF system, the holo-SufR with a reduced
[4Fe-4S)Y* cluster has a similar binding affinity to the DNA as the apo-SufR, whereas the
oxidized holo-SufR with a [4Fe-4S]% cluster has the highest affinity to DNA (Shen et al.,
2007).

The SufR-directed regulation applies the same principles as described for IscR; once the
cellular demand for Fe-S cluster biogenesis is fulfilled, the [4Fe-4S] clusters are formed
on SufR and suf operon becomes repressed. This repression is alleviated when the need
for Fe-S cluster proteins increase; the resulting apo-SufR becomes less tightly bound to
the suf promoter and transcription can be initiated. The induction of sufR and the suf
operon would be expected to occur also under darkness, when the conditions are more
reducing in cyanobacteria, and the DNA binding affinity of SufR decreases due to cluster
reduction. However, differential RNA sequencing carried out in Synechocystis has
shown that the induction of sufR transcripts in darkness is, surprisingly, not
accompanied by the induction of the suf operon (Mitschke et al., 2011). In addition to
suf operon regulation, SufR could also modulate transcription of a Fe-S cluster binding
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protein, pyruvate:flavodoxin oxidoreductase (Nifl), as suggested by comparative
genomics analysis (Novichkov et al., 2013).

Initially, SufR has been suggested to control PSI biogenesis in Synechocystis, as
suppressor mutations found in the sufR gene compensated primary mutations in the
PSI subunit psaC and restored the mutated PsaC to WT levels (Yu et al., 2003). The
accumulation Fe-S cluster biogenesis proteins via the induced suf operon facilitated the
maintenance of the Fg-[4Fe-4S] cluster in PsaC, thus allowing the photoautotrophic
growth of the mutated strain. The deletion of suffR has been further studied in
Synechococcus, where constitutive induction of the suf operon under standard,
oxidative and iron-deprived conditions has been reported (Wang et al., 2004). The
induction of the suf operon was shown to inhibit growth under standard conditions,
but conferred a growth advantage under iron limiting conditions. The advantage was
proposed to be based on efficient scavenging of iron by the SufBCD complex and its
subsequent insertion into Fe-S cluster proteins.

1.3. Quantitative proteomics

1.3.1. Mass spectrometry-based proteomics

Mass spectrometry (MS)-based proteomics is an indispensable tool in global analysis of
proteins in the cell as a part of systems biology research that aims to integrate data
from different omics levels into a model that simulates organismal physiology as
accurately as possible (Ideker et al., 2001). This kind of data integration can result in a
more accurate description of biological events than could be obtained from any one
method alone. The results can either verify (positive correlation) or contradict (negative
correlation) existing data, and either way lead to more complete interpretation of
complex data and underlying biology. In iron deprived Synechocystis cells, for example,
90 out of 1182 quantified proteins appear to have expression trends (fold change >
+1.5) different from those of transcript levels, as calculated from the available
published data (Wegener et al., 2010). This kind of negative correlation can be
explained by underlying post-transcriptional regulation (Georg et al., 2009; Huang et
al., 2013), altered mRNA or protein stability (Eisenhut et al., 2007), or the timepoints of
respective analyses. Thus, the complementary methods are crucial for revealing
additional regulatory steps and underlying biological processes occurring at different
omics levels.

The main technological challenges in proteomics stem from the fact that peptides,
which are measured in a mass spectrometer, cannot be amplified as are
oligonucleotides in DNA. Therefore the identification and quantification of proteins
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relies on sensitive instruments in the challenging effort to detect even the least
abundant peptides. Most MS-based proteomics workflows use a “bottom-up” strategy,
where proteins are digested into peptides prior their analysis on a mass spectrometer.
The proteins are usually digested with a trypsin protease (EC 3.4.21.4), which
specifically cleaves the protein on the C-terminal side of arginine and lysine, generating
peptides with basic C-termini. Concurrently, the peptides are usually treated with
reducing and alkylating agents to avoid disulfide bond formation. Prior entering the
mass spectrometer, the peptides are volatilized and ionized into the gas phase. This is
most commonly accomplished by either of the following soft ionization techniques;
matrix-assisted laser desorption ionization (MALDI) (Karas and Hillenkamp, 1988) or
electrospray ionization (ESI) (Fenn et al., 1989). In MALDI, the ultraviolet-absorbing
matrix, mixed and embedded with peptide analytes, sublimates as pulses of laser light
hit the matrix, and the charged peptides vaporize into the gas phase. As the peptides
collide with one another, they become fragmented and are accelerated to a mass
analyzer. While MALDI is mostly used to analyze low-complexity samples, ESI is
preferred for analysis of complex and unfractionated samples (Aebersold and Mann,
2003) due to the interface with a high-performance liquid chromatography (HPLC)
system. Such systems are referred to as LC-ESI-MS systems. The HPLC can perform one
or two dimensional peptide separation based on hydrophobicity and/or charge of the
peptides (Washburn et al., 2001). The peptide ionization takes place at the end of the
HPLC column and is generated by a strong electric field.

The positively charged (usually doubly protonated in ESI) peptide ions are guided by
sophisticated and precise ion optics devices in the vacuum system of the mass
spectrometer to the mass analyzer, which can be either an ion trap, quadrupole, time-
of-flight (TOF) or Fourier transform ion cyclotron resonance (FTICR)-based Orbitrap
analyzer. Many mass spectrometers take advantage of hybrid configurations of
different analyzers in tandem mass spectrometry (MS/MS), where both precursor and
fragment ions of the peptide are measured. The mass analyzers determine the mass-
to-charge (m/z) ratio for the ions, which are measured and separated on the basis of
the resolution, sensitivity and mass accuracy of the mass analyzer (Olsen et al., 2005).
In LC-ESI systems, the mass spectrometer analyzes the peptides as they arrive at the
analyzer according to their elution times from the HPLC. This results in acquisition of
MS1 spectra, where the intensity of the m/z peak relates to the abundance of
respective peptide. However, the abundance of different peptides cannot be compared
directly because of different ionization efficiencies. In data-dependent acquisition
(DDA) analysis, only the most abundant precursor ions in the MS1 spectrum are
selected for fragmentation (Liu et al., 2004), giving rise to fragment ions. A collision
induced dissociation (CID) and higher energy collisional dissociation (HCD) are the most
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common fragmentation methods, which mainly result in peptide bond breakages,
generating b- and y-ions (Roepstorff and Fohlman, 1984). Due to the breakage between
amino acids, the m/z series (i. e. the MS2 spectra) of either b- or y-ions give rise to an
amino acid sequence of the peptide they are derived from and thus can be used for
peptide identification. The acquired MS2 spectra is typically compared against an
existing sequence databases with a search engine, such as Mascot (Perkins et al., 1999)
or Sequest (MacCoss et al., 2002), which calculates a probability score for peptide-
identification based on peptide spectral match (PSM). The PSMs are usually validated
by searching the MS2 data also against a decoy database (Moore et al., 2002), from
which a false positive discovery rate (FDR) is obtained. Further improvement of peptide
identification is provided by rescoring the target and decoy search results with
validation algorithms such as Percolator (Kall et al., 2007; Brosch et al., 2009).
Importantly, in addition to their use in identification, the number of MS2 spectra
acquired for each peptide can also be used in spectral counting -based quantification.

1.3.2. Quantitative proteomics strategies

The MS-based protein quantification methods include a vast array of different
strategies, which all have their advantages and limitations, and need to be considered
to properly address the specific research questions in each case [see review (Domon
and Aebersold, 2010)]. These strategies range from discovery to targeted approaches
relying either on label-based or label-free, absolute or relative quantification, either at
the MS1 or MS2 level. The general principles and workflows of existing proteomics
strategies are described below.

The most widely used MS-based strategy is based on the DDA approach, which is
commonly referred to as shotgun or discovery proteomics. The approach is suitable for
identification of thousands of proteins from complex mixtures, but the analysis
commonly results in poor reproducibility and a low dynamic range of peptide detection
(Domon and Aebersold, 2010). The limited analytical capacity of the shotgun strategy
results from the stochastic MS1-phase selection of only the most abundant precursor
peptides for fragmentation (Michalski et al., 2011). This poses a problem for the
detection of proteins present at low concentrations, which are masked by the large
amounts of peptides derived from the most abundant proteins at any given time.
Extensive sample fractionation is a way to increase the proteome coverage, but this
can be costly and time consuming. Quantification by the shotgun method often relies
on sample labeling, as it provides an internal reference and thus improves the precision
of quantification (Kall and Vitek, 2011), but this requires extra sample processing steps,
increases sample complexity and decreases the number of identifications. The shotgun
measurements are either based on the MS1 precursor peak area or intensity (used for
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metabolic labeling methods such as SILAC; Stable Isotope Labeling with Amino acids in
Cell culture, and °N labeling), or on the number of identified MS2 spectra, referred to
as spectral counting (used for chemical labeling methods such as iTRAQ; isobaric Tags
for Relative and Absolute Quantification, TMT; Tandem Mass Tag, ICAT; Isotope-Coded
Affinity Tag, and dimethyl labeling of amine groups). Of the available shotgun -based
MS methods, the label free spectral counting, TMT, iTRAQ, N metabolic labeling, and
dimethyl labeling have been established and applied in cyanobacteria (Gan et al., 2005;
Chong et al., 2006; Pandhal et al., 2008; Wegener et al., 2010; Guo et al., 2014; Spat et
al., 2015).

A directed MS-approach alleviates the limitations of shotgun proteomics by separating
the MS-analysis into two phases; i) MS1 level analysis (typically with an ion-trap-
Orbitrap hybrid mass analyzer), including quantification of all detected precursor ions,
followed by another run focusing on ii) MS2 level sequencing of the selected precursor
ions from the first phase (Schmidt et al., 2008). The information acquired from the first
phase (such as precursor ion charge state, m/z -ratio and chromatographic retention
time) is used to design the second phase, with focus on the selected targets. With this
approach, also known as accurate inclusion mass screening (AIMS) (Jaffe et al., 2008),
an increased proteome coverage can be achieved compared to DDA analysis, and also
low intensity precursor ions can be identified and quantified.

Both discovery and directed MS strategies can expedite the development of targeted
MS experiments by providing information about precursor and fragment ions (Jaffe et
al., 2008). This is a prerequisite for the design of selected reaction monitoring (SRM)
assays, constituting one of the central focal themes in this Thesis. Targeted proteomics
relies on the selective power of a quadruple (Q) mass analyzer, which permits only
precursor ions with a certain m/z ratio to be selected for fragmentation. Although this
also enables the detection of low abundant peptides from complex samples, the
characteristic low resolution of the analyzer can also lead to incorporation of
interfering ions. To enhance the specificity of measuring the precursor-derived
fragment ions (i. e. transitions), a quadruple mass analyzer can be used in combination
with i) another quadrupole (QQQ), which increases the sensitivity and selective power
(SRM)(Anderson and Hunter, 2006), or with ii) an Orbitrap analyzer (Q-Orbitrap), which
increases the selectivity even further due to the high resolution and mass accuracy
(parallel reaction monitoring; PRM) (Peterson et al., 2012). In QQQ, the middle
quadruple acts as a collision cell where fragmentation is achieved by CID, while in Q-
Orbitrap the fragmentation occurs in an HCD collision cell. In SRM the two quadrupoles
act as mass filters and only specific precursor and fragment ion m/z -ratios are targeted,
whereas in PRM all the fragment ions are detected in Orbitrap after the specific
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precursor ion selection. As an outcome, the few (typically 3-5) selected fragment ions
are detected with greater precision in SRM, due to more data points for every fragment
ion and increased time to measure them (i. e. shorter cycle times and longer dwell
times, respectively). However, due to the high resolution of Orbitrap, the full fragment
ion spectra with fewer interfering signals is recorded in PRM, hence improving the
selectivity over SRM. Furthermore, the tedious effort required to develop optimized
assays is avoided, as all fragment ions are monitored.

