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1. INTRODUCTION

1.1. Cyanobacteria and oxygen

It is widely believed that cyanobacteria were thestforganisms that supplied
dioxygen to the atmosphere by a system using tidaban of water for electron donation to
the reaction center. The present-day cyanobactaisa, called blue-green algae, with algae
and higher plants are expected to be responsible fieajor part of oxygen production on the
Earth and they share striking similarity in the imaery of photosynthesis (Falkowski, 2006).
Like plants, cyanobacteria carry out photosynthesig their cellular organization closely
resembles that of bacteria. They are found almastygrhere: from the tropics to the poles, in
lakes and in the oceans, on rocks and in soilsin@gtaeand Cohen-Bazire, 1977). From
evolutionary viewpoint it is generally acceptedttipaogenitors of present-day unicellular
cyanobacteria were also the progenitors of plaadtms through endosymbiotic events.

Cyanobacteria have long been used as model orgaoisiine study of oxygenic
photosynthesis in higher plants. Although cyanodr@&tare one of the largest groups of
Gram-positive bacteria, only a few strains for whgenetic system is available have been
used for physiological and genetic studies. Amdragt the cyanobacteriuBynechocystis sp
strain PCC 68033ynechocystjss most extensively studied one. It is one ofrtiest popular
organisms for genetic and physiological studieplaitosynthesis for two main reasons; it is
naturally transformable by exogenous DNA with effit homology recombination and
grows heterotrophically in the presence of glucoBeis unicellular non-nitrogen fixing
cyanobacterium was the first phototrophic organtsnbe fully sequenced (Kaneko et al.,
1996). The genomic sequence has revealed the weucf the genome and its gene
constituents (3167 genes), as well as the relatiap positions of each gene. The functions of
nearly half of the genes have been deduced usinidpsiy searches. The genome sequence
has also allowed for the implementation of syst&rstrategies to study gene function and
the mechanisms of gene regulation on a genome{esgd The genome database CyanoBase
(http://genome.kazusa.or.jp/cyanobakas been established and acts as a central t@posi
for information on gene structure and gene functids a result of the genome sequencing
and the establishment of this datab&aechocystiprovides an extremely versatile and easy
model to study the genetic systems of photosyrtteeganisms (Fig. 1.1).

Fig. 1.1 Model organism: Synechocystis spl. straCR803



1.2. Oxidative stress and reactive oxygen species

Although, molecular oxygen is essential for mosgjamisms at the same time its
metabolic by-products are toxic. These by-prodoatked reactive oxygen species (ROS) are
formed during normal aerobic metabolism and manyrenmental conditions are leading to
increased ROS production causing an oxidative stfgse Imlay, 2003 for review). Due to
the overlap between plants and cyanobacteria ommtbehanisms of ROS production and
scavenging, studies in cyanobacteria would corigitia better understanding of oxidative
stress responses in phototrophic organisms in genéris chapter deals with the origin and
impact of ROS on photosynthetic apparatus.

1.2.1. ROS

Although molecular oxygen by itself is not veryiaet it can be activated by partial
reduction forming ROS superoxide radical aniorn,Ohydrogen peroxide @#D,) and
hydroxyl radical {OH) (Imlay, 2003). In photosynthetic organisms R&8 produced during
normal photosynthetic and respiration electrondpamt and their generation augments upon
exposure to illumination, UV irradiation, pollutanpathogens or other stress conditions (Fig.
1.2) (see Latifi et al., 2009 for review).
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Fig. 1.2 Generation of ROS during photosynthesiplants and cyanobacteria irradiation by visibight may
lead to the production of ROS. In cyanobacteriartegor site of superoxide ion production in photubgetic
electron transport chain is at the acceptor sidePtfotosystem |. Normally, electrons are transporbenn
ferredoxin reductase (Fd) via NADP+ to Calvin cydiénder condition when NADPH utilization is subopi
and NADP+ levels are low, oxygen rather than NADRay occasionally accept an electron from Photosyste
| forming superoxide. This Mehler reaction (Mehl&g51) is greatly amplified in the presence of hde
methyl viologen. Tolerance of photosynthetic oigas to oxidative stress is enhanced by defengmmses
that prevent oxidative damage to cells (Okamotal.et2001). Superoxide dismutase (SOD) is furtleetucing
superoxide to another ROS, hydrogen peroxide thatetoxified by catalase (CAT) or peroxidase (PER)
water. In presence of iron, the most reactive hygroadical (*OH) can be formed via Fenton reaction.



1.2.2. Superoxide (@)

Superoxide is produced in photosynthetic organisgnphotoreduction of oxygen by
electron transport at the acceptor site of Photesysl (PSI) (Asada, 2000). This
photoreduction, called Mehler reaction, is a comrfeature of photosynthetic electron flow
in chloroplasts and cyanobacteria, particularly mvihotosynthesis is limited by lack of
carbon dioxide (Fig. 1.2) (Herbert et al., 1992;hHlée, 1951). Generation of superoxide is
highly increased in the presence of herbicide,edalbaraquat or methyl viologen (MV),
because MV accepts an electron from PS | and redoxcggen to superoxide (Fig. 1.2). For
this reason MV is frequently used as a stressor.

Superoxide can act as either oxidant or reductangn oxidize sulfur, ascorbic acid
or NADPH; it can reduce cytochromeeand metal ions. Superoxide has high reactivityh wit
thiol groups and iron-sulphur clusters causing tiraton of reaction centers of very
important enzymes and release of iron (Flint ef 8093; Hassan and Fridovich, 1978;
Halliwell and Gutteridge, 1984). Resulting freenrcan than catalyze formation of very
reactive ROS, hydroxyl radical (see below). Supigl®xadicals usually occur in their anionic
form and are unable to permeate membranes. Therafos expected that locally generated
superoxide will have mostly local effect.

1.2.3. Hydrogen peroxide (kD,)

Until the discovery of the production of superoxidehe 1970s, the primary product
of oxygen reduction was believed to be hydrogeroxyde. Hydrogen peroxide and alkyl
hydroperoxides are produced by reduction of mobrcokygen during photosynthesis, in
metabolic processes catalyzed by oxidases, dioaggmnand other oxidative enzymes, or in
metal-catalyzed reactions. Most of hydrogen pemxdses from one-electron reduction of
superoxide catalyzed by superoxide dismutases @Ad494).

Hydrogen peroxide is an uncharged compound. It easily diffuse through
membranes and is more stable than superoxide. ggdrperoxide and alkyl hydroperoxides
react with transition metal reductants or catalgstd can form reactive radicals. Peroxides
cause oxidative damage over long distance and sief@@chanisms are essential for the cells
to degrade the peroxide intermediates (Klughameal.et1998). Hydrogen peroxide also
participates in transduction pathways activatind eomordinating plant stress responses. It has
been also found to be signaling molecule affecthrggintracellular activity of key signaling
components including protein kinases and protemsphatases.

1.2.4. Hydroxyl radical ¢OH)

Hydroxyl radical is the most dangerous ROS becanfsés high reactivity and
resulting absence of scavenging mechanism. Theuptioth of hydroxyl radicals was
demonstrated in illuminated thylakoids and algdlsceand may occur via transition metal-
catalyzed reduction of hydrogen peroxide, calketton reaction(Halliwell and Gutteridge,
1984):

FE'+H0, — p» FE"+<OH+OH

The oxidized metal ions may be re-reduced by sujdeo Therefore, in presence of
trace amount of Fe, the reaction of superoxide layefogen peroxide will form destructive
hydroxyl radical and initiate oxidation of orgarsabstrates. For that reason, superoxide and
hydrogen peroxide have to be efficiently scavenged.



1.2.5. Oxidative damage

ROS will interact with almost any cell componentluding DNA, proteins and lipid
membranes (for review see Imlay, 2003).

Characterization of damage to DNA has indicated bodh the sugar and the base
moieties are susceptible to oxidation, causing af#ajron, single strand breakage, and cross-
linking to protein (Imlay and Linn, 1986). DNA i®ky sensitive to oxidative stress. As DNA
is effective in binding metals that are involvedH@nton reactions, less damages to DNA than
to other macromolecules can be tolerated. As aetpuesice, the cell has a number of DNA
repair enzymes. To prevent oxidative damage to DdéA be one of the reasons, why
eukaryotic organisms have compartmentalized DNg&enucleus away from sites of redox
cycling.

Oxidative attack on proteins results in specific irlon acid modifications,
fragmentation of the peptide chain, aggregationcraiss-linked reaction product, altered
electrical charge and increased susceptibilityradgolysis (Stadtman, 1986). Especially, thiol
groups are very susceptible. Oxidative degradatfgoroteins is enhanced in the presence of
metal cofactors that are capable of redox cyclinge. coli, it has been demonstrated that
twofold increase in superoxide concentration sutisty diminished the activity of labile
dehydratases, fourfold increase measurably impagealvth, and a fivefold increase
sensitized cells to DNA damage in coli (Gort and Imlay, 1998). For example, oxidation of
iron-sulfur clusters by superoxide destroys enzierfanction and leads to release of free iron
that can catalyze generation of hydroxyl radical. ghotosynthesis the D1 protein of
Photosystem 1l is noted for its high rate of tureqgvand it is assumed that this is a
consequence of oxidative attack at specific sitesthee proteins (Barber and Andersson,
1992).

The ROS can cause lipid peroxidation to formingdlipydroperoxides (ROOHS)
which are unstable and can undergo Fenton reaictitine presence of iron (Frankel, 1984).
Peroxidation leads to destabilization of lipids nbeames and endangering of membrane
processes such photosynthesis and respiration.

1.3. Scavenging mechanisms

Because of high reactivity of ROS with almost of aell component, ROS have to be
efficiently scavenged. The mechanism of protectigainst ROS is particularly important in
photosynthetic organisms including plants and chacteria because they generatedQring
photosynthesis. Therefore, photosynthetic cellsehtavbe equipped with efficient defense
system. Organisms possess different mechanismengesand scavenge ROS, or to repair
ROS-caused damage.

1.3.1. Superoxide dismutases

Superoxide dismutase (SOD) catalyzes the dismuataifosuperoxide to hydrogen
peroxide and oxygen (McCord and Fridovich, 1969y.(E.3).

SOD-M'*

Oy ? @ H>O,

O O, + 2H"
SOD-M" "

Fig. 1.3 Disproportionation of superoxide catalyzeyl superoxide dismutase. One molecule of superazid
reduced to hydrogen peroxide with electron derifiean oxidation of the second molecule of superoxale
oxygen; M* metallic cation, M~ Y reduced metallic cation.




Because superoxide anion is the precursor of segttrar ROS, control over the low
steady-state superoxide levels by superoxide deseut critical. SODs are metalloenzymes
and although they differ with the respect to thmietal cofactor, all isoenzymes catalyze
dismutation of superoxide anion to water and hydrmogoeroxide. In photosynthetic
eukaryotes three types of SODs exist: CuzZn-SODsigally located in the cytosol and
plastids. Mn-SOD and Fe-SOD are found within thetoofiondria and chloroplast,
respectively (Okamoto et al., 2001). In almostpddints, chloroplasts contain CuzZn-SOD as
the major isoform of SOD.

Cyanobacteria are known to use Fe- and Mn-con@is®D (Fe- and Mn-SOD),
which are believed to be more ancient forms, towessge superoxide radicals (Grace, 1990).
The sod genes of a number of cyanobacteria have been atbdar®d. The genome of
Synechocystizontains singlesod gene coding for Fe-SODsddB; slr1516). In contrast,
Plectonema boryanurdTEX 485 contains 4o0d genes (Campbell and Laudenbach, 1995).
Synechococcus sptrain PCC 7942 contains two SODs thylakoid botgtSOD and
cytosolic Fe-SOD. Inactivation of FeSOD in this amggm led to conclusion that in this
cyanobacterium Fe-SOD did not protect PS Il dugriglative stress but that it did protect PS
I. The enzyme was also able to protect cells frioeneffects of chilling in the light (Thomas et
al., 1999; Samson et al., 199B@eletion mutant exhibited significantly greater daya to its
photosynthetic system when grown under increasgdesxtension or with MV. Results also
indicated interruption of cyclic electron flow araiPSI (Herbert et al., 1992). The results of
many studies indicated that SOD has a central iroldne defense against oxidative stress
(Tsang et al., 1992; Scandalios, 1993).

1.3.2. Catalases and peroxidases

Catalases and peroxidases are responsible fortresluaf hydrogen peroxide and
organic hydroperoxides. Scavenging of hydrogen pdeo by catalase occurs by
disproportionation reaction, where one moleculbayafrogen peroxide is reduced to water and
the second is oxidized to oxygen. Peroxidases sirgyexternal electron donor for peroxide
reduction (Fig. 1.4). Common reductants are thioxed glutathion or ascorbate. The
reduction power of these compounds is restoredeldyation equivalents originating from
photosynthesis or respiration. In plants and sohgaeathe main pathway of hydrogen
peroxide inactivation is mediated by thylakoid-bduand stromal ascorbate peroxidase
(Miyake et al., 1991). Here we will discuss scaveggnzymes present in cyanobacteria.

a) HO, + H0O, H.O + O

b) H,O, + 2AH, 2H0 + 2A

C) 2A 2AH

d) 2H0 4é+4H + O

Fig. 1.4 Catalase and peroxidase scavenging mesh@iof hydrogen peroxide; a) disproportionation of
hydrogen peroxide by catalase; b) reduction of logéin peroxide by peroxidase using photoreductant ;A
oxidized photoreductant A is rereduced by d) reiducpower originated from photosynthesis; A is gthione,
ascorbate or thioredoxins.