For several years SRM has been considered as the gold-standard method in MS-based
protein quantification (Gillet et al., 2012; Marx, 2013). In recent years, however, several
variations of SRM have been developed in an attempt to further improve the
guantification. Selected ion monitoring (SIM) exploits the same instrument
configuration as PRM, and despite being a sensitive quantitation method, an additional
level of selectivity is missing, since the workflow includes only the precursor ion
selection in the first quadrupole. Pseudo-SRM (pSRM) (Scherl et al., 2008), on the other
hand, uses the combination of linear ion trap (LIT) and Orbitrap (LTQ-Orbitrap). The
method is similar to PRM in acquiring full fragment ion spectra, but the targeted
precursor ions are isolated in the LIT instead of in a quadrupole. The method works best
for non-complex samples, as the ion accumulation in LIT can result in poor performance
due to repulsive forces (Law and Lim, 2013).

To overcome the limitation of reproducibility and poor dynamic range of shotgun
proteomics, and the relatively low throughput of targeted proteomics, many
alternative precursor ion selection methods have been developed. In these data
independent acquisition (DIA) approaches, the instrument fragments all precursor ions
within a predetermined m/z window, instead of fragmenting only the most abundant
ions across the complete precursor mass range as in DDA. Once the fragment ion
spectra of the specific MS1 isolation window have been collected, the instrument
proceeds to collect data from subsequent m/z windows until the complete precursor
mass range is covered. At this point a new cycle through the m/z range can start, and
be repeated across the HPLC chromatogram. There are several variants of DIA methods,
which differentiate mainly on the basis of i) the instrument used, ii) the cycle time to
measure the complete precursor m/z range, and iii) the width of the precursor isolation
window (Shi et al., 2016). For example, in precursor acquisition independent from ion
count (PAcIFIC) (Panchaud et al., 2009) the precursor isolation window is only 2.5 m/z,
while in sequential windowed acquisition of all theoretical fragment ion mass spectra
(SWATH) (Gillet et al., 2012) the window is 25 m/z. The wider isolation window in
SWATH decreases the number of sample injections, but results in more complex
fragment ion spectra as the link to the precursor ions is lost. This complicates the
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subsequent data-analysis, which requires advanced tools and informatics resources,
such as Spectronaut™ software (Biognosys)(Bruderer et al., 2015). The data-analysis is
essentially based on information from existing spectral libraries, which are used for
peptide identification. Thus, by using spectral libraries and targeted data-analysis, DIA
combines the advantages of both DDA and SRM methods. Despite the recent advances,
the DIA data-analysis still remains challenging. In addition, the sensitivity, specificity,
and reproducibility of these methods do not reach the same levels as in SRM (Shi et al.,
2016).

1.3.3. Targeted proteomics: Selected Reaction Monitoring

In order to contribute to the scope of comparable omics data in systems biology, the
data generated should be reproducible, accurate and entail comprehensive
information on as many proteins as possible, irrespective of their concentration in the
sample. The unique capabilities of triple quadrupole (QQQ) instruments to select only
the predetermined ions for MS-analysis, allow precise measurements of also the lowest
abundant peptides in SRM.

Although SRM allows sensitive detection and provides reproducible results (Picotti et
al., 2009; Abbatiello et al., 2015), the method development requires significant effort
as the targeted precursor-to-fragment ion transitions need to be optimized for these
assays. The SRM assay design is generally carried out in silico using either Skyline
(MacLean et al., 2010), OpenMS (Rost et al., 2016), or MaxQuant (Cox and Mann, 2008)
software platforms. For each targeted protein, prior MS information is required, and
only those peptides that are known to consistently give good MS signals and uniquely
represent the protein of interest are selected for the assay. Usually three to five of
these proteotypic peptides (PTPs) are selected for each protein to ensure minimal
variation and reliability in result interpretation. Typically, PTPs with +2 or +3 charge
states, length from six to 25 amino acids, without ragged ends (i. e. without consecutive
arginines and lysines), missed cleavage sites, and without methionines are preferred.
Further, sites prone to glycosylation (N/E-X-N-X-S/T) (Kowarik et al., 2006) are avoided,
if not specifically targeted. For the selection of fragment ions, three to five singly
charged y-ions with m/z values higher than that of the precursor ion are preferred.
Altogether, the selection of the best transitions comprises an explicit and reliable SRM
assay.

The SRM assays are designed based on data acquired from the shotgun or directed MS
experiments that may be found from repositories such as PeptideAtlas (Deutsch et al.,
2008). However, if the MS/MS data (referred to as spectral libraries) cannot be
obtained for peptides which fulfill the PTP criteria, the best theoretical PTPs can be
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synthetized after their evaluation by peptide prediction tools (Tang et al., 2006; Mallick
et al., 2007; Fusaro et al., 2009) and then used for assay development (Picotti et al.,
2010). The synthetic peptides can be utilized to increase the proteome coverage,
especially with respect to the low abundance proteins, which are often missed in the
DDA methods.

The validated SRM assays are usually the outcome of multiple iterative MS-runs with
several optimization steps (Lange et al., 2008). The optimization includes at least i) good
correlation between the peptide elution time (retention time; RT) and the predicted or
empirical retention times (Krokhin, 2006; Escher et al., 2012), ii) at least three co-
eluting transition peaks to rule out the interfering signals, and iii) the correlation of
relative intensities of the SRM transition peaks with the corresponding MS/MS spectral
library. Commonly, decoy peptides are used to assign confidence levels for the target
peptides using an mProphet peak scoring model (Reiter et al., 2011).

In order to take advantage of the full potential of SRM, i. e. to use it for the quantitation
of as many proteins as possible with high sensitivity and accuracy, three
interdependent parameters need to be in balance; namely, dwell time, cycle time and
the number of measured transitions. Dwell time is the time that QQQ-MS spends in
measuring a single predefined precursor-to-fragment ion transition. During a defined
cycle time, the instrument cycles through a set of transitions, and records a signal from
them. To measure the transitions with high sensitivity and accuracy in a single MS-run,
the dwell time needs to be long enough (10 - 100 ms) and cycle time as short as possible
(1,5 - 3 s) to obtain sufficient data points for each SRM-peak representing the
transitions (Lange et al., 2008). This restricts the number of reliably measured
concurrent transitions, unless the transitions are measured only at around a defined,
expected elution time window of the corresponding peptide, instead of across the
whole MS run. Thus, by multiplexing the SRM run by predefined data-acquisition time
windows for each transition, the number of measurable transitions across the MS run
can be increased without compromising the sensitivity (dwell time) and accuracy (cycle
time).

The acquired SRM data are most commonly processed in Skyline software, where the
peak areas of all of the peptide-specific transitions are integrated. The subsequent
statistical analysis includes, for example, normalization and quantification. If known
concentrations of heavy isotope-labeled internal standards are spiked into the sample,
absolute quantification can be used to determine the exact protein concentration.
However, a label-free approach is also possible, which relies on relative quantification
between the tested sample and the control.
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As setting up optimized SRM assays require significant effort, and as often there are
common research interests focused on the same proteins in different projects and
laboratories, open access to the established parameters facilitates the progress of
research. There are several publicly available data repositories, such as the
PeptideAtlas SRM Experiment Library (PASSEL)(Farrah et al., 2012) and Panorama
Public (Sharma et al.,, 2014), where all of the validated SRM-parameters can be
deposited and experimental files visualized.
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2. AIMS OF THE STUDY

One of the founding aims of this Thesis work was to expand the scope of validated
analytical techniques for the cyanobacterial model species Synechocystis sp. PCC 6803
by establishing a targeted proteomics method, selected reaction monitoring (SRM). The
objectives of the method development were to (i) allow sensitive and accurate
measurement of protein expression level changes at high throughput, (ii) provide a
comprehensive overview of number of cellular functions and metabolic interactions at
the protein level, and (iii) form a foundation for subsequent studies with expanded
target libraries. The primary biological focus was on iron metabolism and Fe-S cluster
biogenesis, with the objective of identifying associated protein level changes under iron
deprivation, in response to deletion of genes for the transcriptional regulators sufR and
isaR1, and in response to IsaR1 overexpression.

The primary research questions were:

1. To what extent the SRM method developed specifically for Synechocystis would
improve the accuracy and depth in protein quantitation?

2. What kind of effects the induced iron-sulfur cluster biogenesis in the sufR
deletion strain has on Synechocystis proteome under iron sufficient and
depleted conditions?

3. How and to what extent the iron starvation inducible small RNA, IsaR1, affects
the acclimation of Synechocystis to iron depletion?
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3. METHODOLOGY

3.1. Cyanobacterial strains and growth conditions

The Synechocystis sp. PCC 6803 control (WT, WT+pVZ) and mutant (AsufR, AisaR1,
isaR10E, AisaR1+isaR10E) strains were cultivated under photoautotrophic conditions
under controlled, 1% (vol/vol) (Publication I, Il) or atmospheric (Publication IV) CO,, at
+30°C, under a light intensity of 50 umol photons m? s, The cells were grown in BG-
11 medium (Rippka et al.,, 1979), buffered with 10-20 mM TES-KOH (pH 8.0) in
Erlenmeyer culture flasks shaking at 120 rpm.

Iron starvation was initiated by washing the precultures three times with iron-depleted
BG-11 medium (that lacks FeNH,-citrate), followed by inoculation into Fe-free BG-11 to
obtain a starting OD7so nm of 0,1 (Publication I, II). These cells were harvested at
OD7s50nm=1,0 from both iron sufficient and deprived conditions. Additional cultures were
harvested after 12 days under iron deprivation. For the time-course analysis of the
AisaR1 mutant, iron starvation was triggered at the mid-logaritmic growth phase by
addition of the iron-chelator desferrioxamine B (DFB, Sigma-Aldrich) to a final
concentration of 100 uM. For the IsaR10E and control strains, copper-free BG11
medium was used and induction of isaR1 overexpression was achieved by the addition
of 2 uM CuSOsa.

The deletion constructs AsufR and AisaR1 were obtained by insertion of
chloramphenicol resistance (Cmf) and kanamycin resistance (Km®) cassettes by
homologous recombination to disrupt the sufR and isaR1 genes, respectively
(Publication I, 1V). The IsaR10E overexpression strain was obtained by inserting the
Synechocystis isaR1 gene between the copper inducible Ppete promoter and oop
terminator in plasmid pVZ322. The plasmid was used in both WT and AisaR1
background to make the control and complementation strains (Publication IV).

3.2. Measurement of in vivo absorbance spectra

In vivo absorption spectra were measured with an Infinite 200 PRO multiplate reader
(Tecan) from 400 to 750 nm to evaluate the pigment composition under iron sufficient
and deprived conditions in all characterized strains.

3.3. Protein extraction and immunodetection

Proteins were extracted as whole cell lysates in 0,1 M NH;HCOs, 8 M urea, 0,1% (w/v)
Rapigest SF (Waters Corporation, Milford, MA) and 0,2 mM PMSF. The cells were
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disrupted with glass beads, and the protein concentration was determined from the
soluble fraction with the Bradford assay (Bradford, 1976). For immunoblots, protein
samples were separated by 12% SDS-PAGE and transferred to PVDF membranes
(Immobilon-P; Millipore). PsaB, PetA, PetF and PsbA antibodies were used for the
immunodetection of the respective proteins on these membranes.

3.4. SRM-analysis

3.4.1. Design of the assay

SRM assays were designed in the open source software Skyline (MacLean et al., 2010).
The amino acid sequences of Synechocystis sp. PCC 6803 from Cyanobase (Kaneko et
al., 1996) were used as a background proteome, and in silico digested to find the
potential PTPs and fragment ions to target in SRM. The 106 target proteins with
precursor and fragment ions were filtered so that they fulfilled the criteria of
guantifiable transitions (Publication ). The PTPs had to be unique for the protein and
have either doubly or triply charged precursor ions, with six to 25 amino acids. The
peptides with ragged ends and missed cleavages were excluded similarly as the
peptides with methionines and sites prone to glycosylation. In the fragment ion
selection, y-ions with m/z -ratios higher than the precursor were preferred.

3.4.2. Sample preparation

The extracted proteins were reduced with 5 mM dithiothreitol (DTT; Sigma) and
alkylated with 10 mM iodoacetamide (IAA; Sigma), followed by overnight precipitation
with acetone:ethanol (1:1) at -20°C. The protein pellets were solubilized in a buffer
containing 50 mM NH4HCOs and 5% (v/v) acetonitrile (ACN), to which trypsin (Sequence
grade modified, Promega, Madison, WI, USA) was added twice at a 1:100 (w/w) trypsin
to protein ratio followed by overnight incubation at +37°C. The peptides were desalted
by solid phase extraction cartridge (3M Empore™ C18-SD), and the dried and purified
samples were reconstituted in an aqueous solution containing 2% ACN and 0,1% formic
acid.

3.4.3. LC-MS/MS analysis

The digested peptides (250 ng/ 5 ul) were separated and identified on a nanoflow HPLC
system (EasyNanoLC 1000, Thermo Fisher Scientific) coupled to Orbitrap Velos Pro
(Thermo Scientific) or Q Exactive (Thermo Scientific) mass spectrometer equipped with
nano-ESI source. The peptides were loaded onto a trapping column and separated on
an analytical column, where a 110 min gradient was used by increasing the solvent B
percentage relative to solvent A (B = ACN:water, 95:5 (v/v), A = water:ACN, 98:2 (v/v))
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with a 300 nl/ min flow rate from 5% to 20% in 70 minutes and 20% to 40% in 30
minutes.

LC-MS/MS settings were adjusted separately for the Orbitrap Velos Pro and Q Exactive
mass spectrometers, which were used in data-dependent acquisition (DDA) mode. The
ten or fifteen most intensive ions from the scan range of 300-2000 m/z with charges of
+2 and +3 were selected for HCD or CID fragmentation. Further information about the
LC-MS/MS settings on both mass spectrometers can be found from Publication I.

The LC-MS/MS spectra were searched against the Synechocystis protein database
obtained from Cyanobase, using an in-house Mascot (v.2.4) search engine with search
parameters described in Publication I. The data were analyzed with Proteome
Discoverer (v.1.4) Software (Thermo Scientific) and the Percolator algorithm (v 2.04)
was used to validate the peptide identifications with an FDR threshold of < 0,05.

3.4.4. LC-QQQ analysis

Peptides were loaded as 150 ng/ 5 ul injections onto the nanoflow HPLC system
described earlier and separated by using a 60 min gradient at a flow rate of 300 nl/min
(5-20% B in 35 min; 20—35% B during the following 15 min). The peptides were ionized
by nano-electrospray and analyzed in a triple quadrupole mass spectrometer (TSQ
Vantage, Thermo Scientific). The mass spectrometer operated in SRM mode as
described in detail in Publication I. In all experiments the selected transitions were
measured with a 2.5 s cycle time and >20 ms dwell time. Where applicable, the peptides
were randomly distributed to different transition lists and the samples were randomly
ordered to avoid bias in the experimental setup.

In the SRM -method development, up to five transitions for each 2 to 5 peptide
precursors were targeted, to single out the best transitions to be used. The MS2 spectra
from the DDA analyses from both iron sufficient and deprived conditions were used as
a reference to compare the relative fragment intensities within the co-eluting
transitions analyzed by SRM. The SSRCalc 3.0 —predictor (Krokhin, 2006), which is based
on retention times and hydrophilicities of carbonic anhydrase peptides, was used
initially to roughly evaluate the retention times (RT) of the targeted peptides. For those
peptides that could not be found on the basis of SSRCalc predictions, unscheduled SRM
runs were performed where all the transitions were monitored throughout the LC-
gradient. The precision of RT estimation was improved further by the use of iRT
standard peptides (Biognosys AG) together with endogenous and synthetic peptides,
allowing an indexed retention time to be defined for each targeted peptide (Escher et
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al.,, 2012). Both SSRCalc and iRT —based retention time predictors required initial
calibration runs prior to their use in estimating retention times for target peptides.

3.4.5. Data-analysis

The SRM transitions were evaluated with mProphet peak scoring model (Reiter et al.,
2011) implemented in Skyline. The algorithm compared the selected target transitions
to generated reverse sequence decoy signals, and allowed training of the mProphet
scoring model, which was used to improve peptide peak picking in Skyline.

The statistical analysis and protein quantification was performed with an R-based
software package MSstats (v.2.6.0.) (Chang et al., 2012). The statistical analysis
included recognition of the applied experimental design, i. e. group comparison
experiment in Publication |, Il and 1ll, and a time-course experiment in Publication IV.
Three biological replicates in each experiment determined the scope of conclusions
from the data to be “restricted”. The normalization method was based on global
standard peptides used in all applied studies. In Publication | and Il (and Ill) the
normalization was based on peptides of the RNA polymerase omega subunit (ss/2982),
while in the Publication IV, the peptides of the drug sensory protein A (DspA; s/l0698)
were used. The significant protein abundance changes were detected by applying linear
mixed-effects models.

3.5. Determination of photosystem stoichiometry

The room temperature electron paramagnetic resonance (EPR) spectroscopy was
performed with intact Synechocystis cells to record the relative quantities of PSIl and
PSI as described below. The Chl a concentration was determined after 90% methanol
extraction by multiplying the absorbance at 665 nm with extinction coefficient of 78,74
| g2cm™ (Meeks and Castenholz, 1971), after which the concentration was adjusted to
4 mg/mlin all tested samples. The samples were illuminated with saturating light (5000
umol photons m2 s), after which the samples were dark-adapted to obtain a stable
tyrosine D° radical for quantitation of PSII. The fully oxidized P700 of PSI was obtained
by chemical oxidation in darkness, using 100 mM of the PSI electron acceptor
Ks[Fe(CN)e]. The relative quantification of P700* was performed by dividing the spin
numbers of P700* with that of tyrosine D° (Publication Il).

3.6. Reverse transcriptase quantitative PCR

The RNA for reverse transcriptase quantitative PCR (RT-gPCR) analysis was extracted
from Synechocystis cells by a phenol:chloroform method as described in paper Il
(adapted from (Tyystjarvi et al., 2001)). The RNA was precipitated and treated with
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DNase (TURBO DNA-free kit Ambion), whereafter complementary DNA was synthetized
from 1 pg of pure RNA (iScript™ cDNA synthesis kit, Biorad). The samples for RT-gPCR
were labeled by iQ SYBR Green Supermix (BioRad). The gPCR was performed on an
iCycler 1Q Thermal Cycler (v. 4.006) and the data were analyzed with iQ™5 Optical
System Software (v. 2.0) (BioRad). For the measurements, the optimal annealing
temperature and amplification efficiency was determined for every amplicon, and the
relative change in gene expression was determined by the Pfaffl method (Pfaffl, 2001),
where rimM (slr0808) was used as a normalization gene (Mustila et al., 2016).

3.7. Microarray analysis

The RNA for microarray analysis was isolated by phenol:chlorophorm:isoamyl alcohol
(25:24:1) extraction as described in Publication IV and in (Pinto et al., 2009). For the
hybridization on custom microarray chips [Agilent; described in (Hernandez-Prieto et
al., 2012)], 1,65 pg of the labelled RNA was used. Data-analysis with Limma software
(Ritchie et al., 2015), included correction for background fluorescence by the Normexp
—method, as well as quantile normalization.

3.8. Computational prediction analysis for sRNA targets

Twenty cyanobacterial genomes containing homologs for IsaR1 were analyzed by the
IntaRNA (Interacting RNA) tool (v. 2.0.2) (Busch et al., 2008; Wright et al., 2014), which
was used to predict interaction sites between IsaR1 homologs and mRNAs in distinct
genomes. The CopraRNA (Comparative prediction algorithm for small RNA targets) (v.
2.0.3.2) (Wright et al., 2013; Wright et al., 2014) was thereafter applied to predict the
IsaR1 targets among all the 20 cyanobacterial species. The targets were further
processed by functional enrichment analysis to distinguish the most affected functional
categories. The IntaRNA predictions for the Synechocystis genome were additionally
compared against the microarray results (Publication 1V).

3.9. 77 K fluorescence and photosynthetic electron transfer measurements

The 77 K chlorophyll fluorescence emission spectra of intact Synechocystis cells were
measured using a USB4000-FL-450 spectrofluorometer (Ocean Optics) with 440 nm
excitation. The samples were adjusted to 7,5 pg/ml Chl a concentration and snap-
frozen in liquid nitrogen.

PSI and PSII activities were measured with a pulse amplitude modulated fluorometer
Dual-PAM-100 (Walz), from intact cells adjusted to a Chl a concentration of 15 ug/ml.
The complete oxidation of P700 (P.,) was obtained by applying saturating pulses (5000
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umol photons m?2 s, 300 ms), after far-red light illumination (720 nm, 75 W/m2). The
effective yield, Y(l), as well as the non-photochemical quantum yield, Y(NA), of PSI was
determined by application of saturating pulses (giving rise to parameter P.) on a
background of actinic light illumination (giving rise to parameter P). The P and P
parameters were used for calculating Y(I) from (Py-P)/Pm, and Y(NA) from (Pm-Pr)/Pm.
The maximum yield of PSII, Y(l1), was calculated as (Fm-Fo)/Fm, Where Fq is the minimum
fluorescence recorded from dark-adapted samples upon turning on the measuring
light, and Fr, is the maximum fluorescence measured in the presence of 20 uM DCMU.

3.10. Fluorescence measurements of translational gene repression by IsaR1

To test the regulation of 22 mRNAs by IsaR1, a fluorescence based 5’UTR-sGFP (sGFP;
superfolder green fluorescent protein) fusion system (Corcoran et al.,, 2012) was
applied in E. coli (Publication IV). The fluorescence was measured directly from single
colonies by means of an Accuri C6 flow cytometer (BD Biosciences). The colonies were
inoculated into 2 ml LB medium, cultivated at 30°C for 12 h, and treated with 4%
paraformaldehyde/1xPBS (pH 7,4). The cells were then washed with 1xPBS, and
analyzed by flow cytometry. For each clone, 50 000 fluorescence events were collected,
and six independent biological replicates were used. To calculate the regulated specific
fluorescence of the 5’"UTR—sGFP fusion for each target mRNA in the presence of IsaR1,
the background fluorescence from the combination of IsaR1 and a negative control
plasmid pXG-0 (Urban and Vogel, 2007) was subtracted from the obtained
fluorescence. The unregulated specific fluorescence from the 5’UTR-sGFP fusion
construct in the presence of negative control plasmid pJV300 (Sittka et al., 2007) was
subtracted by the background fluorescence from the combined pJV300 and pXG-0
signals. Finally, the unregulated specific fluorescence was divided by the regulated
specific fluorescence to obtain a fold change for the regulatory effect of IsaR1 on the
specific mMRNA.

3.11. Bioluminescence-based promoter induction analysis

To test the dynamic response of IsaR1 transcription activation in the course of iron
deprivation, bioluminescence based promoter assays were performed (Klahn et al.,
2014). The upstream sequences of both isaR1 and isiA were fused to /luxAB genes in
plasmid plILA (Kunert et al., 2000) and introduced into Synechocystis expressing luxCDE
genes. A plasmid lacking the promoter region served as a negative control.
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3.12. Electrophoretic mobility shift assay

For the promoter gel shift experiments, an jsaR1 promoter fragment was amplified
from the Synechocystis genome and cloned into the pT7Blue T-vector (Novagen). The
free DNA (here the isaR1 promoter in pT7Blue) and protein bound DNA (here FurA
bound to the isaR1 promoter) were separated on the basis of their different mobility
on native polyacrylamide gel. Digoxigenin (DIG)-labeling-based gel mobility shift assay
was used for detecting the protein bound DNA fragments. The assay was performed
according to the protocol for the Roche’s DIG gel shift reagent kit (2nd generation), and
additionally, to avoid precipitation of the DIG-labeled probe, Zeba Desalt Spin Columns
(Thermo Scientific) were used for buffer exchange.