1.3.2.1. Catalase

Catalases have been classified into three groupstofunctional heme-containing
catalases, bifunctional heme-containing catalasexmases and nonheme-manganese
catalase (Zamocky and Koller, 1999; Chelikani et 2004). Both types of heme-catalases
have a high cyanide-sensitive catalytic activityt lexhibit significant differences in their
sequences, structures and mechanisms (Passardi 20Gv). Catalase-encoding genes are
present in a number of cyanobacterial genomes atalases have been reported for ten
cyanobacterial species (Myiake et al., 1991). Sdvercent studies have shown catalytic
mechanism of the bifunctional catalase-peroxidasepded bkatG gene fromSynechocystis
(see Smulevich et al., 2006 for review). Protectiole of this enzyme against exogenous
hydrogen peroxide has been suggested (Tichy anthaées, 1999).

1.3.2.2. Ascorbate peroxidase

Ascorbate peroxidases play a crucial role igOiHdetoxification in plants (Asada,
2000). These enzymes use ascorbate as a speeificoel donor. Cyanobacteria exhibit low
levels of ascorbate and no gene coding for asaatoxidase has been found in sequenced
cyanobacterial genomes (CyanoBase).

1.3.2.3. Glutathione peroxidase (Gpx)

Glutathione peroxidase (Gpx) catalyzes the rednatiohydrogen peroxide or organic
hydroperoxides to water or alcohols by oxidatiomlotathione (GSH), which is than reduced
by glutathione reductase by electrons derived fRo"DPH (Ursini et al., 1995). The initially
characterized mammalian cytosolic Gpxs contain ewesl selenocysteine residue in its
active site whereas multiple Gpxs homologues ifiedtiin higher plants carry a cysteine
residue. It has been shown that Gpxs are impomatite defense against oxidative stress in
many organisms although conserved cysteine resuttddwer activity in comparison to
mammalian selenocysteine residue (Maiorio et 8B5).

Gpx-like activities have not only been measuredhammals but also in yeast (Inoue
et al., 1999), algae, plants and cyanobacteriasihger et al., 2001). ISynechocystiswo
genesslrll71 andsir1992 have been detected coding for Gpx-like proteinfieWas both
recombinant proteins were able to reduce alkyl ddroxides and utilized NADPH they
were not able to use glutathione as their eledaiamor. It has been shown that most of amino
acid residues involved in binding of GSH are migsim these proteins (Gaber et al., 2001,
2004).

1.3.2.4. Peroxiredoxins (Prxs)

During the last years, various genes have beenifi@enin bacteria, yeast, plants or
animals and defined as a new ubiquitous TSA/AhpRilfa of thiol-specific antioxidant
proteins which catalyze the reduction 0§04 and alkyl-hydroperoxides using thioredoxin
and other thiol containing reducing agents as edactionors (Wood et al., 2003). Prxs are
able to reduce ROS by oxidation of N-terminal cdtal Cys (-SH), called peroxidatic
cysteine, to sulfenic acid (-SOH). In the secorap Hulfenic acid undergoes regeneration to
thiol group by different mechanisms. Based of thenher of conserved cysteines (Cys), their
location and different regeneration mechanism, Baxsbe divided into four groups (Dietz et
al., 2003; Stork et al., 2005):

(1) The first includes the 2-Cys Prxs, which form hoimuoets. The sulfenic acid on
N-terminal of one subunit reacts with Cys on thée@ninal on second subunit to



form disulfide bond, which is then reduced by tbrwxins or glutaredoxins (Baier
and Dietz, 1997; Poole et al., 2000).

(i) The second group 1-Cys Prxs, contains only perdigidasteine, their sulfenic
acid is regenerated by a thiol-containing partnier mechanism which has not
been elucidated (Stacy et al., 1996; Kang et 8831

(i)  The third category includes atypical 2-Cys, they asse thioredoxins and
glutaredoxins as the reductant and can exist intipheil isoforms, which are
monomeric enzymes and its peroxidatic and resoleygjeine are on the same
subunit (Seo et al., 2000).

(iv)  The fourth category contains atypical 2-Cys Prx(®rwhich are homologues of
the E. coli bacterioferritin co-migratory protein (Bcp) (Korg al., 2000; Dietz et
al., 2006).

Prxs play protective and detoxification role of R@Sall organisms. Prxs together
with thioredoxins and glutaredoxins are importamt fiolding intracellular redox state. In
photosynthetic organisms, Prxs offer a powerful ma@ism directing reducing power from
the photosynthetic electron transport chain viarefdoxin, ferredoxin reductase and
thioredoxin, into the chemical reaction of peroxr@€euction. Interestingly, a cyanobacterial
2-cys peroxiredoxin has been referred as a pragenit chloroplast Prx (Baier and Dietz,
1997) that implicates the importance of Prx fortpction from ROS in the photosynthetic
machinery.

The cyanobacteriurBynechocystisontains five genes encoding probable Prxs with
representing each of the above mentioned groupst-Cys Prx (SIr1198); 1x 2-Cys Prx
(SI0755, Tpx); 1x typell Prx (Sll1621, AhpC) ang BrxQ (Sl10221; SIr0242). Most of these
Prxs have been recently studied (Kobayashi eR@04; Hosoya-Matsuda et al., 2005; Li et
al., 2004; Hihara et al., 2003; Klughammer etE98; Yamamoto et al., 1999).

1.3.3. DNA-binding proteins, bacterioferritins

In addition to the above mentioned scavenging eesynew family of proteins with
anti-oxidative protection of DNA was reported. ThBA-binding proteins (Dps) belong to a
group of bacterial stress-inducible polypeptideat thind DNA and confer resistance to
peroxide damage during periods of oxidative stegsbslong-term nutrient limitation (Almiro
et al., 1992). Dps proteins are divergent membdrshe bacterioferritin/bacterioferritin
superfamily. By oxidizing and mineralizing iron, ®pontributes to the storage of the Fe(lll)
form in the enzyme core and quenching of hydrogemrpde, avoiding oxidative damage
mediated by the Fenton reaction (Zhao et al., 20D@$ homologues have been reported in
several cyanobacteria species (Shcolnick et aDg2Castruita et al., 2006; Xiong et al.,
2007). TheSynechococcus spPCC 7942 Dps, named DpsA, is a DNA-binding hemimimno
having hem-dependent catalytic activity and hasibeealized in the thylokoid membranes,
indicating that it might exist in two fractions: @hromosome-bound involved in DNA-
protection and a soluble fraction required for pineper function of photosynthetic apparatus
(Dwivedi et al., 1997).

1.3.4. Other scavenging mechanisms (non-enzymatic)

Cell protection against ROS can be provided noy bylenzymatic reactions but also
by non-enzymatic scavenging mechanisms. The bestikigroup of antioxidants belongs to
carotenoids. In chloroplasts they function as asmgspigments in light harvesting, but more
important role is their ability to detoxify variou®rms of activated oxygen and triplet
chlorophyll that are produced as a result of exoitaof the photosynthetic complexes by
light. Their antioxidant properties protect the fsystems in four ways: by reacting with



lipid peroxidation products to terminate peroxidatichain reaction (Burton and Ingold,
1984); by scavenging ROS and dissipating the enasgleat (Mathis and Kleo, 1973); by
reacting with triplet or excited chlorophyll moldes to prevent formation of singlet oxygen;
or by dissipation of excess excitation energy tgtouhe xanthophylls cycle. The anti-
oxidative properties and their involvement in potien of the photosynthetic apparatus
against oxidative stress have been shown by malyest (Young and Frank, 1996; Gotz et
al., 1999; Schafer et al., 2005).

Other efficient non-enzymatic scavengers are toeaps, known as vitamins E (see
for review Munné-Bosch, 2005). Their antioxidaniligpis related to the fully substituted
benzoquinone ring and reduced phytyl chain. Becaiskeydrophobic character, they are
located in cell membranes. The antioxidant propentif tocopherol are the result of its ability
to quench both singlet oxygen and peroxides. Toeapt are less efficient scavengers of
singlet oxygen than carotenoids, but are able mmiteate the peroxidation chain reaction
making them an effective free radical trap. Thesgeity of tocopherol-deficient mutants of
several cyanobacteria under stress conditions atelithat the antioxidant function is
conserved among oxygen-evolving phototrophs (Ma&edd, 2005).

1.4. Response to oxidative stress and its regulation

Response to environmental stresses can be prowgeshany different regulatory
mechanisms. These mechanisms coordinate the cilit @b keep homeostasis. The
coordination is realized by compartmentation ofyeme activities, but mostly on the level of
DNA transcription, posttranscriptional modification by sensing and signal transduction. As
many regulatory mechanisms of defense against txélatress have been reported on the
molecular level, it is apparent, that these medmasiare highly interconnected. Recently
developed microarrays techniques helped to revemhes of these mechanisms in
cyanobacteria.

1.4.1. Oxidative stress induction

In photosynthetic organisms, environmental stresBks drought, salt stress,
dormancy and pathogen infection or abiotic stremsditions like changes in temperature,
light intensity, drought, salinity or chemical aggerike herbicides, hydrogen peroxide and
ozone generate oxidative stress that is assocwitbdincreased concentration of ROS and
subsequent damage caused by ROS (Fig. 1.5). Tivatamt of various regulators in response
to an increase in ROS concentration frequently rfatds the transcription of a subset of
genes coding for enzymes involved in the defensainay oxidative stress, allowing
appropriate answer to the perceived stress.
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Fig. 1.5 Induction of oxidative stress by differenvironmental stress conditions

1.4.2. SoxRS and OxyR regulation

In E. coliand some other prokaryotes the adaptive respanseperoxide anion and
hydrogen peroxide is regulated by transcriptiomgutators SoxRS and OxyR (Gaudu and
Weiss, 1996; Gaudu et al., 1997; Carmel-Harel atatzS2000) cooperating with other
regulatory mechanisms like is Fur-mediated regoafsee for review Storz and Imlay, 1999;
Zheng et al., 1999).

SoxRS regulon mediates an oxidative stress respgbas@rotects the cell against the
superoxide anion by oxidation of the [2Fe-2S] @ustin SoxR. The oxidized SoxR activates
SoxS expression (Gaudu et al., 1997; Carmel-Hardl Storz, 2000) leading to elevated
expression of antioxidant geneSoxRSregulon consists of over 10 genes including
detoxification enzymes as catalase, peroxidaseNoA Bepair proteins (se for review Storz
and Imlay, 1999).

Several hydrogen peroxide inducible genek.ircoli are regulated by OxyR a redox-
sensing LysR-type positive regulator. OxyR actimatis based on Cys residues, hydrogen
peroxide activates OxyR through the formation ofirmamolecular disulfide bond directly
inducing transcription of several antioxidant ge(i#&seng et al., 2001; Toledano et al., 1994).
OxyR regulon regulates genes coding for KatG, atkydiroperoxide reductase, glutathion
reductase and some Dps (Storz and Imlay, 1999; &t al., 1997).

1.4.3. Fur regulation and iron stress

In other bacteria without SoxRS or OxyR homologaesther, Fur-like peroxide
sensing repressor PerR, was found. This PerR im@retalloprotein with ligated E&or
Mn?* (Lee and Helman, 2006). When oxidized, PerR biratsand is easily dissociated from
DNA by low levels of hydrogen peroxide, thus relagsepression of PerR controlled genes
(Li et al., 2004; Herbing and Helman, 2001; Singhak, 2004) including genes for Dps,
catalase, alkyl hydroperoxidase (Mongkolsuk anchiéein, 2002).

There is evidence of the relationship between assimilation and oxidative stress. It
is assumed, that precise regulation of iron asatmit prevents excess of free iron inside the
cell which would lead to oxidative stress. On thieeo hand the iron deficiency can limit the
activity of iron containing enzymes as SOD and leats and lead to oxidative stress, too
(Rodriguez and Smith, 2003; Touati et al., 1995).



1.4.4. Regulation in Synechocystis

Until now, neither SoxRS nor OxyR regulation ha®rbdound in cyanobacteria.
However, peroxide inducible PerR homologue slr1id8 been identified in Synechocystis
by Li et al. (2004). It negatively regulates exgiea of 9 hydrogen peroxide inducible genes
including ahpC where PerR binds the promoter region (Kobayashi.e2004; Kanesaki et
al., 2007). Although PerR is involved in respors®xidative stress iBynechocystiéHouot
et al., 2007; Singh et al., 2004) it does not wasla major regulator. The main regulatory role
in Synechocystiseems to be accomplished by histidine kinasessfHik

1.4.5. Histidine kinase sensing and regulation

Two-component systems of histidine kinase (Hik) amagjnate response regulator
(Rre) have been found in many organisms includipgnobacteria, fungi, yeast and lower
animals (Koretke et al., 2000) but did not in higla@imals. Hiks perceive changes from
environment and undergo autophosporylation with ABPa donor of the phosphate group,
which is then transferred to cognate Rre. Rres gddheir conformation and then bind to
promoter regions of the regulated genes.

The Hik-Rre system can regulate gene expressidotim positive and negative ways.
In the positive regulation the regulated genessdemt due to inactive forms of Hik and Rre.
When the cell is exposed to stress, the properdiictivated followed by Rre activation and
enhanced expression of the regulated genes. Ineifjative regulation the regulated genes are
repressed due to active Hik and Rre under nonsst@sdition. After stress exposure the Hik
become inactive resulting in repressor releasegapcession of the regulated genes.

In last years some two component regulation systeswe been revealed to regulate
the responses of cyanobacteria to different steesslitions, which can lead to oxidative
stress. From 47 putative genes coding for Hiks4hdenes coding for Rres 8ynechocystis
(Kaneko et al., 1996; Kaneko et al., 2003; Mizuhalg 1996), Hik33-Rre31 and Hik34-Rrel
systems have been identified using microarrays enaracterized. These systems are
activated under different stress conditions andledg expression of several ROS scavenging
enzymes. Hik33-Rre31 regulates the expressioiléf in salt and hyperosmotic stress,
Hik34-Rrel is involved irsodBgene regulation (Shoumskaya et al., 2005; Paittaogysarid
et al., 2004; Mikami et al., 2002). Hiks 34, 16, did 33 regulate gene expression under
peroxide with Hik33 being the main contributor (Ksaki et al., 2007). Hik33 is also
involved in light-stress and cold-stress respohisea et al., 2004; Suzuki et al., 2001).

1.4.6. MV resistance

MV belongs to family of bipyridylium herbicides. lis effective non selective
herbicide acting in plants by generating superoxidien by reducing oxygen using electrons
from Photosystem | (Mehler, 1951) frequently usettuce oxidative stress.

Cells can generally cope with MV by two mechanisig: increase in activity of ROS-
scavenging enzymes in resistant plants; and seqtieatof MV away from its site of action
in cells. Evidence for the first model relies prithaon measurement of increased enzyme
activity and cross-resistance to other oxygen eddjenerating stresses in resistant plants
The sequestration model is supported by data slgwaétreased translocation of MV and
absence of MV injury in plant systems that do navéincreased levels of scavenging
enzymes.

In the Synechocystimutant resistant to MV the second mechanism wasrebd. Mutation
responsible for MV resistance was localized torégulatory gengrgR that belongs to the
TetR family of transcriptional regulators (Ramos att, 2005; Orth et al., 2000). PrgR
negatively regulates transcription of a MATE-typeperter (Brown et al.,, 1999) PrgA
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organized in prqRA operon. The mutation resultedhdification of DNA-binding domain
of PrgR protein resulting in its inability to birid DNA. PrgR seems to be also involved in
regulation of expression other ROS-scavenging eersymvolved in defense mechanism
against oxidative stress in this unicellular cyaamibrium (Nefedova et al., 2003a; Babykin et
al., 2003).
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2. THE AIMS

ROS are normal by-products of photosynthesis asginaion. Many environmental
conditions lead to increased ROS production causkigative stress. To overcome oxidative
damages the cells employ various anti oxidativegsses, primarily detoxification of ROS
by scavenging enzymes. These processes can bedras¥dS detoxification by scavenging
enzymes. The aim of this thesis was to contriboteunderstanding hovéynechocystis
responds to oxidative stress. We focused on tlogest:

1) characterization of several mutants lacking indraid scavenging enzymes
(superoxide dismutase, catalase-peroxidase, ttognedperoxidase, alkyl-
hydroperoxide reductase).

2) determination of expression profiles of genes pigditing in protection against
oxidative stress under various stress conditiorseweral mutants.

3) generation of spontaneous mutants resistant to MVidentify genes
responsible for the resistant phenotype.

12



3. MATERIALS AND METHODS

Growth conditions and stress treatment

The wild type (WT) and mutants ofSynechocystissp. strain PCC 6803
(Synechocystjswere grown autotrophically or photomixotrophigaih liquid BG-11 or in
BG-11 medium supplemented with glucose (5 mM) &C3and at light intensity of 4Qmol
m? s! (Ripka et al., 1979). Solid media were supplemémtith 1.5% (wt/vol) agar and 0.3%
(wt/vol) sodium thiosulfate and for MV-resistant taots with 20-60 pM MV. The
microaerobic growth conditions ¢Nwere provided by bubbling liquid cultures or agilc
tank for plates by Nwith 1%CQ (Fig. 3.1). The growth rate was measured as chahge
optical density at 730 nm (GR). ODsso was used for cultures in microtitre plates wit@3.
mL culture shaken on a rotary shaker (900 RPM)zd9@as measured using a microplate
reader (Tecan Sunrise, Austria).

Strains were grown to mid-log phase (&= 0.5) under standard conditions or under
microaerobic conditions1@hpC 4sodBor WT) and subjected to various stresses: hidht lig
(HL) - 500 pmol m? s* of light, low temperature (LT) — 18°C, high salinifNaCl) — 0.5 M
NaCl, methyl viologen (MV) — 5 uM MV, peroxide —-50mM t-BuOOH or HO,. Samples
for RNA isolation were taken at times 0, 20, 60 830 minutes.

Fig. 3.1 The microaerobic cultivation; plastic tahkbbled with BtCO, (98:2) mixture.

Mutant construction

4AsodB mutant. The PCR-amplified 1.6-kb DNA fragment om Wemplate (primers
5- TATGCTTGAAGCAACATCTC-3’'and 5- AAGAGTACCGCATCATATC-3")
containingsodB(slr1516 was cloned into pUC19 vector. TeedBgene was inactivated by
replacing the fragment between Hindll (45) and Hirgd98) in thesodBcoding region with
kan-sacBcassette (Lagarde et al., 2000) creating psieiB-kan-sacB construct and used for
WT transformation. Transformants were selected @ar aplates supplemented with
kanamycin up to 25 pg/mL under microaerobic condgi Latter the kan-sacB cassette was
removed by the transformation of segregated j&8@B-kan-sacBmutant with the self
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ligated plasmid construct pUSodB and segregated in presence of saccharose under
microaerobic conditions yielding markerlegtsodB mutant. Complete segregation was
confirmed by PCR.

Atpx mutant. The PCR-amplified 1.4-kb DNA fragment oM \¢mplate (primers 5'-
CCAACATGCCTAGAGGCCC-3 and 5'-CCTCCCGCTTAATTAGGGA}Zontainingtpx
(sll0755 was cloned into the blunt end Pvull site of pUGE8rmentas) vector. Ttpx gene
was inactivated by replacing the 360-bp fragmertvben Hindlll (121) and Hindll (481)
from coding region with a 1.7—kb erythromycin rémigce cassette creating ptgx plasmid.
This construct was used to transform WT aikdtG mutant. Transformants were selected on
agar plates containing up to 25 pug/mL of erythromyand segregated routinely under
microaerobic conditions although both mutants gmvmally under aerobic conditions.
Complete segregation was confirmed by PCR.

AahpCmutant.The 4ahpCstrain was prepared by the replacement of the evabpC
gene with a 1.3-kb kanamycin resistagassette from pUC4K plasmid using a megaprimer
PCR method (Dobakova et al., 200Q)inear deletion constructsere obtained containing
upstream and downstream regions ofahpC genewith the kanamycin resistance cassette in
the middle. In the first step, upstream and doveasir regions ofhpC were separately
amplified using long fusion primers complementaryheahpCgene in one direction and the

kanamycin cassette in the other: Q) 5'-
CTTCTTCACGAGGCAGACCTCAGCGTCAATGCTTGCCCTCTTTT3 and (2) 5-
CTGTTTCCTGTGTGAAATTGTTATCTAAGTCTGTCAGAGCATTTC3 (the

cyanobacterigbart is underlined). These fusion primers were uisguhirswith ahpCforward

and reverse primers: (1) 5-TGGCATCGTAGCGACAGACC-3and (2) 5'-
GGGAACAGTATGAATTTGAC-3'. In the second step, tkanamycin resistance cassette
was amplified using PCR products from the fsgtp as primers. The complete deletion
construct wasmplified usingahpCforward and reverse primers and usedrfansformation

of Synechocystisells. Transformants weselected and segregated on kanamycin-containing
agar plates under microaerobic conditions; thdlisegregation was confirmed by PCR.

Superoxide dismutase activity assay

SOD activity was measured in soluble protein fiatty spectrophotometric method
using xanthine/xanthine oxidase/cytochroorgystem as inhibition of the rate of reduction of
cytochromec at 550 nm (McCord and Fridovich, 1969) or by matpolyacrylamide gels
using negative nitro blue tetrazolium staining (Be@amp and Fridovich, 1971).

Ezyme activities were determined in soluble protéimctions. 100 mL of cells
cultivated to mid-log phase were concentrated tol Dy centrifugation. 400uL of cells was
mixed with 200 pL of glass beads and disrupted eadkbeaterRioSpec Products, Inc.,
USA) 3-times for 10 s at maximum speed and cooledcen The soluble fraction was
obtained by centrifugation at 4°C, 18 000 rpm fan#. Protein concentration in the soluble
fraction was measured using Protein assay kit @ad); according to manual.

Peroxide detoxification.

The dark and light decomposition of 50 puMQ4 or t-BuOOH in vivo was measured
by ferrous oxidation/xylenol orange (FOX) assay (iV994). Cells were diluted to Ok =
0.2 and incubated for 60 min in dark or light. Séespvere taken at time intervals (0; 10; 20;
30; 40; 60 and 90 min) after addition of peroxideefly centrifuged and the supernatant was
directly used for the FOX assay. Absorbance at B®0was measured on the microplate
reader. The concentration was determined usingpredibn curves with kD, or t-BuOOH.
Measurements are average of three parallels.

14



Lipid peroxidation

A modified ferrous oxidation/xylenol orange assagswised to determine levels of
hydroperoxides (LOOH) asJ8, equivalents in cyanobacterial cells (Sakamotd.etl898).
Exponentially growing cells at Oy of 0.5 and were incubated under standard growth
conditions in the presence or absence of 1 uM M. |8L of cells were harvested at times O;
1; 2; 4 or 6h by centrifugation. To eliminate thregence of kD, a 30 min pretreatment with
500-1000 U of catalase nL(CAT+) was used and followed with the 30 min tneant with
50 ul of 10 mM triphenylphosphine in MetOH (TPP+)with MetOH (TPP-) (DeLong et al.,
2002). The cell pellets were resuspended in 0.75fhethanol containing 0.01% butylated
hydrotoulene (BHT), 0.1 mL of reagent A (2.5 mM aomum iron (ll) sulfate/0.25 M
sulfuric acid) and 0.1 mL of reagent B (40 mM BHI25 mM xylenol orange in methanol).
The mixture was incubated for 60 min at room terapge and then centrifuged to remove
cell debris. The absorbance at 560 nm was measuréite microplate reader. As TPP reacts
with LOOH, LOOH concentration was determined frohe tdifference TPP treated and
untreated samples.,8, formation was calculated from difference betweatalase treated
and untreated samples. The concentration determised calibration curves with J@s.
Measurements are average of three parallels.

Oxygen evolution

The tertiary butyl hydroperoxidet-BuOOH)-dependent oxygen evolution was
measured using Clark-type electrode (Walz, Germahy5°C in according to Gaber et al.
(2004). 10 mM glycolaldehyde was added to the dallthe mid-log phase concentrated to
ODy30 = 2 to inhibit of CQ fixation via the Calvin cycle. 100 uM or 1 mvBuOOH was
used to measureBuOOH-dependent oxygen evolution in. Oxygen evoluivas measured
three times and was normalized to chlorophyll.

Total chlorophyll content and pigment spectra

The total chlorophyll content was determined smgttotometrically in methanol
according to Lichtenthaler (1987). For pigment $fzeccells were extracted with methanol
and absorption spectra from 400 nm to 700 nm wexrerded (Unicam, USA) and normalized
to chlorophyll at 663 nm. Relative carotenoid cohtgas estimated by absorbance at 475 nm.

Diffusion assay

The diffusion assay used to estimate the sengitofitthe WT and mutant strains to
various toxic compounds was a modification of staddmethods (Bauer et al., 1966;
Buchmeier et al., 1997). An 0.1-mL aliquot of atmadar exponential culture (adjusted to
ODys50 = 0.5) was spread on a BG11 agar plate grown fdays, treated with 5 pL of a
solution containing an appropriate concentratiorthef test compound and incubated for 5
days. Strain sensitivity was estimated from the sizlytic zones on green plaque.

Isolation of chromosomal DNA

Chromosomal DNA was prepared from 1 L culture usitay/lysozyme for cell lysis,
phenol/chloroform for DNA purification and Na-acet@ethanol for DNA precipitation.
Briefly, cells were centrifuged and pellet was sgsnded in saturated Nal 2 mL per gram of
cells and treated 20 min at 37°C centrifuged asdgpended in 8 mL of TES buffer. After
lysozyme (62.5 mg per g of cells) and N-lauryl saimge (0.1 g per gram cells) treatments for
20 at min 37°C the lysate was extracted with phdi® (1:1) for 60 min, gently mixed and
carefully extracted with chloroform. Finally theromosomal DNA was precipitated using
Na-acetate/ethanol overnight at -20°C. During thecedure, cut tips were used to prevent
DNA breakage.
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DNA digest and isolation of fragments

The complete restriction of 5 pg chromosomal DNAsvearried in a large volume
(200 pL) overnight with 30-40 units of a particular restion enzyme. DNA was extracted
with chloroform and precipitated with Na-acetate#etol. The precipitate was resuspended in
20 pL of Tris/EDTA buffer and separated electrophomticon 0.5 % low melting agarose
(20 V for 8 hours). The gel was briefly stainedethidium bromide to visualize separated
DNA and washed thoroughly with cold water. Eachyemz digest was cut into 15 pieces
corresponding to known fragment of Gene Ruler 1KBADLadder andh mix Marker 19
(Fermentas) as a reference and gel pieces werenfraz —70°C overnight (Fig. 3.2). For
transformation of cyanobacteria, samples were iatfor 30 min at 37°C, than centrifuged
(13 000 RPM, 15 min, 4°C) and the liquid phase used for transformations.
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Table 3.1 Sizes of restriction fragments usedrforgformation.