His-tagged FurA was constructed in E. coli. The furA (sll0567) coding region was first
amplified and cloned into the pT7Blue T-vector (Novagen), and then subcloned into the
expression vector pET28a (Novagen). The obtained N-terminal 6xHis-tag expression
construct was subsequently introduced into E.coli Origami2 (DE3) competent cells
(Novagen), and induced by addition of 100 uM IPTG, after which the 6xHis-FurA protein
was purified by means of cobalt -based immobilized metal affinity-chromatography
(IMAC).
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4, OVERVIEW OF THE RESULTS

4.1. Development of SRM assays for Synechocystis sp. PCC 6803

4.1.1. Selection of 106 target proteins

The first step in the SRM method development for Synechocystis was to select 106
proteins of interest as targets (Publication |, Table 1). As the focus of the Thesis was to
study the metabolic effects of varying iron concentrations and associated regulatory
systems, special emphasis was placed on proteins related to iron metabolism in terms
of transport, Fe-S cluster biogenesis and use of iron as a cofactor. In addition, to obtain
a more comprehensive overview of the changes within the cell, key proteins involved
in  photosynthesis, other anabolic reactions/auxiliary metabolism, and
catabolic/amphibolic pathways were also selected for SRM assay development.

4.1.2. Protein identification by Data Dependent Acquisition (DDA)

For designing the SRM assays, the targeted proteins were first identified by shotgun LC-
MS/MS analysis. Iterative shotgun runs for the samples collected from iron sufficient and
iron deprived conditions resulted in identification of a total of 1710 proteins, with 15 031
unique peptides. Altogether 60 of the target proteins were identified in the DDA-based
shotgun runs with more than two proteotypic peptides (PTPs) with good fragmentation
spectra, and this information was subsequently used for the SRM assay design in Skyline
and validation by QQQ-MS. For the remaining target proteins, which were not identified
with sufficient number of PTPs, synthetic peptides were used. The peptides which
fulfilled the criteria for PTPs in Skyline, and were the best ranked in the peptide
detectability prediction tools, were chosen for synthesis. A total of 85 PTPs were
synthetized (Publication |, Supplemental Table S-2), enabling reliable detection of 46
target proteins, which were not detected in the shotgun analysis due to their low relative
abundance in the sample. As a consequence, the synthetic peptides enabled the design
of SRM method for the low-abundance proteins (listed in Publication I; Table S-1),
increasing the number of quantifiable proteins to 106.

4.1.3. SRM assay parameters

The definite SRM assays comprised several validated parameters which have been
described in detail in Section 1.3.3. Establishment of the SRM assays for the 106
targeted proteins in Synechocystis included i) selection of the most optimal
precursor-to-fragment ion transitions for two to three most abundant PTPs based on
their precursor signal intensities. In this process, up to five fragment ions were chosen
for each PTP, and ultimately the three most intense co-eluting fragment ions were
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used in the quantification. The requirements for reliable SRM assays also included ii)
good correlation between the relative fragment ion intensities in the SRM transition
peaks and spectral library, and iii) a correlation between the target peptide retention
times and predicted (SSRCalc) or empirical (iRT) retention time estimation. To
maximize the throughput in the final experiment, indexed retention time (iRT) -
standard peptides were used as references to obtain iRT values for each target
peptide. As a result, after the initial alighment run with standard iRT peptides, the
exact retention times and multiplexed assays with narrow retention time windows
could be obtained in the following runs. Eventually, the 106 target proteins were
randomly divided into three transition lists (Publication |, Supplemental Table S-2),
allowing dwell times over 20 ms for each transition at any given time during the LC-
gradient, and cycle times of 2,5 s with 5 min retention time windows for each peptide.
The determined SRM parameters allowed sensitive assays at relatively high
throughput for the selected target proteins in Synechocystis. These parameters are
presented as a processed Skyline document published in Panorama Public
(https://panoramaweb.org/labkey/ Vuorijoki et al 2015.url).

4.1.4. Application of SRM analysis to study iron deprivation

In the first case-study (Publication 1), the established SRM assays were used for analysis of
the iron-sufficient and iron-deprived Synechocystis batch cultivations harvested at
OD750nm=1,0, and after 12 days under iron deprivation. The first sampling point represented
cultures in which the effects of iron limitation could already be observed in
spectrophotometric analysis, and was based on optical density to avoid variation resulting
from possible growth rate differences. The 12-d samples corresponded more drastic
conditions, under which phenotypic effects were clearly visible. Out of the 106 target
proteins, 96 proteins were quantified with an overall coefficient of variation (CV) of 10% for
all these peptides (Publication I, Supplemental Table S-4). The remaining 10 undetected
proteins that could not be quantified were ones that in some cases were not expressed at
all under the tested conditions. These included, for example, the Flv2 and Flv4 proteins as
well as CmpA, which are known to have negligible or markedly decreased expression levels
under high carbon conditions (Omata et al., 1999; Zhang et al., 2009).

Of the quantified 96 proteins, 87 and 92 showed adjusted p-values <0,01 under short-
term (OD7sonm=1,0) and long-term (12 days) iron deficiency, respectively. Significant
expression level changes (i. e. fold changes >1,5; Log, fold change >0,585), as
determined by MSstats analysis, were recorded for 57 proteins in short-term and 71
proteins in long-term treatment. The SRM analysis for the short-term iron-deprived
samples (Publication |, Table 1) revealed systematic and significant decrease of the
protein complexes in photosynthetic electron transfer chain, including the proteins
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associated with phycobilisomes, PSII, the Cyt bgf complex and PSI. The decrease in the
iron-rich photosynthetic complexes was accompanied by a decrease in the SdhB and
NDH-1 proteins NdhB and Ndhl, which take part in respiration and donate electrons to
the PQ pool and subsequently to the Cyt bgf complex (Cooley and Vermaas, 2001). In
parallel, the expression of terminal respiratory oxidases, which alleviate the reduction
of the PQ pool upon insufficient capacity of Cyt bef (Vermaas et al., 1994; Berry et al.,
2002), increased, although their upregulation under short-term iron deprivation was
below the significance threshold (Log,FC >0,585). Along with decreased photosynthetic
capacity under iron deprivation, there was also a decrease in the expression of several
soluble electron carrier proteins with iron or iron-sulfur clusters, which are involved in
the photosynthetic electron transfer reactions. These proteins included several
ferredoxins (Fdx2, Fdx4, Fdx5 and Fed7) and the flavodiiron proteins Flvl and Flv3. On
the contrary, the chlorophyll-binding iron-stress-induced protein A (IsiA), the
ferredoxin -substituting electron carrier flavodoxin (IsiB), the phycobilisome core -
associated photoprotective orange carotenoid protein (OCP), IdiA, which protects the
acceptor side of PSIl and binds the non-haem ferric iron between the Qa and Qg sites,
as well as carbon-fixation-related proteins (CcmM, CupA, and Rbcl) were all
upregulated. In addition, the targeted thioredoxins which, for example, affect the
activity of RuBisCo (Lindahl and Florencio, 2003), as well as enzymes in the pentose
phosphate pathway, were induced by iron deprivation. The upregulation of
phosphoenolpyruvate carboxylase and isocitrate dehydrogenase (ICD), which are
responsible for the formation of the central TCA cycle intermediates oxaloacetate and
a-ketoglutarate, respectively, was also observed. However, pyruvate:flavodoxin
oxidoreductase as well as other Fe-S cluster containing proteins in the TCA and
glycolate cycles were decreased. Other significantly downregulated iron or Fe-S cluster
containing proteins were superoxide dismutase and the diaphorase subunits of
bidirectional hydrogenase. In contrast to the downregulated Fe-S cluster-containing
proteins, the transcriptional repressor of the Fe-S cluster biogenesis, SufR, was
distinctly upregulated. This was accompanied by increased levels of cysteine
desulfurase IscS1 (SIr0387) and cystine lyase (CefD), which are involved in mobilization
of sulfur into the Fe-S clusters (Behshad et al., 2004). The ferric uptake regulatory
protein FurA, which is the global repressor of several iron acquisition proteins under
iron sufficient conditions, was significantly downregulated, and this was accompanied
by the induction of the proteins associated with iron transport (Fut-proteins, FhuA,
FeoB) and mobilization (MrgA).

The long-term iron deprivation induced extensive changes in the overall protein
expression profile (Publication I, Table 1), characterized by enhanced impacts on the
levels of many proteins as compared to the short-term treatment. As an example, the
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expression level of the RNA polymerase sigma factors, SigB and SigC, increased already
in response to a short-term iron deprivation, but the increase was even more
pronounced under extended iron deprivation. In contrast, the level of the primary
sigma factor, SigA, was markedly reduced. Besides the diaphorase subunits of the
bidirectional hydrogenase, which were negatively affected already under short-term
treatment, the prolonged iron stress resulted in significant downregulation also of the
hydrogenase subunit HoxH. Upregulation of the SufD and SufS proteins involved in Fe-
S cluster biogenesis was accompanied by elevated expression of SufR under long-term
iron deprivation. Further interesting observations included an increase in expression of
FIvl under long-term iron deprivation, contrary to the opposite effect under short-term
treatment. Also Flv3 exhibited similar but less significant expression changes. In
general, the expression of thioredoxins, and proteins with regulatory functions (LexA,
NtcA, and GlgP) was further increased in the long-term treatment.

4.2. Characterization of SufR in Synechocystis sp. PCC 6803

4.2.1. Inactivation of SufR and resulting phenotype

The sufR gene (sll0088), encoding the suf operon repressor protein SufR in
Synechocystis, was inactivated to evaluate associated factors and metabolic
interactions in regards to Fe-S cluster biogenesis. The deletion was achieved by
targeted insertion of a chloramphenicol resistance (CmF) cassette in the middle of sufR,
separating the N-terminal DNA-binding motif from the C-terminal domain involved in
[4Fe-4S] cluster binding (Wang et al., 2004; Shen et al., 2007). The AsufR mutant strain
did not differ from WT Synechocystis in terms of growth under either iron sufficient or
depleted conditions, but the culture absorbance spectra revealed an increase in the
amount of carotenoids, and reduced phycobilisome and Chl a content in the mutant
under all tested conditions. These differences became more pronounced during the
long-term (12-day) iron depletion in batch culture, and resulted in a clear brownish
phenotype as judged by visual inspection (Publication I, Fig. 4 C).

4.2.2. SRM analysis of the AsufR mutant

The developed SRM assays were applied to study the detailed protein-level effects
resulting from the deletion of sufR in Synechocystis. The AsufR mutant and WT were
both analyzed under iron sufficient and deprived conditions after short-term
cultivation (at OD7s0nm=1,0) and extended incubation (12 days). Altogether 94 proteins,
including ones with very low expression levels and small expression fold changes, were
quantified with low p-values in the designed assays. To differentiate the effects of sufR
deletion from iron deprivation, all the tested conditions and strains were first
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compared against the WT strain under iron sufficient conditions, after which the
mutant was compared against WT in each separate condition. The SRM experiment
details, including the transition list and raw files can be found in PASSEL (Farrah et al.,
2012) with a dataset identifier PASS00765, and the SRM results can be accessed in
Panorama Public (Sharma et al, 2014) as a complete Skyline document
(https://panoramaweb.org/labkey/SufR).

4.2.3. Induction of Fe-S cluster biogenesis results in suppression of Fe-S proteins
under iron sufficient conditions

The suf operon proteins, SufB, SufC, SufD and SufS, in addition to SufA were all highly
induced in the AsufR mutant under iron sufficient conditions, demonstrating for the
first time at protein level that SufR acts as a repressor of the suf operon in
Synechocystis. This effect coincided with a decrease in the amount of several Fe-S
cluster proteins and in this respect resembled the effects observed under iron
deprivation. The most downregulated Fe-S proteins included pyruvate:flavodoxin
oxidoreductase NifJ, succinate dehydrogenase Fe-S protein SdhB, diaphorase subunit
HoxF and hydrogenase subunit HoxH of the bidirectional hydrogenase. Other
expression trends analogous to those induced by iron deprivation were the
downregulation of Flvl and Flv3, and of phycobilisome proteins.

Contrary to the effects induced by iron insufficiency, the proteins involved in carbon
fixation, iron transport, and fatty acid metabolism were downregulated in the AsufR
mutant. The decrease in the carbon-fixation-associated proteins was accompanied by
an elevated expression of the glycolate oxidase iron-sulfur subunit, GIcF, involved in
the photorespiratory pathway (Publication Il).