Fragment| Fragment size in according 1
number | DNA markers (bps)
1 1000-1500
2 1500-2000
3 2000-2500
4 2500-3000
5 3000-3500
6 3500-4000
7 4000-5000
8 5000-6000
9 6000-8000
10 8000-10 000
11 10 000-15 000
12 15 000-20 000
13 20 000- 30 000
14 30 000-40 000
15 more than 40 000

Fragment number Fig. 3.2 The preparation of DNA
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fragments. Restriction mixtures
were run on LM-agarose gel M:
marker; line 1-3: DNA digest of
MV-A (BamHI, Hindlll, EcoRV);
line 4-6: DNA digest of MV-B
(BamHlI, Hindlll, EcoRV) and cut
into 15 fragments of known
fragment size.
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Transformation of WT with restriction fragments

WT cells grown to mid-log phase were concentrate®D;3,= 5 and 50uL were
transformed with a particular fragment size (tloggild phase from the gel fragment) for 30 -60
min at room temperature; WT without DNA was usec agegative control. The transformed
cells were plated on BG plates with filters (048%), each plate with the negative control.
The filters were moved to plates with graduallyressing concentration of MV (20; 40 and
60 uM; Table 4.8). Transformants growing on BG-11 wethuM concentration of MV were
counted after 14 days. Size of restriction fragmmeytelding the highest number of
transformants, for particular restriction enzymeerev used for analyses. The region
containing the resistance mutation was determirseth@ intersection of the sets of putative
transforming fragments. The point mutation was liged by sequencing of PCR
amplification of located genes (Table 3.2).

Table 3.2 Primers used for the localization of niotain MV-resistant mutants.

Primer Localized | Genome Genome Primer sequence 5°- 3’
name gene position position

start end
MV1 sIr0895 2762442 2762461 | AATGCACTGGTCCAATTCCC
MV2 sIr0895 2764258 2764239 | AGAATGATGGTTGTGTCAGC
MV5 sIr0895 2763533 2763514 | CAGGATTGGTGAAGTITTGCG

MVQ I1 slr1174 1943431 1943451 | TCAGTGCCAAGGAATCCAATG

MVQ 12 slr1174 1947069 1947050 | CCTCCTGATCGAAAAGGATG

MVQ 14 slr1174 1944157 1944177 | ACACCTATCGICAAACGGTGC

MVQ I5 slr1174 1945322 1945303 | TTAAGCAGGGECAAATATGCC

Gene expression, RNA isolation, reverse transanpéind quantitative PCR

5 mL of Synechocystigells were cooled on ice and harvested by cegtifon at
6,000 rpm for 5 min at 4°C. The pellets were imraggly frozen in liquid nitrogen and the
samples were stored at -75°C. The total RNA wasaetad by the modified hot phenol
method (Mohamed and Jansson, 1989). Briefly, tbeein cells were thawed on ice and
washed two times with the resuspension buffer,dyseSDS lysis buffer, two times heated
and extracted with hot acid phenol and chlorofofimtal RNA was precipitated by LiCl and
ethanol. Twenty nanograms of purified RNA were ugadcDNA synthesis using random
primers and SuperScript Il Reverse Transcriptaseit(bgen). Real time-quantitative PCR
reactions were performed on the Rotor-Gene 300Agutie iQ SYBR Green Supermix
(BioRad) and proper pairs of primers (Table 3.3cHe quantitative PCR experiment was
performed on two independent RNA isolations for steady-state RNA levels and on one for
screening. 16S rRNA was used as a reference véiswas found to be proportional to total
isolated RNA. TheAACt method was used to calculate gene expressiaisleVheACt
values were reproducible within 0.5 cycle.
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Table 3.3 Genes subjected to expression analyisrespective primers.

ORF Name Gene product Probe primers 5'- 3’
SIr1516 sodB Superoxide dismutase TGCTGGCGATGCTAGCAAAG
TTGGTCACTTTCAAAGTGCC
Sll1987 katG Catalase-peroxidase ACTTATCGCATTGCCGATGG
CATCGACTCATAGCCCATGG
SIr1171 gpx-1 NADPH-dependent Gpx-like proteinCAAGCCAACAACACAATCTAC
ATCGATTGTATAGAGCCTGGA
SIr1992 gpx-2 NADPH-dependent Gpx-like proteinCCTATGCCATTACCCACTTC
CACACCGATAATTACTAAGCC
SI0755 Tpx 2-Cys Prx, Thioredoxin peroxidase AGACAGCGAATTTTCACACC
TCGAGGACATTATAGCCTTG
SIr1198 1-Cys Prx AAAGGTGTCCGATCTGTACG
ACTGGAGGGAGTCAATTACC
Sll1621 ahpC Type Il Prx, hydroperoxide reductas@CGAATCTGTACCTGGTCCC
thiol specific antioxidant protein ATGICATCTACTCCCAAGEC
Sl0221 Prx-Q ACCAGAGTTGGATCAACCTGC
ATTACCTGGCCATTGAGAGC
Sir0242 Prx-Q CAGCGCTATTCAACTGITGC
GITCAACTGCTCAGTGATCC
Sli1159 Probable Prx-Q, GCATCCTCAGGI TCGTAGCG
GITTTTACCGITCCCGATGC
Sir1544 lilA Light-harvesting-like protein A TACCAAAGGACTGCCCTTGG
AGTCTTTGCGGAAGACAACG
rml6Sa 16S rRNA 16 S ribosomal RNA GCTCCCGAGAGTAAGCGAATC
GTGTGACGGECGGTGTGTACAAG
Additional tested genes in MV-resistant mutants
SIr0895 prgR Transcription repressor of TetR GIGGCTAGT GAAGCAGEEGT
family CTGGATCATTGGCCAAGITCC
SIr0896 prgA Multi-drug efflux transporter GATCGCCTTTGCTACGCTCCGG
CACTGATACTAGCAATGGC
SIr0616 mvrA Sugar and other compounds TTGGAGGAAGCGGACTACACC
transporter CAGT CGCCAGAGCACAATCAC
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4. RESULTS

4.1. Characterization of deletion mutants

4.1.1. Superoxide dismutase deletion mutant

The part ofsodB(sIr1516 betweerHind Il sites at positions 45 and 498 was replaced
by kan-sacBcassette (Lagarde et al., 2000); this cassettelatas removed by markerless
construct completely lacking thdind Il fragment, yielding markerlesgsodB mutant. The
4sodB mutant didn’t segregate when grown on air but gggesl under microaerobic
conditions, indicating importance of this enzyme &®robic metabolism. The complete
segregation was confirmed by PCR (Fig. 4.1).

1 2 3
Fig. 4.1 Segregation of ti¥sodBmutant. PCR amplification of sodB gene from
the mutant segregating under microaerobic condg&i¢h) or on air (2). Line 1 -
4.6 kb fully segregatedisodB (kan-sacB) mutant; line 2 - partially segresghtline 3 -
: DNA 1 kb ladder.
"o .
-
* ,16kb
o -

Phenotype of1sodB mutant was characterized by growth
rates, superoxide dimutase activity and varioussstitreatments.
The growth rate of thdsodBmutant under microaerobic conditions
was comparable to that of wild type. Initially, tiheutant didn’t
grow on air (Table 4.1).

Table 4.1 Growth rates of thssodB mutant and WT under microaerobic and aerobialions.

Strain Doubling time
Photoautotrophically Photomixotrophically
Microaerobic Aerobic Microaerobic Aerobic
4As0dB 24 h > 60 h 20 h >60h
WT 9h 12 h - 9h

Weak aerobic growth of the mutant was possible amyplates supplemented with
catalase (100 U/mL). Also, frozen stock AgodB mutant could be prepared only in media
supplied with catalase, indicating importance ofiBdor cell viability. Prolonged cultivation
of 4sodBled to improved growth of thesodBmutant on air. The improved growth 4$odB
mutant can be attributed to generation of pseudotants, as colonies oflsodB
pseudorevertants able to grow on air were obtaameplates grown aerobically.

19



1.8

—O— 4sodB mixotrophically; aerobic
—&— /AsodB autotrophically; microaerobic
1.4 4 | —®— 4sodB mixotrophically; microaerobic
—O— 4sodB autotrophically; aerobic

1.6

1.2 4

1.0 4

0.8 1

OD730

0.6

0.4

0.2

0.0

0 20 40 60 80 100 120

Time (hours)

Fig. 4 .2 Growth offsodB mutant under aerobic and microaerobic condg&iin BG medium and BG medium
supplemented with 5 mM glucose.

SOD activity was measured in soluble protein fiactdy spectrophotometric method
using xanthine/ xanthine oxidase/ cytochrotrsystem or by native polyacrylamide (PAGE)
gels using negative nitro blue tetrazolium stain{Bgauchamp and Fridovich, 1971) (Fig.
4.3). SOD activity measured in soluble protein @sttwvas under the detection limit (0.5ug/
chl) for 4sodBand 29 Ujg Chl for WT. This indicates that no other supedexdismutase is
present irSynechocystis.

The4sodBmutant was also characterized by gene expressibarp of selected ROS-
responsive genes in the absence of SOD (Chapter 4.2

’ '-':'H Fig. 4.3 SOD activity on native polyacrylamide géle 1: 4sodB;
line 2: WT; 40 pg of soluble proteins loaded.

SOD
activity
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4.1.2. Thioredoxin peroxidase deletion mutants

The tpx (sll07595 gene was inactivated by replacing the middle 36@éap between
Hindlll and Hindll sites by an erythromycin resistance cassettés Thnstruct was used to
transform WT and the mutant lacking catalase-péiase f{katG). Both deletion mutants
were segregated under microaerobic conditionspadth the mutant grew normally under
aerobic conditions. The complete segregation wasiraoed by PCR (Fig. 4.4).

1 2 3

Fig. 4.4 The segregation of thtpx mutant. The PCR amplification of
29 kb the tpx gene in WT angtpx mutant yielded 1.4 kb PCR product in WT
and 2.9 kb product containing the erythromycin s&mice cassette in
segregateditpx. Line 1 — WT; 2 Atpx; line 3 — DNA 1 kb ladder.

The phenotypes of both mutants were characterized
by their growth rates, sensitivity to peroxidesroxéde
1.4 kb decomposition rates, lipid peroxidation levels agene
expression under various stress treatments.

Atpx  and AtpxdkatG  mutants grew  both
photoautotrophically and photomixotrophically. Tgw@wth
rates of both mutants in liquid media were onlghsliy
decreased in comparison to WT (Table 4.2).

=

Table 4.2 Growth rates of th#tpx mutants and WT under microaerobic and aerobiwiions.

Strain Doubling time
Photoautotrophically Photomixotrophically
Microaerobic Aerobic Microaerobic | Aerobic
AtpX 10 h 13 h - 8.5h
AtpxidkatG 10 h 14 h - 9h
WT 9h 12 h - 9h

Sensitivity of strains to pD,, t-BUuOOH and MV was estimated by diffusion assay
(Fig. 4.5). All threedtpx, Atpx/idkatG and andtkatG mutants were slightly more sensitive to
H,O, than WT (Fig. 4.5A). Strains lacking KatG were m@ensitive thanltpx, supporting
important role of KatG in peroxide decompositiorl faur tested strains exhibited the same
sensitivity tot-BuOOH (Fig. 4.5B). Interestinglyftpx exhibited higher resistance to MV than
WT and two4katG mutants (Fig. 4.5C). Also, the straifipx/1katG was 4-times more
sensitive to HO, than4tpx during growth in liquid media (Fig. 4.6A, B). Thssiggests that
no other enzyme can replace the catalase peroxiasaling with large amount of,B,.
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AkatG

AtpxidkatG

Atpx

Fig. 4.5 Sensitivity of WT and mutants to peroxided MV on agar plates. The formation of lytic zone
represents lethal effect of applied solution of30-mM HO, (A); 0.1 — 50 mM t-BuOOH (B) or 0.1 — 50 mM
MV (C) to the cells.
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Fig. 4.6 HO, sensitivity ofdtpx andAtpxdkatG strains. Growth offtpx (A) andAtpxidkatG (B) mutants in
presence of 0-100 uM,B,.

Oxidative stress frequently results in increaseid liperoxidation. Therefore, lipid
peroxidation was measured in the presence of tlpersxide generator MV. The lipid
peroxidation was measured by modified FOX assayVih, Atpx, AtpxidkatG and AkatG
strains during 1 uM MV treatment for 6 hours. Iraged lipid peroxidation was not observed
in any strain. There was significantly increasedam of HO, in the straingitpx/41katG due
to katG deletion. The same effect was observed for 5uM Matment, where the cultures
became dead after 6 hours.
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Fig. 4.7 Formation of lipid hydroperoxides and,®3 in Atpx and AtpxidkatG strains during 1 uM MV
treatment. The formation of lipid hydroperoxide©@H) and HO, was measured by modified FOX assay and
related to WT.

The ability to detoxify HO, or organic hydroperoxides that may mimic lipid
peroxidation, likely contributes to cell survivalurihg oxidative stress. To study the
physiological role of Tpx, the ability to detoxiBxternally added 50 uM J@, or t-BuOOH
by FOX assay and peroxide-dependent oxygen evalubp Clark-type electrode were
estimated iMtpx deletion mutants.

From previous results it was evident that th@©jidecomposition has to be measured
in 4katG background due to high catalase-peroxidase ac{iVichy and Vermaas, 1999), as
WT and 4tpx completely decomposed 50 uM externally adde@®-Hwithin the first 15
minutes (Fig. 4.8A), in contrast t6BuOOH activity which can be estimated in WT
background. Theftpx/1katG mutant exhibited the same®, decomposition capacity as the
AkatG mutant (Fig. 4.8B) and the B, decomposition in theltpx/1katG mutant was light-
dependent as reported previously for tHetG mutant (Tichy and Vermaas, 1999). These
indicate that Tpx does not significantly contribtweH,O, decompositionn vivo (Fig. 4.8B).
Similarly to HO,, no significant difference was observed betweenirg containing or
lacking Tpx int-BUuOOH decomposition under both light and dark d¢towes (Fig. 4.8C)t-
BuOOH was not completely decomposed by any stranng 30 min. Although the light-
dependent decomposition can be clearly seen, iber@ evidence that WT anttpx differ in
decomposition of alkyl hydroperoxide (Fig. 4.8CheBe indicate that other enzymes are
responsible for the light-dependent activities.
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Fig. 4.8 Peroxide decomposition by Synechocystls ée media. The light-dependent detoxification of
externally added peroxides was measured as decigseroxide concentration by cells in dark or liglsing
FOX assay; influence of KatG background — decontiposiof peroxides byikatG and WT in dark (A);

decomposition of kD, by AkatG andAtpxidkatG mutants (B); decomposition of t-BuOOHAtgx mutant and
WT (C).

It has been reported that the peroxidases useraisctgenerated during the
photosynthetic electron transport as their acaésitare not observed in the presence of
Photosystem |l inhibitors or in the dark (Miyake ak, 1991). In the presence of
glycolaldehyde, when the fixation of G@& inhibited (Miller and Canvin, 1989) and the O
evolution is stopped in the light, addition BBUOOH to illuminated cells induce the
BuOOH-dependent O evolution demonstrating the peroxidase activitylieating that
electrons used for peroxide reduction are comiagnfphotosynthetic electron flow.

t-BuOOH-dependent £evolution was measured iipx mutant and compared to that
of WT. In both strains theBuOOH-dependent £evolution was stopped in the presence of
Photosystem Il inhibitor DCMU or in the dark. Atpx thet-BuOOH-dependent £evolution
was decreased to about half of that in WT (Tab®).4lhis indicates that Tpx is using for
peroxide reduction electrons from photosynthetecebn flow. It also shows that another
peroxidase with the same source of electrons resmautpx.

Table 4.3 t-BuOOH-dependent evolution of oxygeMVih andAtpx was measured in presence of 10 mM
glycolaldehyde on light. Data are the mean valu8D of three independent experiments.

100 uMt-BuOOH 1 mMt-BuOOH
Strain pumol @- mg chlorophylf - h*
WT 29.8 +3.5 63.6 +4.2
Atpx 182+1.1 33.6+.9

Mutant phenotypes were also characterized by gepesssion pattern of selected
ROS-responsive genes (Chapter 4.2).
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4.1.3. AhpC deletion mutant

The 4ahpC strain was prepared by the replacement of the evddghC (sll1621) gene
with a kanamycin resistancassette from pUC4K plasmid using a megaprimer R@khod
(Dobakové et al.2009). Linear deletion constructsere obtained containing upstream and
downstream regions of thehpC genewith the kanamycin resistance cassette in the middl
Full segregation was reached only under microaerodmditions with catalase and confirmed
by PCR (Fig. 4.9).

1 2 3
e : Fig. 4.9 Segregation of théahpCmutant. PCR amplification of
ahpC gene from the mutant segregating under micoiae
conditions (1) and WT (2). Line 1 - fully segreght¢ahpC
mutant; line 2 - WT; line 3 - DNA 1 kb ladder.

1.7 kb

Whereas thelahpC mutant was segregated under microaerobic condiiiowas able
to growth on air but its growth severely impaireBaljle 4.4) as already reported by
Kobayashi et al., (2004) and Hosoya-Matsuda e(2005). The cultures on air were turning
brown-green color (Fig. 4.10) and could not beieated with OG3p < 0.2 at light intensity
of 40 umol m? s*. This is probably due to lower light intensity peach cell in denser
cultures. We followed accumulation of carotenoidsl also expression levels of selected
ROS-responsive genes in WT and4ahpC during microaearobic and aerobic growth (see
Chapter 4.2 for gene expression).

Table 4.4 Growth rates of titahpC mutant and WT under microaerobic and aerobitddions.

Strain Doubling time

Aerobic Microaerobic
WT 12 h 9h
AahpC 28 h 12 h
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Fig. 4.10 Phenotype of WT anthhpC grown
under aerobic conditions.

Pigment spectra of WT amthhpC were measured in methanol cell extract. The WT
andahpC cultures cultivated under microaerobic and aerabitditions showed difference
in color and growth rates (Fig. 4.10; Table 4.4)eTcolor change was caused primarily by
increased carotenoid contentdahpC (Fig. 4.11). WhemahpCwas shifted from 0.5 under
microaerobic condition to air it exhibited fast iease in carotenoid content (Fig 4.11). In
WT, no such increase in carotenoid content wasrebdgFig 4.11). These findings indicate

the protection role of carotenoids.

2.5 q

WT;0h
((((((((((((((((((( WT’ 24 h
— — — ZahpC;0h
———— JahpC;1h
——————— 4ahpC; 6 h
— - dahpC;24h

Absorbance

00 - T T T
400 500 600 700

Wavelenght (nm)

Fig. 4.11 Accumulation of carotenoids in WT addhpC after transition from microaerobic to aerobic
conditions. Absorption cell pigment extracts in magtol, normalized to chlorophyll.
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WT and 4tpx exhibited light-dependent peroxidase activity. bntcast, deletion of
ahpCdramatically decreas¢eBuOOH decomposition. Externally adde8uOOH to media
was not efficiently scavenged and the decompositiorlight and dark did not differ
significantly in thesahpC mutant (Fig. 4.12). This indicates that AhpC ispensible for the
observed light-dependent peroxidase activity. Twas further supported by measurements of
the t-BuOOH-dependent oxygen evolution AahpC No oxygen evolution was detected in
thedahpCmutant either in presence of 100 uM or 1 mBUOOH (Table 4.5).

Table 4.5 t-BuOOH-dependent evolution of oxygewinand4ahpC mutant were measured in presence of 10

mM glycolaldehyde on light. Data are the mean valugD of three independent experiments.
100 pMt-BuOOH 1 mMt-BuOOH
Strain umol @- mg chlorophylf - h*
WT 29.8 +3.5 63.6 +4.2
AahpC(Ny) 0 0
AahpC(Oy) 0 0

N2 — microaerobically cultivated
O, — aerobically cultivated

60

50 A

40

30 1

20 +

—O0— JahpC; dark
—®@— JahpC; light
10 A —— WT; dark
—B— WT,; light
—L— t-BuOOH control

Concentration of t-BUOOH (uM)

0 T T T T T T T
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Time (min)

Fig. 4.12 The light-dependent decomposition of 80ttgBuOOH in vivo by straingahpC and WT measured
with FOX assay.
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4.2. Expression pattern of ROS-responsive genes in dal@ mutants during normal
growth conditions and various stress treatments

4.2.1. Steady-state expression of ROS-responsive geMé$ snd mutants

Deletion of individual genes coding for ROS detgxif enzymes may lead to
disturbed cell protection against oxidative stre3sis mutation may be complemented by
changed expression of other genes involved in respto ROS serving as a backup system.
We have followed expression pattern of a set ohsgenes (Table 3.3) and compared it to
WT under standard growth conditions. Expressionliléf was used in this and further
experiments as a stress indicator (Kufryk et &08). Expression of this gene is transiently
highly induced by most stresses as shown in maltipicroarray studies (Hihara et al., 2001;
Kanesaki et al., 2007; Shoumskaya et al., 2005).

Induced genes with relative expression levels2 >are summarized in Table 4.6
indicating the compensation of deleted ROS-respengene by increased expression of
others. The permanent expressionli# in Atpx and AkatG mutants indicates their higher
sensitivity to stress. InterestingifA expression was not induced in microaerobic conustio
The potential backup system fdkatG or Atpx was demonstrated by the highly induced
expression ofjpx-2gene. The up-regulation &&tG gene indahpCmutant also indicates the
compensation of missing peroxidase activitylahpCby KatG.

Table 4.6 The steady-state expression in WT and-d®&@&on mutants, up-regulated genes with thetingda
expression level 2.

Gene Strains
Atpx AkatG  AtpxidkatG  A4ahpC 4AsodB WT
(N2) (N2) (N2)
sodB 3x 2X 3x ni - ni
katG ni - - 5x ni ni
Gpx-2 3x 6Xx 4x ni ni ni
liIA X 14x 4x ni ni ni

N> — microaerobically cultivated
- — not determined
ni — not induced

4.2.2. ROS-gene acclimation gbhpC,4sodB and WT to air

We also followed growth and expression of the sasteof genes in WT andiahpCor
4s0dB mutants after transition from microaerobic to &eroconditions (Table 4.7). The
expression of selected genes showed some diffesematrain acclimation to air (Fig. 4.13A,
B, C). The growth was significantly suppressedisodBmutant and only partially inahpC
after transition in comparison to WT (Fig. 4.13heldegree of growth suppression indicates
the importance of deleted gene product3gnechocystigiability on air. The highest stress
was also manifested with long-term induction of m&OS-responsive genes and high
expression ofilA in 4sodB(Fig. 4.14C). Different way of acclimation was cheteristic for
AahpC where the gene induction was less pronounced @&iB). This correlates with
different carotenoid accumulation in WT andhpC (Fig. 4.11) and indicates its differences
in acclimation to oxygen.
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Fig. 4.13 The growth afahpC,4sodB and WT strains after transition from microd#ooto aerobic conditions.

Table 4.7 Genes up-regulated by air treatmentstampC, 4sodB mutants and WT. The numbers show the
relative expression levels of a particular geneaf0, 60 and 360 minutes after transition fromneéerobic to
aerobic conditions. Only genes with higher relativeluction than 2 for particular stress are shown;

inactivated gene.

Fold changes/time period (min)

Air stress

Strain| WT AahpC 4sodB
Gene 20 60 360 20 60 36( 20 60 360
sodB 14 2.1 2.7 2.3 1.9 1.1 - - -
slr1198 0.6 1.2 1.2 1.9 2.1 0.9 0.6 0.7 1.4
gpx-1 1.3 1.3 1.8 2.4 2.0 0.6 2.3 2.4 3.7
gpx-2 2.5 1.6 1.9 2.7 1.9 1.1 5.4 3.5 6.7
ahpC 2.2 3.1 54 - - - 2.1 2.0 3.4
lIIA 3.5 0.8 1.7 1.9 1.9 1.3 15.0 3.5 2.8
A 6

—&— sodB gene
—&— sIr1198 gene
59 | —A— gpx-1gene
—W¥— gpx-2 gene
—— ahpC gene
4 4 | —O— lilA gene

Relative gene expression

0 100 200 300 400
Time (min) 31
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Fig. 4.14 The relative gene expression in WT ¢fghpC (B) and4sodB (C) strains after transition from
microaerobic to aerobic conditions.

4.2.3. Expression pattern of ROS-responsive genes inioielstutants during various stress
treatments

Direct exposure of organisms to changes in thewirenment leads to stress and
results in increased ROS production. Survival ddpesn the ability of these organisms to
acclimate to such changes by efficient scavenginidpese ROS. Participation of individual
proteins coded by ROS-responsive genes to vartoesssacclimations is not well understood.
Our main attention was focused to screen up-reglilgenes after various stress treatments,
particularly high light (HL) - 50Qumol mi? s® of light, low temperature (LT) — 18°C, high
salinity (NaCl) — 0.5 M NaCl, MV = 5 uM MV, peroxed— 0.5 mMt-BuOOH or HO,. The
expression pattern of ROS-responsive genes in nsuteas followed at time 0, 20, 60 and
360 minutes, normalized to time 0, and summarinetable 4.8A-F. Some stress treatments
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(MV, t-BuOOH, high salinity) led to isolation of degrade®lA indicating their lethal effect.
This effect was most pronounced after 360 min mneats. For some of the stresses the
changes in growth rates were also measured (FI$A4D). The relative gene expression
levels in the mutants generally followed that of With lower amplitude.

The stress acclimation tagh light (HL; Table 4.8A) conditions, the most common
stress inducer in photosynthetic organisms, wasesepmted with a typical short time
induction of lilA in all strain tested, indicating stress inductidtso ahpC was gradually
induced in all strains indicating its role in aatdition and elimination of ROS. TlsedBgene
already reported as HL inducible in WT (Hihara &t 2001; Huang et al.,, 2002) was
significantly induced only in WT andlahpC Mutants carrying thettpx andbr dkatG
background did not reveal any other gene inductibereas WT dahpC or 4sodB mutants
showed increasing induction gfpx-2 gene that has been shown to be light inducible by
Hihara et al., 2001 and Huang et al., 2002.

Table 4.8 Genes up-regulated by various stresdrireats in WT and mutants. The numbers show thévela
expression levels of a particular gene after 20a6@ 360 minutes of stress high light (A); low teragure (B);
high salinity (C); MV (D); HO, (E); organic peroxide (F). Only genes with highelative induction than 2 for
particular stress are shown; nd — not determinehactivated gene.