4.2.4. Long-term iron deprivation induces the expression of Fe-S proteins in the
AsufR mutant

The short-term iron deprivation resulted in only modest changes in the AsufR mutant
in comparison to the WT, with the most distinct changes observed in the induction of
GIcF and suf operon proteins. Under long-term iron deprivation the overall protein
expression profile was altered more extensively, but the Suf protein expression
remained only moderately induced in the mutant. The clearest effects under the long-
term treatment were the decrease of PSll-associated proteins, an increase in the
expression of Fe-S proteins, and differential expression of ferrous and ferric iron
transport systems. The proteins of PSll, phycobilisomes and the iron-rich Cyt bef
complex were all downregulated, while the PSI proteins were repressed to a lower
extent in the AsufR mutant than in the WT (Publication I, Table 3). Despite of the
differences observed in the expression of PSIl and PSI proteins, the relative ratio of
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functional PSI and PSII reaction centers was not affected on the basis of electron
paramagnetic resonance (EPR) analysis. The EPR profiles of oxidized P700 and TyrD*
representing PSI and PSII, respectively, were similar in both the AsufR mutant and the
WT under long-term iron-deprived conditions.

In addition to the alleviated repression of PSI subunits in the mutant in comparison to
the WT under extended iron deprivation, other Fe-S proteins such as the diaphorase
subunits of the bidirectional hydrogenase and the Ndhl subunit of the NADH
dehydrogenase showed less repression in the AsufR strain. The ferrous iron transport
and binding proteins were downregulated together with the alternative respiratory
terminal oxidase (CtaDll), suggesting a decrease in the reductive iron uptake capacity
in the AsufR mutant (Kranzler et al., 2014). At the same time the ferric-iron-specific Fut
system was increased in comparison to WT.

4.2.5. Transcript analysis verifies sufB and nif] as targets for SufR regulation

Seven representatives from the set of most affected proteins in AsufR mutant under
differing iron concentrations were selected as targets for transcript-level analysis to see
if the same expression trends would also be reflected in the amount of the respective
mRNAs, thus indicating a direct transcriptional regulation by SufR (Publication II). A
guantitative reverse transcriptase PCR (RT-qPCR) analysis was applied to study the
genes encoding the proteins, which exhibited similar expression trends under all the
tested conditions i. e. Fed4 (slr0150) and SufB (s/r0074), or iron-dependent expression
(upregulation in iron sufficiency and downregulation in iron deficiency) in the AsufR
mutant j. e. Fed2 (sll1382). The Fe-S cluster proteins Nif) (s//0741) and SdhB (s//0823)
were also selected as targets for the transcript analysis because they were clearly
downregulated at the protein level under iron sufficient conditions. In addition, the
genes for SufR (s//0088) and SyNifU (ss/l2667) were included in the analysis. SyNifU had
not been included in the SRM analysis due to lack of quantifiable PTPs, but the gene
was selected as a relevant target for RT-qPCR since it has been suggested to participate
in Fe-S cluster assembly (Nishio and Nakai, 2000).

The relative transcript-level changes in fed2, fed4, sdhB, and synifU were negligible
across all tested conditions in the AsufR mutant, suggesting that the expression changes
observed in SRM may not have been direct consequences of SufR inactivation, and
rather associated with regulation specifically at the translational level. The expression
of the nif/ and sufB genes, on the other hand, was in agreement with the expression
level changes observed at the protein level, implying that these two genes could be
direct targets for SufR-mediated transcriptional regulation.
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4.3. The function of regulatory sRNA IsaR1 under iron deprivation

4.3.1. IsaR1 expression is regulated by FurA, and induced by iron deprivation

The regulatory sRNA IsaR1 (Iron-stress activated RNA 1) is a 68 nt long non-coding RNA,
which earlier has been referred to as NC-181 (Hernandez-Prieto et al., 2012), and found to
be the sixth most highly-induced transcriptional unit in Synechocystis under iron
deprivation (Kopf et al., 2014). IsaR1 has homologs across the cyanobacterial phylum, and
the conserved sequences tend to form a stem-loop secondary structures followed by a
poly-uracil tail, which is characteristic for Rho-independent terminators. The alignment of
isaR1 promoter regions of 31 cyanobacterial homologs revealed a potential binding site for
the global transcriptional regulator FurA (Publication IV), similar to that on the promoter
region of the chlorophyll-binding, iron-stress-inducible protein, IsiA (Kunert et al., 2003). To
evaluate the in vivo promoter activity, bioluminescence-detection -based promoter fusion
assays were carried out to compare the promoter activation of both isaR1 and isiA in the
course of iron deprivation. Iron deprivation was shown to trigger isaR1 expression,
following similar dynamics as the induction of isiA, indicating a released repression by FurA.
The binding of FurA to the isaR1 promoter region was further tested with electrophoretic
mobility shift assays (EMSA), which gives an indication of direct interaction between the
protein and DNA. The observed gel shifts caused by FurA binding were in agreement with
the suggested role of FurA as a transcriptional repressor of isaR1.

4.3.2. Characterization of IsaR1 mutants reveal a link to the photosynthetic apparatus

To characterize the effects of IsaR1 in detail, isaR1 deletion and overexpression strains
were generated. The deletion strain was obtained by disrupting the isaR1 gene with a
kanamycin resistance cassette, and the overexpression of isaR1 (IsaR10E) was
generated by introducing isaR1 into plasmid pVZ under the control of the copper-
inducible PetE promoter. A complementation strain was built the same way as the
overexpression strain, but in the deletion background. The absorption spectra of the
isaR1 deletion strain from both iron-sufficient and iron-deprived conditions showed a
more extensive decrease in pigmentation than the WT or the complementation strain
(Publication 1V, Fig. 1 A-C). Biophysical measurements were conducted to evaluate the
effects of IsaR1 overexpression on the photosynthetic machinery in a time course
experiment under iron sufficient conditions (Publication IV, Fig. 1 D-H). A clear increase
in the PSII/PSI ratio was observed in 77 K Chl a fluorescence-emission spectra in
comparison to the control strain harboring the empty plasmid (WT_pVZ_Ppete) after
four days of copper induction. In agreement with this result, there was a drastic
decrease in the amount of oxidizable P700 (P.,) of PSI as well as a decreased expression
of the PsaB protein. Furthermore, a decreased photochemical quantum yield, Y(l), and
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an increased acceptor side limitation, Y(NA), of PSI was recorded. The significant
reduction in PSI capacity was accompanied by only a moderate decrease in the
maximum quantum vyield of PSIl (F,/F.), suggesting that the photosynthetic electron
flow was mainly affected downstream of PSII.

IsaR1 was further characterized at the transcript level in a time course experiment, where
the effect of the isaR1 deletion was studied in the presence and absence of iron. Despite
the low expression level of isaR1 under iron-sufficient conditions, the deletion caused
notable changes in the balance between carbon and nitrogen metabolism; the genes
involved in carbon uptake were downregulated, whilst nitrogen assimilation genes were
upregulated. In addition to these transcriptomic changes, the in vivo absorption spectra
revealed decreased Chl a and phycobilisome contents in the AisaR1 mutant in comparison
to the WT under iron sufficiency. Under iron deficiency, the depigmentation of the AisaR1
mutant became more pronounced and this phenotypic effect could also be seen at the
transcript level, as the expression of several phycobilisome-encoding genes along with PSII,
PSI, and carbon-fixation-associated genes were decreased. On the contrary, several genes
encoding iron-containing proteins, such as superoxide dismutase (SodB), aconitate
hydrogenase (AcnB) and ferredoxin 1 (Fedl), in addition to the Suf proteins of the Fe-S
cluster biogenesis machinery, were upregulated.

4.3.3. Prediction tools and microarray data address targets for IsaR1 regulation

To predict the interaction between IsaR1 homologs and the target mRNAs across 20
distinct cyanobacterial strains, the separate IntaRNA predictions from different species
were computed with CopraRNA software to find the best scoring targets for IsaR1
regulation. Those targets, which were in the top-100 list predicted by IntaRNA or
CopraRNA, and had a log;FC > £0,5 in the microarray analysis of the IsaR1 overexpression
strain at 6 h, were considered as possible IsaR1 targets (Table 1). In addition, the genes
which showed differential expression between mutant and control after 6 hours of
induction with a log,FC > +0,9 (adjusted p-value <0,05) (Table 1; column A), and those
which were likewise affected upon copper induction [(IsaR10E 6h — IsaR10E Oh) —
(WT+pVZ 6h —WT+pVZ 0h)], were selected as potential targets (Table 1; column B). Those
genes which were differentially (Log,FC > +0.8) expressed at the beginning of the
experiment (at 0 h) were excluded (Table 1; column C). Of the qualified targets, 19
transcripts were induced and 41 repressed upon IsaR1 induction. The genes associated
with carbon uptake comprised the major functional group among the upregulated
targets, while a set of mRNAs and 5 UTRs of genes closely associated with
photosynthesis, in addition to the genes encoding iron-containing proteins were amongst
the repressed targets. The photosynthesis-associated targets included the transcripts for
the PSI associated Fed1, as well as for Cyt f, Cyt bs and subunit IV of the Cyt bgf complex.
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Transcription of the genes encoding iron-binding superoxide dismutase and SufC, which
is part of the SufBCDS complex involved in Fe-S cluster biogenesis, were repressed.
Interestingly, sufZ which is transcribed at the 5’ UTR of sufB was among the most highly-
induced IsaR1 targets, while the sufB transcription was repressed, although to a lesser
extent than that of sufC.

Table 1. Forty-one repressed and 19 induced IsaR1 targets fulfilling the selection criteria described in the
text. Column A; IsaR10E - WT_pVZ (6h), Column B; (IsaR10E_6h-IsaR10E_0h) - (WT_pVZ_6h-WT_pVZ_0h),
Column C; I1saR10E - WT_pVZ (Oh). I1saR10E refers to the IsaR1 overexpression strain with induction by Cu.