Table 4.8A
Fold changes/time period
High light (HL)

Strain| WT Atpx AkatG
Gene 20 60 360 20 60 360 20 60 360
sodB 2.6 0.9 1.7 0.4 nd nd 1.1 0.7 0.7
gpx-1 2.1 2.5 2.4 1.0 0.6 nd 1.0 1.1 0.4
gpx-2 6.1 7.3 7.6 1.8 1.4 1.9 0.7 0.6 1.4
ahpC 2.1 2.8 3.7 1.6 1.6 2.1 2 1.7 3.5
liIA 58.0 14.7 7.2 18.0 2.5 0.5 14.3 1.6 0.5

Strain | AtpxidkatG AahpC(Ny) As0dB(Ny)
Gene 20 60 360 20 60 360 20 60 360
sodB 0.8 0.4 Nd 2.7 1.7 2.5 - - -
gpx-1 1.0 0.7 Nd 0.8 1.1 0.5 2.4 2.6 4.6
gpx-2 1.2 1.0 1.1 2.1 2.9 5.5 3.8 2.8 2.5
ahpC 1.9 2.3 3.0 - - - 5.3 3.5 3.4
liIA 11.7 3.0 0.3 18.1 11.6 2.0 54.8 12.1 2/4

Low temperature (LT; Table 4.8B) is known to influence membranexibility and
limit physiological role of membrane proteins. Liiduced expression abdBin all strains.
Our results demonstrated its temporal expressioly, #/ahpC showed maximum induction
after 6 hours. In agreement with other studiesati@C gene was not induced by LT (Suzuki
et al.,, 2001).gpx-2 was significantly induced in all mutants and intlme of gpx-1 was
detected in WT andsodB where it gradually increased. ThA gene demonstrated stress
induction in all strains.
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Table 4.8B

Fold changes/time period
Low temperature (LT)

Strain| WT Atpx AkatG
Gene 20 60 360 20 60 36( 20 60 360
sodB 5.3 4.2 1.0 4.0 5.4 2.2 2.4 2.9 1.p
gpx-1 1.3 2.3 1.5 1.0 0.9 1.4 1.2 15 1.6
gpx-2 6.1 9.0 7.4 3.4 3.3 3.4 2.0 1.8 0.8
SI1159 2.3 0.9 0.5 0.5 0.4 0.4 2.7 1.3 0.8
1A 185.0 198.0 16.0 66.8 45.1 11.1 28.0 20.1 2.6

Strain | AtpxidkatG AahpC(Ny) As0dB(Ny)
Gene 20 60 360 20 60 36( 20 60 360
sodB 2.1 2.7 1.3 1.1 3.9 4.7 - - -
gpx-1 1.1 0.9 1.8 nd nd 1.6 11 2.1 3.8
gpx-2 3.1 2.4 2.7 1.8 2.1 1.7 3.8 4.5 2.6
liIA 33.9 22 7.1 31.7 33.8 25.8 44.8 56.6 25.9

High salinity (HS; Table 4.8C) stress that was intensively stithig many authors in
WT due to histidine kinase regulation (Shoumskaya.e2005). Our results are in agreement
with these authors. We show that this stress htlleffect to4sodB AdahpC and gkatG
manifested as color change and deceased growth 4HRi§A). Our results showed specific
induction of stress indicatdilA, and alsosodB which are regulated by histidine kinases
(Shoumskaya et al., 2005). The PerR regulaepdC was also strongly induced with the
maximum level at 1 hour in all straingpx-2was specifically induced in WT anttpx after
20 minutes, indicating that steady-state inductérthis gene was not sufficient for stress
response to such strong stress in these mutants.

Table 4.8C

Fold changes/time period (min)
High salinity (HS)

Strain| WT Atpx AkatG
Gene 20 60 360 20 60 36( 20 60 360
sodB 20.6 21.7 3.4 12.6 19.3 3.0 10.0 11.0 14
gpx-1 0.5 0.3 2.0 1.0 0.8 1.4 0.7 0.6 2.1
gpx-2 2.1 1.4 3.5 2.6 0.9 0.8 0.7 nd nd
ahpC 6.2 14.3 1.8 8.7 17.4 2.2 5.0 11.0 0.6
sll1159 14 1.5 1.3 1.6 0.9 0.5 0.6 0.6 0.6
liIA 57.8 43.6 2.0 21.9 4.6 1.9 4.6 0.8 0,5

Strain | AtpxidkatG AahpC(Ny) As0dB(Ny)
Gene 20 60 360 20 60 36( 20 60 360
sodB 10.8 14.0 0.2 9.8 9.3 2.1 - - -
gpx-1 1.0 1.7 1.1 0.4 nd nd nd nd ng
gpx-2 2.5 1.6 0.8 0.9 0.7 1.0 nd nd nd
ahpC 7.1 11.0 0.5 - - - 2.8 15.5 2.5
sll1159 2.1 3.4 4.2 0.6 nd nd nd nd e
lIA 41.1 7.1 1.2 4.8 0.4 0.5 10.8 22.2 84
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Fig 4.15A Influence of high salinity to growth of\&nd mutants.

MV (Table 4.8D), a superoxide generator, is usedrasg oxidative stress inducer.
Interestingly, no strains expresssatiBat significantly higher rates as a response to WY.
expectedahpCexpression was induced to high levels in all sgalhe increased expression
of sll1159 in WT may indicate its involvement in peroxide adgfication. The specific
induction showed alsgpx-2in WT and4sodBin comparison to mutants witkkatG or Atpx
backgrounds. This is in accordance to the higheglseexpression ofpx-2 at steady-state
Atpx or AkatG deletion mutants (Table 4.6). Interestingly, digin gpx-1induction was also
detected in some mutants. Surprisingly, the express lilA was not found inftpx mutant,
possibly due to destabilization of RNA caused lbgrgy oxidative stress.

Table 4.8D
Fold changes/time period (min)

Methyl viologen (MV)

Strain| WT Atpx AkatG
Gene 20 60 360 20 60 36( 20 60 360
sodB 1.2 1.2 0.9 15 0.8 0.5 0.7 0.8 nd
gpx-1 1.8 1.5 11 2.8 2.5 1.9 2.1 0.9 nd
gpx-2 9.7 3.2 2.1 0.8 0.5 nd 0.7 nd nd
ahpC 47.5 77.9 27.6 13.3 50.1 15.6 34.0 27.5 a.8
slr0242 0.9 0.7 0.7 1.6 0.9 0.5 0.8 0.6 0.6
sll1159 1.9 2.0 2.5 1.4 0.9 1.0 4.8 3.8 1.9
liIA 13.0 5.0 3.0 nd nd nd 7.2 8.62 0.4

Strain | AtpxldkatG AahpC(Ny) As0dB(Ny)
Gene 20 60 360 20 60 36( 20 60 360
sodB 0.9 0.5 0.5 nd nd nd - - -
gpx-1 2.1 1.3 0.8 nd nd nd 1.6 0.5 1.0
gpx-2 1.8 1.3 1.1 nd nd nd 3.9 14 0.y
ahpC 14.9 65.0 22.5 - - - 5.7 0.8 1.5
slr0242 2.5 0.9 0.8 nd nd nd 0.5 0.4 1.3
sll1159 2.3 1.8 1.8 nd nd nd 0.5 11 4.8
liIA 1.0 1.4 1.3 nd nd nd 70.5 59.7 2.7
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1.0
—&— AahpC strain
091 | —®— WT
—A— /katG strain
0.8 1 —— Atpx strain
: —O— Atpx/dkatG strain
—O— AsodB strain
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o
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Fig 4.15B Influence of MV to growth of WT and mtdan

Hydrogen peroxide (Table 4.8E), as one of oxidative stress indusas not applied to
WT due to its high KatG activity (Tichy and Vermaa®899). It was used primarily fatkatG
and Atpxl4katG with inactivated KatG but also tdahpC and Atpx mutants with KatG but
impaired in peroxiredoxin genes. Unexpectedly, egpion profiles offtpx and AtpxidkatG
were very similar that indicates fast inductionHbO,, as gene expression is induced before
H,O,, is eaten up by KatG. In all tested mutants thes@gmce of kD, led to stress
demonstrated by quick inductionldA gene. Also high induction @hpCgene at 20 minutes
and 1 hour was demonstrated, indicating the role AbpC in hydrogen peroxide
detoxification (Li et al., 2004). Interestingly thex-2was induced only in mutants wittipx
background, although it was up-regulated at stesaly also iMkatG mutant. Surprisingly
up-regulation o&ll11159 coding for probable peroxiredoxin was detectedlimutants, what
has been described for WT by Singh et al. (2008is hdicates the physiological importance
and potential peroxidase activity of protein enabdgsli1159gene. The lethal effect due to
KatG deletion is also seen on growth rategladtG andAtpx/katGmutants in comparison to
other strains (Fig. 4.15C), indicating important&atG.

Table 4.8E
Fold changes/time period (min)
Hydrogen peroxide (HO,)

Strain| WT Atpx AkatG
Gene 20 60 360 20 60 36( 20 60 360
sodB 1.0 0.7 1.1 1.1 15 nd
gpx-2 2.7 0.8 0.5 0.5 nd nd
ahpC 12.9 5.2 2.4 9.7 9.9 nd
sll1159 21.4 28.2 1.0 4.2 2.5 4.0
liIA 52.9 nd nd 20.0 12.0 nd
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Strain | AtpxidkatG AahpC(Ny) As0dB(Ny)
Gene 20 60 360 20 60 36( 20 60
sodB 1.0 14 1.7 0.4 1.2 2.4
gpx-2 2.5 1.1 1.3 0.9 0.9 1.1
ahpC 9.8 8.6 1.6 - - -
sll1159 57 6.0 1.2 2.1 14 1.0
liIA 51.5 26.0 0.7 3.9 0.7 0.4

1.0

—— AahpC strain
—a— WT

—A— AkatG strain
—— Atpx strain

0.8 9| —— Atpx/dkatG strain
—O— 4sodB strain

0.9 4

0.7 A

OD750

0.6 A

0.5 ~

0.4 4

0 5 10 15 20 25 30

Time (hours)

Fig 4.15C Influence of }0, to growth of WT and mutants.

Organic peroxide stress (Table 4.8F) was induced i3BuOOH that can also cause
lipid peroxidation, therefore induction of geneslic for peroxidases with broad substrate
specificities should occur. This treatment caudeé-green color changes #ahpC mutants
during first 20 minutes indicating the membranetidesion and death of the cells, also shown
by the stopped growth afahpCand other strains. Therefore the expression levele only
partially detected. HighlA induction was followed by strorehpC up-regulation. Surprising
was the high level up-regulation cfll1159 in all strains tested, indicating possible
involvement in lipid peroxide detoxification. Sorsgains induced alsgpx-2but surprisingly
only 4sodBinducedgpx-1 Also sodBgene was up-regulated only in WT.

Table 4.8F
Fold changes/time period (min)

Organic peroxide ¢-BuOOH)

Strain| WT Atpx AkatG
Gene 20 60 360 20 60 36( 20 60 360
sodB 3.0 5.7 nd 0.4 0.7 nd 0.7 2.0 0.8
gpx-1 1.3 2.0 nd 1.5 0.8 nd 1.0 0.9 nd
gpx-2 4.1 1.5 nd 3.4 0.6 nd 0.7 0.2 nd
ahpC 21.6 10.0 0.5 16.5 2.9 0.8 28.0 18.7 712
sll1159 51.6 9.7 1.3 28.7 5.5 nd 34.0 34.4 0/9
A 49.0 8.5 nd 35.0 5.4 nd 3.0 0.4 nd
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Strain| AtpxidkatG AahpC(Ny) As0dB(Ny)
Gene 20 60 360 20 60 36( 20 60 36
sodB 0.3 0.9 nd 0.9 5.1 nd - - -
gpx-1 1.7 0.7 0.8 0.5 nd nd 2.5 15 0.
gpx-2 2.5 0.2 nd 1.5 0.7 nd 3.9 1.1 na
ahpC 26.0 13.0 2.8 - - - 20.3 9.3 0.§
sll1159 15.3 12.0 nd 5.1 1.1 nd 5.7 1.2 0.
liIA 35.7 4.1 nd 7.5 9.0 nd 50.0 9.8 0.

1.0

—&— ahpC strain
—a— WT

—A— AkatG strain
—— Atpx strain

0.8 1| —<— Atpx/dkatG strain
—O— AsodB strain

0.9 ~

0.7 1

OD750

0.6 A

0.5 - [@\ —&

0.4 T T T T T T
0 5 10 15 20 25 30

Time (hours)

Fig 4.15D Influence of t-BuOOH to growth of WT andtants.
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4.3. Generation of spontaneous MV-resistant mutants antbcalization of mutations

4.3.1. Generation of spontaneous MV — resistant mutants

To determine howSynechocystiscopes with MV, an oxidative stress inducer,
spontaneous mutants resistant to MV were generated/T background. Mutants were
obtained by cultivation of WT in liquid medium wiihcreasing concentration of MV from
0.5 to 20uM. From the plates with 2(M MV single colonies were isolated and cultivated o
plates with up to 6QuM MV. Eight colonies from several experiments weselated and
named MV-A, MV-B and MV-1 to MV-6. Mutants were ¢whted in liquid BG
supplemented with 2AM MV and subjected to restriction analysis.