Nr. of targets Protein es Ge ames A adj.p-value Rank CopraRNA Rank IntaRNA

1 Ferredoxin 1 petF, ssl0020 -2,51 -2,25 -0,25 3,46E-15 2 8
Cytochrome b6 petB, slr0342 -1,52 -1,54 0,02 2,13E-14 21

3 PatA subfamily slr1594 -1,48 -1,17 -0,31 5,13E-08

4 Negative aliphatic amidase regulator urtA, slr0447 -1,45 -1,82 0,36 2,83E-11

5 Cyanoglobin (Hemoglobin) glbN, slr2097 -1,44 -1,21 -0,23 5,75E-14

6 Superoxide dismutase[Fe] sodB, slr1516 -1,39 -1,07 -0,33 4,12E-12 4 71

7 Ssr2848 protein 55r2848 -1,38 -0,82 -0,56 7,78E-08

8 SIr1667 protein cccS, slr1667 -1,21 -1,40 0,19 9,99E-06

9 SufC, probable ATP-dependent transporter ycf16, slr0075, sufC -1,20 -1,33 0,12 7,59E-08 70

10 Cytochrome bé-f complex subunit 4 petD, slir0343 -1,09 -1,18 0,09 4,58E-12 7

11 NA ncr0380,SyR14, CsiR1 -1,08 -0,50 -0,58  6,52E-12

12 Apocytochrome f petA, sll1317 -1,01 -1,07 0,05 5,87E-10 84

13 NA ycf64, slr1846 -1,00 -0,91 -0,09 2,49E-08

14 SIr0708 protein slr0708 -0,97 -1,22 0,25 1,01E-09

15 Aconitate hydratase 2 sIr0665 -0,95 -1,01 0,06 7,44E-11 15

16 SI10536 protein sll0536 -0,94 -1,30 0,36 9,74E-11

17 Ss12384 protein 5512384 -0,93 -1,73 0,79 1,37E-12

18 SIr1677 protein slr1677 -0,92 -0,62 -0,30 1,56E-11

19 SIr1593 protein slr1593 -0,91 =1L,1l5 0,24 6,82E-09

20 SufD sIr0076, sufD -0,91 -1,05 0,13 2,68E-07

21 Uncharacterized protein s10944 5110944 -0,91 -1,59 0,68 8,47E-10

22 SIr1676 protein slr1676 -0,91 -0,60 -0,31 1,47E-10 5 52

23 Dihydroxy-aciddehydratase (DAD) ilvD, slr0452 -0,88 -1,04 0,17 2,17E-08 43 100

24 Cytochrome c-550 psbV, sll0258 -0,80 -1,03 0,22 1,49E-10 24

25 Mg-chelatase subunit chlH, slr1055 -0,78 -0,75 -0,04 7,00E-08 61

26 Cyanophycin synthetase cphA, slr2002 -0,77 -0,97 0,20 3,06E-11

27 Cytochrome b-559 subunit alpha psbE, ssr3451 -0,74 -0,40 -0,34 2,50E-05 63

28 S110733 protein sli0733 -0,73 -1,15 0,42 2,02E-07

29 Glutamine-binding periplasmic protein bgtB, sll1270 -0,71 -1,04 0,34 1,82E-12

30 S110327 protein slio327 -0,69 -1,33 0,64 1,06E-11

31 Glutamyl-tRNA reductase hemA, slr1808 -0,68 -0,77 0,09 1,45E-13 10 25

32 Heterodisulfide reductase subunit B hdrB, slr0201 -0,68 -0,37 -0,31 7,53E-09 48

33 Molybdopterin biosynthesis protein moeA, slir0900 -0,61 -1,31 0,70 8,59E-06

34 SIr1201 protein slr1201 -0,58 -1,23 0,64 1,08E-09 37

35 S110783 protein sll0783 -0,55 -1,14 0,60 1,28E-06

36 SufB ycf24, slr0074, sufB -0,54 -0,75 0,21 7,80E-05 3 17

37 Putative ammonium transporter sl11017 amt2, sll1017 -0,54 -1,09 0,56 2,86E-05

38 PatA subfamily sll1291 -0,50 -0,56 0,06 5,81E-09 87

39 Photosystem |l reaction center protein J psbJ, smr0008 -0,45 -0,51 0,06 1,81E-05 30

40 Nitratereductase narB, sll1454 -0,45 -1,01 0,56 6,55E-06

41 Molybdenum cofactor biosynthesis protein A moaA, slr0901 -0,42 -0,98 0,56 4,84E-06

1 Orange carotenoid-binding protein slr1963, ocp 0,42 0,93 -0,50 4,73E-03

2 HTH-type transcriptional activator cmpR cmpR, sll0030 0,48 1,24 -0,75 2,31E-10

3 NA ncRNA_983563:983626 0,52 1,06 -0,54 1,16E-10

4 SIr1544 protein slr1544 0,55 1,00 -0,45 2,66E-11

5 Ssr1562 protein ssr1562 0,64 1,15 -0,50 1,50E-13

6 Heat shock protein htpG, sllo430 0,65 0,95 -0,30 2,88E-03

7 Uncharacterized isomerase slr1019 slr1019 0,68 1,23 -0,55 3,37E-11

8 Cytochrome b subunit of nitric oxide reductase  norB, sll0450 0,70 -0,09 0,78 1,16E-09 32

9 Ss11911 protein gifA, ss11911 0,92 1,01 -0,09 2,65E-15

10 Ssr1038 protein ssr1038 0,93 1,19 -0,26 3,52E-09

11 Glyceraldehyde-3-phosphate dehydrogenase 1 gap1, s/Ir0884 1,01 1,22 -0,21 1,63E-08

12 Rubisco operon transcriptional regulator ndhR, sll1594 1,13 1,47 -0,34 3,39E-05

13 SIr2006 protein sIr2006 1,34 1,40 -0,06 4,68E-04

14 SIr1512 protein sbtA, slr1512 1,44 1,50 -0,06 3,45E-07

15 NA ndhF3, sll1732 1,58 1,80 -0,21 4,12E-07

16 SIr0616 protein slr0616 1,59 2,13 -0,54 1,09E-07

17 NA ndhD5, slr2007 1,59 1,75 -0,15 5,45E-07

18 5'UTR of SufB sufZ 1,97 1,76 0,21 1,54E-09

19 Bicarbonate-binding protein cmpA cmpA, slr0040 2,08 2,79 -0,71 3,70E-11
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4.3.4. Effects of IsaR1 on protein levels and the photosynthetic apparatus

The selected set of potential IsaR1 targets were analyzed at the protein level by SRM
and immunoblot analyses, as well as by heterologous, superfolder GFP (sGFP) reporter
system. Fed1 and sufB were the highest ranking targets in the CopraRNA prediction,
followed by SodB, AcnB and Cyt ¢-553, in addition to the components of the Cyt bef
complex and tetrapyrrole biosynthesis enzymes. All of these targets were repressed in
the IsaR1 overexpression strain after 6 h of copper induction, as indicated by
microarray and sGFP analysis (Publication IV; Data S2 and Fig. S4 and S5). Out of the
eight IsaR1 target proteins selected for SRM, five (SufB, SufC, SufD, AcnB and PsbE)
showed similar expression trends in the IsaR1 overexpression strain as observed on
transcript level. This was further supported by the analysis of the deletion strain, which
gave an opposite expression pattern (Table 2). The function of IsaR1 as a repressor was
also verified by immunoblot analysis of the overexpression strain targeting Fed1 and
PsaB, which was in agreement with microarray experiments of AisaR1 mutant under
iron deprivation (Publication IV; Data S1). Furthermore, a number of genes (sufB, sodB,
chiN, petl, petF, psaA, acnB, psbE, ilvD and hemA) were shown to be direct targets of
IsaR1 -mediated repression, by fusing the target gene 5 UTRs to sGFP, followed by
fluorescence analysis in the presence of IsaR1 in E. coli. In addition, the opposite role
of IsaR1 as an activator of gene expression was verified both on protein and transcript
level for bicarbonate binding protein, CmpA (Tables 1 and 2).

Interestingly, despite the observed repressive effect of IsaRl on suf operon
transcription based on microarray data, the transcriptional start site (TSS) 119 nt
upstream of the sufB start codon was found to be the tenth most highly-induced during
iron deprivation (Kopf et al., 2014). As indicated by Northern blot analysis in the current
study (Publication IV; Fig. 6B), this TSS was found to be transcribed only in the presence
of IsaR1 and turned out to be an sRNA, annotated as sufZ. In parallel, the sufBCDS
transcript and the corresponding protein levels were downregulated in IsaR10E, while
they were highly induced under iron deprivation in the AisaR1 mutant. These analyses
revealed yet another level of regulation associated with the SUF system, as the
transcriptional repressor of the suf operon, SufR, was strongly upregulated in 1saR10E,
and downregulated in the deletion mutant (Table 2). In summary, the expression of
IsaR1 coincided with induced transcription of sufR and sufZ, while the binding of IsaR1
to the seed region at the 5’UTR of sufB led to repression of the suf operon.
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Table 2. Quantified proteins in SRM assays for IsaR1 overexpression (IsaR10E) and deletion (AisaR1)
strains after 96 hours of induction and iron depletion, respectively. The green to red gradient represents
increase in the expression levels at Log2 scale. Particular emphasis was placed on the putative IsaR1 targets
identified based on microarray and prediction tools (bold text, Tablel). The expression fold change -values
with asterisk are measured with adjusted p-value >0,05.

Protein Gene names Log Log

SI0219  fiv2 -4,31 0,35
SIr0074  ycf24, sufB -1,34 1,85
SIr1516 sodB -1,27 41,12
SIr0665  acnB -1,19 0,28
SIr0075  ycf16, sufC -1,15 2,08
SIr0077  sufS, nifS -1,07 1,64
SIr0148  fdx -0,95 -0,37
SI10306  rpoD, sigB, sigB2 -0,93 -0,56
SIl1316  petC, petC1 -0,87 -0,18
SIr0737  psaD -0,85 -0,19
SI11221  hoxF -0,82 -0,20
SIr0076  sufD, sufB -0,79 1,93
SIr0150  petF, fdx, fdx IV -0,79 -0,38
SIr1329  atpD, atpB -0,66 -0,22
SI11626  lexA -0,57 -0,63
SIr1643  petH -0,57 -0,30
SIr1835 psaB, psaA -0,44 -0,01*
SIr2094  fbpl, glpX -0,35 -0,69
S1l0427  psbO -0,31 -0,16
S110849  psbD1, psbD, psbD-1, psbDI -0,31 0,22
SI0662  fed7 -0,27* -0,71
SIr2067  apcA -0,27 -0,36
Ssr3451  psbE -0,26 0,44
Sl10223  ndhB -0,23* -0,50
S110208  ado -0,17* -0,87
SI10698  hik33, chk33, ycf26, dspA, nblS -0,12* 0,12
SIr0335  apcE -0,12* -0,63
Ssl2982  ycf61 0,03* 0,03*
SI0329  gnd 0,03* -0,72
SI10567  fur, furA 0,06* -0,91
SIr0009  rbcl 0,07* -0,74
Ssl0563  psaC, psaC2 0,14* -0,13*
SI11226  hoxH 0,15 -0,29
SIr1417  ycf57, iscA, sufA, iscAl 0,20 -0,44
SI1578  cpcA 0,26 -0,62
SIl1454  narB 0,30 -0,55
SI10520  ndhl 0,41* -0,59
SIr1239  pntA 0,43 -0,78
s10248  isiB, fla 0,45 -0,88
SIr0040  cmpA 0,99 0,07*
S1I0088  sufR 1,05 -0,96
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5. DISCUSSION

5.1. The use of SRM to study iron-deprived cyanobacteria

The access to comprehensive and accurate proteomics datasets on metabolic
interactions and regulatory mechanisms is increasingly important for the progress of
cyanobacterial research. This is particularly relevant for harnessing the biosynthetic
potential of cyanobacteria for future biotechnological applications in a current day
bioeconomy. The downfall in acquiring high-quality datasets by most proteomics
methods relates to the lack of sensitivity, reproducibility, or throughput. Shotgun
proteomics has long been the most widely used method as it allows the identification
of even thousands of proteins in a single MS run (Washburn et al., 2001). But despite
its superior efficiency, it still lacks the ability to detect low abundance proteins, and due
to the nature of the data dependent acquisition, it suffers from poor run-to-run
reproducibility. In this Thesis, a targeted proteomics method, selected reaction
monitoring (SRM), was designed for Synechocystis in order to monitor the expression
level changes of also physiologically relevant low abundance proteins -both
consistently and at relatively high throughput. The work demonstrated quantification
of a set of previously undetected proteins from unfractionated cell lysates without
compromising data quality nor consuming excess time on sample processing.

SRM-assays were designed for a set of proteins with a central importance in iron
metabolism, photosynthesis or closely related functions. The separate case studies
focusing on i) iron deprivation (Publication I, I, IV), ii) Fe-S cluster metabolism
(Publication IlI), and iii) photosynthesis (Publication 1V), were explored by SRM to gain
in-depth protein level information about the complex metabolic interconnections. This
Thesis work provided important new information about the regulatory networks
associated with iron and iron-sulfur cluster metabolism as well as photosynthesis, in
addition to verifying and expanding several earlier observations in iron-deprived
Synechocystis cells. In brief, the work demonstrated the importance of the tightly
regulated iron-sulfur cluster biogenesis by transcriptional regulator SufR and sRNA
IsaR1 under varying iron concentrations, and the role of post-transcriptional regulation
by IsaR1 in the acclimation of Synechocystis to iron deprivation.

5.2. Evaluation of the established SRM protocol for Synechocystis

5.2.1. Fulfillment of the assay criteria for SRM

The careful selection and validation of the targeted three transitions for the two to
three proteotypic peptides for each protein were a prerequisite for the successful SRM
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assays described in this Thesis. While the selected parameters gave SRM the potential
to reach excellent analytical depth and accuracy, the strict requirements also limited
the number of quantifiable SRM targets. Thus, several low molecular mass proteins of
potential interest, which were not represented by enough quantifiable PTPs, had to be
excluded from the developed SRM assays (Publication 1).

To exclude interfering false signals that commonly arise from the sample matrix in the
low-resolution triple quadrupole MS-instruments (QQQ-MS), the co-eluting transitions
with Gaussian peak shape, and good correlation between the SRM-traces and the
reference spectra from shotgun analyses increased the confidence for measuring correct
transitions. To further rule out any interfering signals in the established SRM assays, the
selected transitions were evaluated by an mProphet peak scoring model (Reiter et al.,
2011), which distinguished the selected target transitions from decoy signals, resulting in
a false discovery rate (g-value) <0,05 for each correct SRM-peak.