4.3.2. Mutation mapping

DNA isolated from both MV-resistant mutants tramefed WT with high efficiency,
indicating that the mutation is in a single gen&y.(®.16). It allowed us to localize the
mutation by the restriction enzyme mapping methegmeviously described by Ermakova-
Gerdes and Vermaas (1999), Tichy and Vermaas (200 method is based on the
restriction of chromosomal DNA with individual reastion endonucleases, separation of
fragments according to their size and transformattb WT with pools of fragments with a
known size. For each enzyme the size range of aamgiting fragments was identified and
compared. Usually, a single fragment matching &l <riteria is found. Unlike in the
previous studies where the selection for autotomrowth was used, the transformation
protocol had to be adapted for the selection of M¥istant transformants yielding single
colonies with low background of non-transformeds€@Fig 4.17). The optimized two-week
schedule is shown in (Table 4.9).

Table 4.9 The optional transformation time scheddlkis schedule includes the estimated time-depgndi
increase of MV concentration in BG agar platesdoccessful transformation with DNA carrying mutatio

Days Media
1-4 BG

5-7 20 UM MV
8-9 40 pM MV
10-14 |60uM MV

Fig 4.16 Transforming of WT with chromosomal DNA
isolated from the MV-A and MV-B mutants. On theeplaith

40 pM MV hundreds of transformants are forming kng
colonies after transformation with DNA from mutants
whereas, only several colonies are growing in non
transformed WT control.

MV-B
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4.3.2.1. Localization of the MV resistance mutation in MY{A/B mutants

DNA from both mutants was completely digested bylofing restriction
endonucleases: BamHlI, Bglll, Bsul5l, EcoRI, EcoRNAdII, Hindlll, Pvull and Smal. The
only chromosome region that satisfied all the retstn data was a 2571 bps long fragment
carryingprgR gene (Table 4.10; Fig. 4.18). The indication that MV resistance mutation is
in prgqRgene was confirmed by transformation of WT witihR gene, amplified by PCR with
primers MV1, MV2 (Fig 4.18) using DNA from resistanutants as a template.

Table 4.10 Restriction analysis of MV-A and MV-Banis.

Restriction Supposed fragment lendthhe fragment lengthiThe fragment length
endonuclease | carrying geneslr0895 for MV-A for MV-B

(bps) (bps) (bps)
BamHI 3 355 3 000-4 000 3 000-4 000
Bglll 3 055 3 000-3 500 3 000-3 500
Clal 7 006 weak 6000-8000 nd
EcoRV 17 887 huge background longer than 10 000
HindlIl* small fragments nt nt
Hindlll 6 390 5 000-8 000 5 000-10 000
Pwull longer than 50 000 longer than 40 000  lortgan 40 000
Smal 5372 nd 4 000-6 000

nd - was not detected
nt — no transformed

Fig. 4.17 Transformation with restriction fragmentWT
= transformation with the population of 3 000 — 4 Gfjs BamHlI
fragment of the MV-A mutant. WT — non transformdd W

[ & g1

WT

Sequencing a of thergR gene from the MV-A, and MV-B mutants” using the BV
primer revealed single T to G mutation of the rotide 154 leading to the substitution of
tyrosine 52 to glutamic acid (Y52E) in the PrqRtpno (Fig. 4.18; Table 4.13). This regulator
from the TetR family has been previously identifiexd control expression of the MATE
family transporter PrgA (Nefedova et al., 2003aban et al., 2003). Phenotype of this new
Prq mutant was identical to the previously descriBeqR20 mutant, suggesting that also
Y52E substitution results in impaired binding of tated PrgR protein to DNA leading to
derepression of the PrgA transporter.
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2762674 2765244

G i

2762442 2763533 2764239
< sliosss e PrAR > prgA >
2763323
BamH| 2762598 (3355 bp) 2765952
Balll 2762190 (3055 bp) 2765244
Clal 2760923 (7006 bp) 2767928
EcoRV 2756564 (17887 bp) 2774450
Hindll 2762513 (1134 bp) 2763646 (1147 bp) 2764792
HindlIl ~ 2760544 (6391 bp) 2766934
Pwull 27068063 (63826 bp) 2770688
Smal 2762674 (5372 bp) 2768045

Fig. 4.18 The restriction map of chromosomal regidiBynechocystis containing genes prgR, prgA HD886.
The hatched rectangle with genome positions indikdhe resulting fragment (2571 bps) from resticti
analyses of MV-A and MV-B strains. The arrows iatiche primers used for the localization of matatand
sequencing. The cross indicates the mutation posiffhe restriction sites and fragment sizes ofric®on
enzymes used for localization are shown below.

41



>s|r0895{2763170 - 2763733 direct} transcriptional regolat WT
MVSGKRLRSK SI QPSQLLTA ANQVI VSQGV DALTLDAVAS EAGVSKGGELL
HYFPTKEALI AGWQQALDR FVETLHQELA NDPAPDTPGH W/RAYI RASA
LDDQENYELH FNLLAANFTN PELLAPMRHF WQECHGQ MA SG.DPAVATV
| RLAMDGLW. THLHGFAPLE DPLRSQVI AT ALKLAQL

>s|r0895{2763170 - 2763733 direct} transcriptional regolat point mutation in MV-A, B
strains
MVSGKRLRSK SI QPSQLLTA ANQVI VSQGV DALTLDAVAS EAGVSKGGELL

al — helix a2 — helix a3 - helix
HEFPTKEALI AGWQQALDR FVETLHQELA NDPAPDTPGH W/RAYI RASA
LDDQENYELH FNLLAANFTN PELLAPMRHF WQECHGQ MA SG.DPAVATV
| RLAMDAW. THLHGFAPLE DPLRSQVI AT ALKLAQL

Fig. 4.19 PrgR protein sequences of MV-resistantamis. Point mutations of prgR gene in MV-A and BIV-
mutants leading to substitution of original tyrosiB2 to new glutamic acid (Y52E)dd-3 — helix (underlined)
of conserved DNA binding domain; WT-sequence frgan@Base (http://genome.kazusa.or.jp/cyanobase/).

4.3.2.2. Localization of the MV resistance mutation in Méatl MV-6

We were primarily interested in new mutations napping intoprgR To avoid
generation and characterization of furthegR mutants, th@rgR gene from the MV1 to MV6
resistant strains was amplified by PCR and usedctlyr to transform WT. When MV
resistant colonies were formed, indicating thatrémponsible mutation is jrgR, the strain
was discarded. OnlprgR from two mutants MV-4 and MV-6 did not yield MV gistant
colonies although their total DNA transformed witigh efficiency (Table 4.11). It was
probable that the resistance mutations in thesentwiants are localized in different gene(s)
and the mutants were subjected to new restrictnatyais.

Table 4.11 The transformation efficiency of chroomeal DNA and of PCR product of the prqR gene frov M
resistant mutants in WT.

Mutants Transformation ability

DNA PCR ofprgRgene
MV-A Strong + strong+
MV-B Strong+ strong+
MV-1 + +
MV-2 + weak+
MV-3 + +
MV-4 Strong+ -
MV-5 Weak+ -
MV-6 Strong+ -

+ yielding MV-resistant transformants
- not yielding MV-resistant transformants

In addition to restriction endonucleases used @R localization we used also
following enzymes: Acyl, BspHI, BstEll Kpnl, NhelNdel, Pstl, Scal, Stul or Xbal.
Localization of this mutation was complicated bg fact that we were not able to find more
enzymes yielding reasonable sizes of restrictiagrfrents. The large fragments are more
prone to DNA fragmentation complicating data anialy®\s a result, not single but ten
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possible regions carrying the mutation were idesdifand screened by transformation with
respective PCR produdtinally, the mutations leading to MV resistance antimapping into
theprgR gene in both MV-4 and MV-6 were mapped to unkn@eneslrl174(Table 4.12).
These mutations islrl174 gene were confirmed by the transformation of Wihvepecific
PCR products amplified with primers MVQI 1-2 from\4, MV-6 and from WT, MV-A
strains as a control (Fig 4.20). Transformationthwhe PCR products from MV-4 and MV-6
showed very high efficiency in contrast to WT an&M This showed that the mutation is
located inslr1174in the MV-4 and MV-6 mutants.

Table 4.12 Restriction analysis of the MV-4 strain.

Restriction Supported fragment length The fragment length for MV-4
endonuclease | carryingslrl174 (bps)
(bps)
Acyl 6332 4000-8000
BamHI 2045 weak transformation 1000-300
Bglll 22190 20000-40000
BspHI 31467 more than 20000
Clal 15577 15000-40000
EcoRI 5249 5000-8000
EcoRV 17065 (10000-15000) 15000-40000
Hindll 1194 nt
Hindlll 5613 4000-10000
Nhel 8926 6000-15000
Pstl 29197 10000-40000
Smal 2824 nd
BstEIl 6100 4000-8000

nd - was not detected
nt — no transformed

Localization was followed by sequencing using MVQ#&hd MVQI5 primers.

Sequencing revealed surprisingly that point mutetim both MV-4 and MV-6 mapped into
the same amino acid R115 and even more surprisiregulted in different amino acid
substitutions, of original arginine with glycine \E5G) in MV-4 or with leucine (R115L) in

MV-6 (Fig. 4.20, 4.21; Table 4.13). From the seqeesimilarity it was probable that Slr1174
may be a part of an ABC transporter (Fig 5.2).
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1943431 Fragment | 1947069
2
p
slr1173 > ssrl951> slr1174 > < sl11085
1944928
1944929
1944157 1945303
MV9|4 MV9|5

Acyl ~ (1689bp) 1944118 (6332 bp) 1950450

BamHI (10709b p)1943897 1944347 (2045 bp) 1946392

Bglll 19400412 (22190 bp) 1962602

BstE|| 1941186 (6100 bp) 1947286

Clal 1941071 (15577 bp) 1956648

EcoRlI 1943568 (5249 bp) 1948817

EcORV 1928690 (17065 bp) 1945755 (16956 bp) 1962711

Hindll

small restriction fragments, fragment carrying mutation smaller than 1500 bp

Hindlll 1942634

(5613 bp) 1948247
Kpnl 1934679 (23684 bp) 1958363
Pstl 1925916 (29797 bp) 1955113
Smal 1941807 (2374 bp) 1944271 (2824 bp) 1947095

Fig. 4.20 The restriction map of chromosomal regmwhSynechocystis containing genes slrl1174, slr1173
ssr1951 and sll1085. The hatched rectangle wittogenpositions indicates the resulting PCR fragnh¢B639
bps) from restriction analyses in MV-4 strain. Tagows indicate the primers used for the localiaatiof
mutation and sequencing. The cross indicates th@ation positions. The restriction sites and fragtneaes of
restriction enzymes used for localization are shielow.
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>s|r1174{1944586 - 1945374 direct} hypothetical proteiwT

EYRAEI FFW

QVII'TI WI V\E
| LTVLFFSLY
ERASALQDLW
LVGA.PLPFFK

LSGSLPLI LM
FEKEVLEGVL
PEAFW.PDPW
FLFYI FLSGV
SLLI'l GYW G

GVWWKAAESG
SFRLLQPLDP
HFI QGLI G V
| APLETFPDA
| FALLNRW.W

>s|r1174{1944586 - 1945374 direct} hypothetical proteipoint mutation in MV- 4 strain

MGHFPHKL RV LLSVYFAQW
DFTLDAI QVA RYFFAVFVWR
VWHH ARHWA EKMIRLPI LA
CSFTLYFLI Q  YTFALCAFWT
VRQ VLLTPF PYGVYFPAAA
RQGLKQYSGM GA

MGHFPHKL RV LLSVYFAQW
DFTLDAI QVA RYFFAVFVWR
VWHH ARHWA EKMIGLPI LA
CSFTLYFLI Q  YTFALCAFWT
VRQ VLLTPF PYGVYFPAAA

RQGLKQYSGWD  GA

EYRAEI FFW

QVIT'TI WI V\E
| LTVLFFSLY
ERASALQDLW
LVG.PLPFFK

LSGSLPLI LM
FEKEVLEGVL
PEAFW.PDPW
FLFYI FLSGV
SLLI I GYW G

GVWWKAAESG
SFRLLQPLDP
HFI QGLI G V
| APLETFPDA
| FALLNRWL.W

>s|r1174{1944586 - 1945374 direct} hypothetical proteipoint mutation in MV- 6 strain

MGHFPHKL RV
DFTLDAI QVA
VWHH ARHWA
CSFTLYFLI Q
VRQ VLLTPF

RQGLKQYSGM

LLSVYFAQW
RYFFAVFVWR
EKMTLLPI LA

YTFALCAFWI
PYGVYFPAAA
GA

EYRAEI FFW
QVITTI W/ VE
| LTVLFFSLY
ERASAL QDLW
LVGLPLPFFK

LSGSLPLI LM
FEKEVLEGVL
PEAFW.PDPW
FLFYI FLSGV
SLLI I GYW G

GVWWKAAESG
SFRLLQPLDP
HFI QGLI G V
| APLETFPDA
| FALLNRWL.W

Fig. 4.21 SlIr1174 protein sequences of MV-resistantants. Point mutations of slr1174 gene in M\Vhd MV-
6 mutants leading to substitution of original arngie 115 to new glycine and leucine (R115G and R}, 1M -

sequence from CyanoBaggtp://genome.kazusa.or.jp/cyanobyse/

Table 4.13 The localization of point mutations iNsistant mutants.

Mutants Position of localized point mutation Geénet
background
Gene Changed Changed
nucleotide amino acid
MV-A prgrR T154 G Y52 E WT
MV-B prgR T154 G Y52 E WT
MV-4 slr1174 C343 G R115G WT
MV-6 slr1174 G344 T R115L WT

4.3.3. Phenotype characterization of MV-resistant mutants

For the phenotypic characterization of the MV-resis mutants, MV-A and MV-4
mutants each representing mutation in differentegerere selected. Both mutants were
characterized by their growth rates, sensitivitybg and by the expression of selected genes
after MV treatment.