In addition to the assay development and signal processing in Skyline software, an
essential part of the SRM workflow was the protein significance analysis with the
MSstats software (Chang et al.,, 2012). This statistical analysis supported unbiased
guantification of the proteins, including the recognition of the applied experimental
design, the extent of the conclusions, the data quality assessment and normalization.

5.2.2. Technical and biological comparison of SRM and DDA

Sensitive and reliable SRM assays were developed and validated for 106 proteins with
central roles in responses to iron deprivation and related cellular processes in
Synechocystis. The method was first applied to test the effects of iron deprivation and
to compare the performance of SRM against the discovery proteomics (DDA) carried
out by Wegener et al. under similar conditions (Wegener et al., 2010).

The higher sensitivity of the SRM method was demonstrated by the finding that two
thirds of the quantified target proteins (64/96) remained undetected in the DDA
approach (Publication 1). The use of synthetic peptides facilitated the SRM assay
development for the quantification of those PTP’s which could not be detected due to
the technical limitations of the DDA, and thus considerably increased the dynamic
coverage of the SRM method.

The SRM and shotgun-based analysis (Wegener et al., 2010) of iron-deprived
Synechocystis cells resulted in different expression patterns for seven of the 32 proteins
guantified in both studies. In addition, the microarray data from three earlier studies
on iron deprivation experiments (Singh et al., 2003; Shcolnick et al., 2009; Hernandez-
Prieto et al., 2012), revealed several divergently expressed genes in comparison to the
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protein level changes recorded by SRM (Publication I; Supporting Table S-10). These
opposite trends in regulation may reflect differences in culture conditions, sampling
times and sample processing, but also altered translational efficiency. Complex
regulatory systems involving sRNAs appear to be rather common in Synechocystis
(Georg et al., 2009), and may account for a translational repression of a given transcript
and consequent reduction of the corresponding protein-level signal. Alternatively,
MRNA instability, high translational efficiency, increased protein stability, and/or
possibly a slow turnover and dilution of the proteins during deferred cell division could
explain the higher relative protein levels in comparison to the transcripts. A high
protein to transcript ratio was apparent, for example, for the proteins related to carbon
fixation (CcmM, CupA, Rbcl). A similar discrepancy on transcript and protein
abundance levels was observed earlier for ccmK and rbcl upon the shift from high to
low-carbon conditions (Eisenhut et al., 2007).

5.2.3. Metabolic interconnections revealed by SRM under iron deprivation

The results obtained from SRM were in agreement with several known cellular responses
to iron deprivation (Hernandez-Prieto et al., 2012; Fraser et al., 2013), which served as an
additional validation for the developed assays. The observed iron-starvation-triggered
changes were seen as reorganization of the photosynthetic apparatus in response to a
decreased capacity to perform photosynthesis. The enzyme-level reorganization was
specifically characterized by changes which serve to protect the photosynthetic apparatus
upon over-reduction of the electron transfer chain (Fig. 3).

The observed decrease of PSIl proteins and associated phycobiliproteins was
accompanied by an accumulation of OCP, which is known to function in the dissipation
of excess energy arriving to PSIl (Wilson et al., 2006; Wilson et al., 2007). Similar level
of downregulation as with PSIl was recorded for the proteins associated with the Cyt
besf complex, and even greater decrease in relative abundance was seen with PSI
associated iron-rich proteins. This highlights the importance of decreasing the electron
flow to PSl in response to the lowered capacity of the complex to participate in electron
transfer reactions, which would otherwise lead to over-reduction of the photosynthetic
electron transfer chain. SRM analysis provided important direct information on how
Synechocystis cells tackled this problem by inducing non-photochemical quenching
(NPQ) by increased expression of OCP, concurrently with elevated expression of
electron sinks such as respiratory terminal oxidases (Ermakova et al., 2016). On the
other hand, the expression of the Fe-S cluster -containing respiratory complexes NDH-
1 and SDH, which feed electrons into the PQ pool (Cooley and Vermaas, 2001), were
greatly decreased (Publication I, Table 1). Interestingly, the change from short-term to
long-term iron deprivation led to upregulation of the flavodiiron proteins Flvl and Flv3,



Discussion 59

which have been shown to function as electron sinks providing protection for PSI
(Allahverdiyeva et al., 2011; Allahverdiyeva et al., 2013). This may be an indication of
acclimation to a new redox balance, which is reached upon extended iron deprivation.

Cell growth in the stationary phase in the absence of iron also involves physiological
changes which do not reflect the direct effects of iron deprivation itself. These general
stress responses include, for example, the observed induction of group 2 RNA polymerase
sigma factors (Sig). SigB and SigC, in particular, have shown be important for gene
expression at the stationary growth phase and to induce expression of NtcA-dependent
genes, such as the Pl transcription factor (GInB) (Asayama et al., 2004; Imamura et al.,
2006), which binds a-ketoglutarate and consequently induces nitrate uptake (Lee et al.,
2000). In accordance with the effects of SigB and SigC on the nitrogen metabolism, an
increased expression of proteins with key regulatory functions in nitrogen (NtcA) and
carbon (LexA) metabolism (Alfonso et al., 2001; Domain et al., 2004), was observed under
extended iron deprivation by SRM. In cyanobacteria, these two metabolic pathways are
interdependent; the nitrate uptake requires sufficient cellular CO, fixation (Flores et al.,
1983), and is also activated by a-ketoglutarate (Lee et al., 2000). The global nitrogen
regulator NtcA activates the expression of ICD (Muro-Pastor et al., 1996), which catalyzes
the conversion of isocitrate to a-ketoglutarate, while LexA activates bicarbonate
transport and respiratory genes, but also reduces the conversion of pyruvate to
phosphoenolpyruvate via phosphoenolpyruvate synthase (PEPS) (Domain et al., 2004),
promoting the flux towards TCA-cycle. LexA also represses the glycolytic EMP-pathway
via downregulation of phosphofructokinase (Domain et al., 2004), thus inducing the flux
through oxidative pentose phosphate pathway for increased production of NADPH.
Taken together, the upregulation of NtcA, LexA, ICD, SigB and SigC under iron deprivation
with the observed increase in enzymes related to CO; fixation (Publication 1), implied that
nitrogen assimilation would be enhanced at the stationary growth phase under extended
iron deprivation. The upregulation of nitrogen assimilation has been associated with iron
deprivation also earlier, but at transcript level (Hernandez-Prieto et al.,, 2012). It is
conceivable that the signal which activates the nitrogen metabolism and to which SigB
and SigC respond to, is the decreased growth rate, which is encountered in the absence
of iron. In parallel to ICD, another iron-independent enzyme associated with the TCA-
cycle, phosphoenylpyruvate carboxylase, was upregulated, which suggests further
increase in the carbon flux towards the biosynthesis of glutamate, aspartate and the
derived amino acids. In addition, the pronounced upregulation of the pentose phosphate
pathway (PPP) enzymes, despite the elevated levels of phosphofructokinase, suggested
diversion of the metabolic flux towards pathways which compensate for the reduced
NADPH/NADH ratio when photosynthetic activity is compromised. Altogether,
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these processes contribute to providing biosynthetic building blocks and energy to
the cell which may act to compensate for the downregulation of autotrophic
metabolism.

The acclimation to iron deficiency also included elevated expression of iron-deficiency-
induced protein A (IdiA), which protects the acceptor side of PSIl (Exss-Sonne et al.,
2000). IdiA (also named as FutA1l) functions also as part of the Fut system, which is
required for iron transport and is highly-induced together with other iron transport and
mobilization proteins under iron starvation. The induction of IdiA expression has been
shown to be followed by an accumulation of the iron-starvation-induced, chlorophyll
binding antenna protein CP43’ (IsiA) as well as flavodoxin (IsiB) (Yousef et al., 2003) —
the elevated levels of these proteins were also observed in SRM. IsiA is known to form
protective rings around the monomeric or trimeric PSI under iron starvation (Bibby et
al., 2001; Yeremenko et al., 2004), but it also serves as a dissipator of excess energy as
a self-aggregated multimeric complex (Ihalainen et al., 2005). IsiB, on the other hand,
replaces Fdx as the main electron transfer protein when sufficient iron is not available
for Fdx to function properly (Laudenbach et al., 1988). Many of the above mentioned
iron-deficiency-induced proteins are known to be repressed by the global
transcriptional regulator FurA, which is degraded upon iron deprivation by the FtsH1/
FtsH3 protease complex (Krynicka et al., 2014). The decreased level of FurA under iron
deprivation was confirmed also in the SRM-analysis.

Figure 3. Simplified representation of acclimation of the photosynthetic apparatus to iron deprivation in
Synechocystis, based on the expression changes observed in SRM. Photosynthetic electron transfer
components in the thylakoid membrane of WT cells a) under iron-sufficiency, b) under short-term iron
deprivation (OD7s0nm=1,0), and c) in long-term iron deprivation (12 d). Protein downregulation as
compared to iron sufficient conditions is represented in dim colours and upregulation or steady expression
levels in bright colours. Iron atoms are marked with red, sulfur atoms with yellow and copper with orange
dots. In the course of iron deprivation the photosynthetic apparatus is reorganized so that the main
structural components PSlI, the Cyt bgf complex and PSI are downregulated, together with the associated
phycobiliproteins and Fe-S cluster containing respiratory NDH-1 and SDH complexes. While the proteins,
which feed electrons into the electron transfer chain are downregulated, the proteins which serve to
protect the photosynthetic complexes, are upregulated. These include OCP and IdiA associated with the
protection of PSlI, respiratory terminal oxidases, such as Cyd (putative cytochrome bd-type quinol oxidase)
which alleviates the reduction of PQ-pool upon limited Cyt bef functionality, and IsiA, which forms single
and double rings around trimeric and monomeric PSI complexes, respectively. The iron or Fe-S cluster
containing proteins Fdx and Cyt ¢-553, are replaced upon iron deprivation with IsiB and PC, respectively.
The electrons are passed on from PSI to Fdx or IsiB, and further to Ferredoxin-NADP(*) oxidoreductase
(FNR), which generates NADPH that is mainly used by RuBisCo in CO, fixation, and FIv1l/3 heterodimer in
oxygen photoreduction. Upon iron deprivation, the elevated expression levels of RuBisCo large subunit is
initially accompanied by decreased expression of Flvl/3 (b), but upon long-term iron deprivation, the
expression levels are elevated (c).
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The iron deprivation also led to a decrease in several iron-sulfur cluster as well as other
iron-containing proteins in different functional categories. These included several
enzymes of the TCA-cycle (excluding ICD and phosphoenylpyruvate carboxylase), as
well as the subunits of the bidirectional hydrogenase. The subtle increase in Fe-S cluster
biogenesis enzymes (SufBCDS) was accompanied by substantially higher induction of
SufR, the transcriptional regulator of suf operon genes. This difference suggests that
besides the SufR —mediated regulation, there is an additional regulatory level for the
suf operon which does not affect SufR expression. In addition, there was a clearly higher
induction of the CefD cystine lyase and IscS1 cysteine desulfurase enzymes, in
comparison to SufS cysteine desulfurase. While SufS requires SufE to enable the
persulfide cleavage and sulfur mobilization for the target proteins (Loiseau et al., 2003),
CefD and IscS1 can mobilize sulfur independently and thus more readily (Behshad et
al., 2004).

5.3. The Fe-S cluster biogenesis in Synechocystis is controlled by an iron-
dependent mixed regulatory circuit

The SUF system has been suggested to function mainly under oxidative and iron stress
on the basis of studies carried out in the marine cyanobacterium Synechococcus sp. PCC
7002 and in the enterobacterium E. coli (Outten et al., 2004; Wang et al., 2004). SUF
comprise the main Fe-S cluster biogenesis machinery in cyanobacteria, while ISC, which
has a housekeeping role in E. coli, is only partially represented in cyanobacterial
genomes and thus considered to have a less important role in Fe-S cluster biogenesis.

The primary goal of the Fe-S cluster biogenesis machinery is to supply adequate levels
of Fe-S clusters for the target apoproteins, while the system reacts to sufficient Fe-S
cluster levels by repressing cluster biogenesis via a feedback loop — typically by an Fe-S
cluster -binding transcription factor. The balance between the demand and supply of
Fe-S clusters is further affected by the availability of iron and the expression levels of
the corresponding iron-dependent proteins; it would be physiologically most cost-
effective to allocate the iron to the most essential Fe-S cluster proteins, while avoiding
wasteful excess production of the clusters. Thus, while the suf genes responsible for
Fe-S cluster biogenesis are essential in Synechocystis (Balasubramanian et al., 2006),
they need to be controlled across a wide range of iron concentrations to avoid futile
(Publication IlI), or on the other hand non-sufficient (Zang et al., 2017), Fe-S cluster
biogenesis.

In this Thesis, the tight regulation of the suf operon genes was demonstrated under
varying iron concentrations (Fig. 4). An sRNA IsaR1 and the transcriptional regulator
SufR were found to be responsible for this control under different iron concentrations,
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forming a mixed regulatory circuit for suf operon expression. In the presence of
sufficient iron and Fe-S clusters, SufR was shown to be the main repressor of the suf
operon (Publication Il), while under iron deprivation repression occurred via IsaR1
(Publication V). An indication of the strictly balanced Fe-S cluster biogenesis
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Figure 4. The regulatory regions of sufBCDS and sufR, with conditions for repression and induction. Under
iron sufficient conditions, when there is no need for biogenesis of additional Fe-S clusters, (a) the holo-
SufR harboring intact [4Fe-4S] clusters binds to the adjacent promoters of the suffR and suf operon, and
represses the transcription of sufR and sufBCDS. Under oxidative stress conditions, (b) the SufR Fe-S cluster
becomes damaged and apo-SufR detaches from the promoter sites, inducing the transcription of both sufR
and suf operon. Under iron deprived conditions, (c) the apo-SufR is detached from the promoters, causing
elevated transcription of sufR, while the suf operon remains repressed, due to the binding of IsaR1 to its
seed region (marked in yellow) upstream of SufB. The expressed genes are colored with dark grey, while
repressed genes are colored with light grey. The SufR protein is represented by dark or light grey dots,
depending on the presence of its Fe-S cluster, illustrated as red (Fe) and yellow (S) dots.
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under varying iron concentrations was a slight increase in suf operon expression in both
WT and the sufR deletion strain both under short- and long-term iron deprivation
(Publication | and II). This shows that in the complete absence of SufR, and in the
presence of apo-SufR (which does not bind to the promoter), the suf operon can still
be induced despite the presence of IsaR1. In this way the need for essential Fe-S cluster
biogenesis under iron deprivation can be fulfilled.

Although the two applied methods to induce iron deprivation differed quite
substantially, the overall resulting trends could be clearly seen in both treatments. The
major differences between the two treatments were the extent and controllability of
the iron deficiency. The treatment where iron is excluded from the growth medium
(Publication | and II) requires repeated washing, but is rather efficient. In the other
method, iron deficiency is triggered by chelation with desferrioxamine (DFB) at mid-
logarithmic growth phase (Publication V), inducing less severe but still sufficient
effects, without impacting the cell growth (Shcolnick et al., 2009). Alternatively, iron
could be removed from the growth media with 2,2’-dipyridyl, which chelates iron even
more effectively than the two abovementioned treatments (Cheng and He, 2014).

A similar regulatory model for Fe-S cluster biogenesis has been observed also in E. coli,
underlining the importance of this type of control system especially under iron
deprivation. The iscRSUA operon as well as the A-type Fe-S cluster carrier protein ErpA,
both central components of the Fe-S cluster biogenesis in E. coli (Desnoyers et al., 2009;
Mandin et al., 2016), are regulated by the transcriptional regulator IscR and sRNA RyhB,
resembling the suf operon regulation by SufR and IsaR1 in Synechocystis. Curiously, A.
thaliana sufB homolog (AtNAP1) has also been shown to become downregulated upon
iron deprivation (Xu et al., 2005), suggesting that a possible iron deprivation —induced
post-transcriptional repression occurs also in plants —at the same time as the iron
dependent ATPase activity of AtNAP1 is decreased (Xu et al., 2005).

5.4. Complex regulatory region of the suf operon modulates Fe-S cluster
biogenesis, while SufR additionally controls Fe-S protein expression

Supported by the proteomic analysis carried out in this Thesis, SufR has been
characterized as a transcriptional repressor of the suf operon and also as an
autoregulator controlling its own expression (Shen et al., 2007). Binding of SufR to its
promoter regions depends on the presence and redox state of the Fe-S cluster. Apo-
SufR and SufR with reduced [4Fe-4S]** clusters do not bind to the DNA, unlike the holo-
SufR with oxidized [4Fe-4S)?* cluster (Shen et al., 2007). There are two adjacent SufR
binding sites on opposite strands in the intergenic region of sufR and sufB; a low affinity
region with short palindromic sequences for regulation of sufR, and a high affinity
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region with long palindromic sequences for regulation of the suf operon (Fig. 4a, orange
highlights). The SufR binding sites coincide with the overlapping transcriptional start
sites (TSS) of the sufR and suf operon, arranged in opposite orientations (Kopf et al.,
2014). The TSS for the suf operon (transcription unit TU3030) also gives rise to an SRNA,
SufZ, in addition to the sufBCDS transcript (Fig. 4a, top strand). It appears that
expression of IsaR1 under iron deprivation, and its binding to the sufZ transcript region
7 nt upstream of the sufB start codon, results in repression of the suf operon, while the
sufZ transcript remains induced, as does sufR, possibly due to derepression by apo-SufR
on the promoter region. Overall, alleviated repression of the suf operon due to
detachment of apo-SufR from the promoter under iron deprivation has a small but
noticeable effect on the suf operon induction (Publication | and Il).

Expression of the suf operon, induced either by sufR deletion or natively by iron-
deficient growth conditions, is expected to result in enhanced biogenesis of Fe-S
clusters. If the process is not in balance with the expression of proteins which natively
bind the clusters, as in the AsufR strain in the presence of iron, uncontrolled biogenesis
leads to the excess of free Fe-S clusters. Accumulation of Fe-S clusters is, in turn, linked
with increased intracellular oxidative stress, and may explain the observed
depigmentation of the mutant strain under iron sufficiency (Publication Il). Under
prolonged iron-deprived conditions the continued induction of the suf operon in AsufR
mutant resulted eventually in an opposite imbalance; an excess of proteins that bind
Fe-S clusters, and insufficient supply of Fe-S clusters. Because of the lack of iron needed
for Fe-S cluster biogenesis, these Fe-S proteins (e. g. PSI subunits, hydrogenase
subunits, and TCA cycle components) accumulate primarily as inactive cluster-free apo-
proteins, emphasizing the fact that the expression level changes observed in SRM do
not always directly represent the corresponding catalytic activities.

The downregulation of NifJ (PFOR, P52965 in UniProtKB) is understandable under iron
deprivation, as it harbors as many as three [4Fe-4S] clusters (based on UniProtKB). This
makes Nif] one of the highest iron consumers in Synechocystis, and highly sensitive
toward low-iron conditions. Nif] is a central protein in carbon metabolism as it catalyzes
the conversion of pyruvate into acetyl CoA (Schmitz et al.,, 2001), thus affecting
downstream processes, such as the biosynthesis of fatty acids, terpenoids and amino
acids, as well as the TCA-cycle. All these pathways contain several Fe-S cluster proteins,
highlighting the importance of controlling this key metabolic enzyme under iron
deprivation. In line with this, the Nif] as well as other Fe-S cluster proteins were
downregulated in sufR deletion mutant based on SRM analysis, resembling similar but
less pronounced effect than observed under iron deprivation in WT cells. Interestingly,
it appears that the cluster-bound SufR is needed to maintain Nif] expression levels
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under iron sufficient conditions, as opposed to sufR and suf operon regulation for which
the holo-form acts as a repressor.

5.5. sRNA IsaR1 is a major regulator under iron deprivation

Iron starvation is known to induce several dramatic changes in cyanobacteria, including
the downregulation of the structural components of the photosynthetic apparatus,
increased expression of photoprotective and iron scavenging proteins, and
replacement of iron-containing proteins with iron-independent counterparts [(Fraser
et al., 2013); Publication 1]. Although these events are well known, the regulatory
factors associated with the dynamic responses and acclimation have remained less
comprehensively identified. While the global transcriptional regulator FurA affects the
expression of several iron-stress -responsive genes (Gonzalez et al.,, 2014), the
repression of many iron-containing proteins associated with photosynthetic electron
transport, as revealed in this Thesis, is mediated by an sRNA IsaR1 (Publication V).

The IsaR1 regulon was found to comprise mRNAs that encode components associated
with electron transfer, pigment biosynthesis, and Fe-S cluster biogenesis, as well as iron
and iron-sulfur cluster containing proteins. Thus, IsaR1 affects the photosynthetic
apparatus both directly by affecting structural genes of photosynthetic electron
transport chain, and indirectly via tetrapyrrole pigment and Fe-S cluster biogenesis. By
repressing the overall number of proteins which utilize Fe cofactors, IsaR1 allocates the
available iron to the most essential proteins, and directs the cell towards an energy-
conserving mode under iron deprivation.

In addition to the repression of genes encoding the proteins of Cyt bgf complex and Cyt
c-553, the photosynthetic performance was significantly affected by repression of
Fed1, the primary ferredoxin in Synechocystis. Fed1 mediates electron flow from PSI to
FNR, which reduces NADP* to NADPH, the end-product of photosynthetic light
reactions. The increased PSI acceptor-side limitation in the IsaR1 overexpression strain
could therefore be explained by a decreased amount of Fed1. The negative effects of
IsaR1 on the expression of PSI core proteins (PsaA/B and PsaD), as seen in SRM (Table
2), immunoblot and sGFP analyses, further resulted in a decrease in the total amount
of photooxidizable P700. This is in line with the characteristic decrease of iron-rich PSI
complexes upon iron starvation (Fraser et al., 2013), which seems to be influenced by
IsaR1-mediated repression. The downregulated proteins, which have a clear
connection to the functionality of the photosynthetic apparatus, were the Fe-S
biogenesis proteins (SufB, SufC, SufD and SufS), Fe and Fe-S cluster binding superoxide
dismutase (SodB) and aconitate hydratase (AcnB), respectively (Table 2), and the genes
encoding proteins associated with tetrapyrrole biogenesis, HemA and ChIN. By
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repressing the tetrapyrrole biogenesis, IsaR1 affects the synthesis of haem as well as
phycobilin and Chl a pigments —all central components of the photosynthetic
apparatus. The observed depigmentation under iron sufficient and iron-deprived
conditions in the IsaR1 deletion mutant was thus a result of excessively produced free
pigments resulting from the released repression of pigment biosynthesis and the
insufficient amount of the chlorophyll-binding proteins (Yin and Bauer, 2013). Thus, the
increased pigment synthesis apparently leads to especially deleterious effects under
iron starvation when the photosynthetic complexes are downregulated. This again
highlights the need for fine-tuned control over the expression of biogenesis proteins to
avoid imbalances in the associated pathways, which could lead to harmful effects.
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6. CONCLUDING REMARKS

In my Thesis work, a targeted proteomics method, selected reaction monitoring (SRM),
was developed for detailed analysis of the Synechocystis sp. PCC 6803 proteome. SRM
was applied to study the effects of iron deprivation and to investigate the regulatory
roles of SufR and sRNA IsaR1 under varying iron concentrations. The SRM method
demonstrated its efficacy by enabling the quantification of several previously
undetected, low-abundance proteins from unfractionated samples, thereby increasing
the dynamic range of high-throughput protein quantification. The method further
allowed an evaluation of the impacts of SufR and IsaR1 on iron-sulfur cluster
metabolism. These two regulators were shown to control the expression of Fe-S cluster
biogenesis proteins under conditions of opposing, sufficient and insufficient, iron
concentrations. Such regulation is highly important for the maintenance of
physiological balance between the use and demand of scarce resources. In addition to
controlling the expression of the suf operon, SufR was shown to act as an autoregulator
of its own transcription, as well as an activator of NifJ, which is a central Fe-S protein in
carbon metabolism. The sRNA IsaR was found to be a key regulator under iron
deprivation, affecting the expression of multiple proteins involved either directly or
indirectly in the function of the photosynthetic apparatus.
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