The autotrophic growth rates of both mutants iiigmedia were similar to WT,
MV-A exhibited significantly slower growth on medwith glucose in comparison to WT
(Table 4.14).
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Table 4.14 Growth rates of the MV-resistant mutamis WT.

Strain Doubling time

Photoautotrophically Photomixotrophically
MV-A 13 h 12.5h
MV-4 12 h 10 h
WT 12 h 9h

Both mutants provided similar level of protectiamMV in the diffusion sensitivity
assay (Fig. 4.22A), comparable to the previouslgcdbed MV-A, B. Also both mutants
showed similar resistance to MV on plates, up t@Nd0 They partially differed in the
resistance to MV, when cultivated in liquid med#mwever, both showed similar growth rate
in up to 10 uM MV, growth of MV-4 was patrtially spgessed in comparison to MV-A in 20
MM MV, both cultures died in 30 uM MV (Fig. 4.22B).

A B

14

—&— MV-A
1249 | —O— MV-4
—&— MV-A + 10 pM MV
104 | —0— Mv-4+10 uM MV
—€— MV-A + 20 uM MV
—O— MV-4 + 20 uM MV

0.8
o
Lo
A 0.6 1
(¢
0.4
0.2

0.0 1

0 20 40 60 80

Time (hours)

Fig. 4.22 Sensitivity to MV in resistant mutantee Tormation
of the lytic zones represents lethal effect of i@gpdolution 0.1
— 50 mM MV to the cells (A). Growth rates of thetants in
the presence or absence of MV in liquid media (B).

To elucidate the effect of the mutations we focusedhe expression pattern of the
prgRandslrl174genes, and also on genes except to be importaMVoresistance asodB
prqR prgA or mvrA (Babykin et al., 2003; Nefedova et al., 2003as0Aéxpression dflA
that is transiently highly induced by most stresseshown in multiple microarray studies
(Hihara et al., 2001; Kanesaki et al., 2007; Shdways et al., 2005) was used as a stress
indicator (Kufryk et al., 2008).
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The steady-state expression of selected genes dhtheespecific up-regulation of
prgR and prgA expression levels in MV-A mutant however, theseegehave been only
marginally induced in MV-4 mutant (Table 4.15). Mot MV-A also seems to employ
slr1174 by its expression and shows highiék levels in contrast to MV-4 in steady state.
Surprisingly,sodBgene was not induced in either MV-A or MV-4 strain

To address the possible role of SIrl174 and PrqRhé adaptive response of
Synechocystito oxidative stress, the expression pattern ofsdmae genes during 5 uM MV
was followed (Table 4.16). The treatment did ndlugnce the relative transcript abundance
of slr1174 neither in mutants nor in WT, indicating the alisenf a link betweeislrl174
expression and oxidative stress caused by MV. IntéT10-15 fold increase in tlh&1544
transcript level after 20 minute treatment and gadially increased expression pfgR,
prgA andmvrAwas demonstrated. No such increases in gene sikpndsave been shown for
MV-resistant mutants during 360 minutes of MV treant. These facts indicate that both
mutants can tolerate higher MV concentrations withnducing stress response.

Table 4.15 The steady-state expression in MV-g@sishutants.

Gene Mutants
MV-A MV-4
prqr 58x 3X
prgA 26X 2.5x
mvrA 19x 3.5x
slr1174 2.5x ni
lIA 5x ni

ni — not induced

Table 4.16 The relative expression levels of thected genes up-regulated by 5uM MV after 20, 69 260
minute treatment in WT and MV-resistant mutants.

Fold changes/time period (min)

Strain| WT MV-A MV-4
Gene 20 60 360 20 60  36( 20 60 360
sodB 1.2 1.3 0.9 0.6 0.9 1.0 15 1.0 11
prqR 1.9 1.7 21 0.7 0.9 1.1 0.9 08 1.4
prgA 1.5 22 27 0.7 0.9 1.1 0.7 08 1.3
mVrA 2.4 23 27 0.5 1.1 0.8 0.5 06  1.p
slr1174 1.1 1.1 1.2 0.7 1.1 1.0 0.7 07 1.1
lilA 13.0 50 3.0 0.5 1.0 0.8 1.0 09 09
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5. DISCUSSION

Although ROS are produced during normal growthrgioisms that carry out aerobic
respiration and/or oxygenic photosynthesis, the&eall exposure to environmental changes
increases the ROS production. Survival of aerobgamisms depends on their ability to
acclimate to such changes and on efficient ROS esgang. To understand how
Synechocystigesponds to oxidative stress, we focused on togges:

To define the physiological role of scavenging eneg we prepared deletion mutants
with inactivatedsodB two Prx-s genesll0755(tpx) or sll1621(ahpQ and characterized their
phenotypes.

To determine expression profiles of deletion mtgare focused on screening for up-
regulated genes reportedly playing important rale®ROS-scavengingsodB katG, gpx-1,
gpx-2and 5prx-s (slr1198 ahpC sll0021, slr0242 tpx), we also followed expression of two,
genessll1159 and lilA, which have been previously shown to be inducedhigrogen
peroxide or other stress treatments (Singh e2@04; Hihara et al., 2001; Suzuki et al., 2001;
Li et al., 2004; Paithoonrangsarid et al., 2004 Bhskaya et al., 2005; Kufryk et al., 2008).

To identify genes responsible for the MV-resistgoitenotype we generated
spontaneous MV mutants and characterized theirqijipes.

5.1. Physiological role of ROS-scavenging enzymes

5.1.1. Role of superoxide dismutase

Several studies have reported the implication oDS0n protective processes in
cyanobacteria as sensitivity to oxygen, light aitlicly in sodBdeletion mutants, where they
protect photosynthesis against damage (Herbeit, &i92; Thomas et al., 1999). SODs also
play important role in heterocyst formation whehey protect proton-donating system of
nitrogen-fixation (Zhao et al., 2007). Although rhasyanobacteria contain more SOD
isoforms with different metal cofactors (Mn-; Zr€u-; Ni- or Fe-),Synechocystisontains
only single Fe-SOD. The key role of this cytoplasrrie-SOD forSynechocystibas been
already reported by Nefedova et al., (2003b). Ater 4sodB mutant exhibited similar
phenotype with the loss of viability on air. On thiner hand/sodBmutant prospered under
microaerobic conditions and exhibited low expressevels of ROS-scavenging genes (Table
4.6). After shift to air, expression levels of akhall ROS-scavenging genes were increased
followed by impaired growth (Fig. 4.13, Table 4.7).

Prolonged cultivation offsodBon air led to frequent formation of pseudorevedan
This was observed as formation of colonies on atges grown aerobically or by improved
performance the strain liquid media.Localization of such secondary mutations will hetp
to understand how cells may adapt to higher supdeolevels and what are the main
superoxide targets influencing cell viability.

The expression levels sbdBin WT and otheSynechocystimutants showed strong
induction by salt stress and moderate inductionthgr stresses in agreement with expression
data of Hihara et al., (2001). The Hik34 kinasapparently involved isodBinduction under
salt and hyperosmotic stress (Shoumskaya et all5;2Paithoonrangsarid et al., 2004).
Surprisingly, sodB expression was not induced by the superoxide gtmekdV. The fast
H,O, accumulation in the presence of MV (Fig. 4.7) aadés that in SOD containing
mutants, superoxide is quickly turned intgQd, that does not serve asadBinducer (table
4.8E).
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5.1.2. Physiological differences of Prx-s in peroxide ddtoation and ROS response

Recently, peroxiredoxins (Prx-s) became highlighte many studies due to their
important functions in ROS-scavenging as well asetiox homeostasis (Stork et al., 2005).
They also function as regulators of redox-mediateghal transduction at least in some
eukaryotes (Dietz et al., 2003; Wood et al., 2083] it is also assumed that the large Prx
number in cyanobacteria is linked to various meiabequirements in context of oxygenic
photosynhtesis (Stork et al., 2009).

Thioredoxin peroxidase (Tpx, Sll0755) was the fisgtudied peroxiredoxin in
Synechocystifyamamoto et al., 1999; Baier and Dietz, 1997;gklammer et al., 1998). It
belongs to 2-Cys peroxiredoxin subgroup (Storkl.e2805). The cyanobacterial 2-Cys Prx-s
are highly conserved and similar to plant 2-Cydginating from former cyanobacterial
endosymbiont (Baier and Dietz 1997, Klughammer lgt E998). Tpx functions in the
reduction of both kD, and alkyl hydroperoxides (Yamamoto et al., 19%3)hough Tpx
predominantly scavenges.®, rather than alkyl hydroperoxide (Gaber et al., 400
Regarding the role of Tpx iBynechocystighe Atpx mutants exhibited the same®} andt-
BuOOH decomposition capacities as control straiflsis indicates that Tpx does not
significantly contribute to peroxide decompositionvivo. However, we have confirmed that
Tpx is active inSynechocystias we have observed partially diminisheégluOOH-dependent
oxygen evolution iMtpx indicating that electrons for Tpx reduction areikd from PSkia
ferredoxin:thioredoxin reductase (Baier and Diet¥997). The remaining peroxide
decomposition activity iMtpx mutants was light-dependent, suggesting existehagher
enzyme(s) using reducing equivalents generatechatogynthetic electron flow. We think
that Tpx is important but not essential &ynechocystisnder normal and stress conditions.

Tpx expression ibynechocystidid not reveal significant up-regulation underioas
stress treatment in agreement with microarraysdtditet al., 2001; Paithoonrangsarid et al.,
2004; Shoumskaya et al., 2005). This is in cont@Synechococcus elongatB€C 7942 or
higher plants where 2-cys Prxs are induced and glalgably more important role (Pelerman
et al., 2003; Stork et al., 2005). It indicatest thimilar Prxs may differ in their functions
among cyanobacteria and higher plants.

Another peroxiredoxin irBynechocystis Prx typell, called atypical 2-Cys Prx (Li et
al., 2004; Kobayashi et al., 2004; Hosoya-Matsuda.e2005; Stork et al., 2005) which can
use thioredoxins as well as glutaredoxins or dhidae as the reductants and which exists in
multiple isoforms in plants while in cyanobactaganissing or present only in single copy of
Prx type Il (Stork et al., 2005%ynechocystisarries single gendll1621 coding for Prx type
Il protein AhpC localized in cytosol and showingostrate preference farBuOOH rather
than for HO; in vitro (Hosoya-Matsuda et al., 2005). Timevivo role of this Prx is not well
understood.

Our data demonstrated physiological importance lgyind-dependence of AhpC i
BuOOH detoxification inSynechocystiDeletion ofahpC dramatically decreas¢eBuOOH
decomposition capacity @ynechocystisells (Fig. 4.12) and also théilBuOOH-dependent
oxygen evolution was abolished (Table 4.5). Theee raports that also Gpx-1 and Gpx-2
reducet-BuOOH using electrons from PSI (Gaber et al., 200dmamoto et al., 1999) as
theirt-BuOOH dependent oxygen evolution was diminishepairticular deletion mutants but
no complete abolishment of thdBuOOH dependent oxygen evolution likedahpC mutant
was observed. Fromn vitro experiments it has been suggested, that AhpCGefenably using
glutathione as its electron donor (Hosoya-Matsudal.e 2005). Glutathione is reduced by
glutathione reductase using electrons from NADPId atthough cyanobacterial cells are
known to contain large pool of glutathione this pamuld be quickly exhausted in media
with 50 uMt-BuOOH if not re-reduced. The light-dependencyhef peroxidase activity may
be explained by the need to recycle the peroxidéseron donor by electrons coming from
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the photosynthetic electron transport. We think #lapC is the key-BuOOH scavenging
light-dependent peroxidase 8ynechocystis

The physiological importance of AhpC was also destiated by the strong
phenotype of thelahpC mutant (Fig 4.10, Table 4.4) in agreement with &gdshi et al.,
(2004) and Hosoya-Matsuda et al., (2005). Althotlga mutant exhibited air and light
sensitivity it was able to acclimate to aerobic ditons. The acclimation consisted in
accumulation of carotenoids (Fig. 4.11) and in eased constitutive expression of KatG
(Table 4.6) but not in air induced expression ofSR€zavenging genes as in WT (Fig. 4.14;
Table 4.7). Since, the carotenoids protect theqdyoithetic apparatus from extent of light as
well as provide an effective elimination of speciROS, their accumulation is a common
response of the cyanobacterial cell to stress @Buaind Ingold 1984; Kelman et al., 2009).
We assume that théahpC mutant in contrast to WT is unable to compensateéhfe missing
peroxiredoxin by induction of other enzymes underohic conditions and reacts by fast
increase in the accumulation of carotenoids. ks seems that carotenoids provide only
limited protection iMahpCas the mutant showed quick bleaching and lossatility under
extreme stress conditions and did not significamitiuce ROS responsive genes as WT.

The ahpCexpression profile in WT and mutants revealed tmapinduction ofahpC
by most of the stresses with the exception of lemgerature and with maximum induction
by peroxides in complete agreement with microadata (Hihara et al., 2001; Stork et al.,
2005; Li et al., 2004; Shoumskaya et al., 2005; @&aki et al., 2007; Suzuki et al., 2001).
Additionally, we have demonstrated highpCinduction in response teBuOOH, a major
AhpC substrate (Hosoya-Matsuda et al., 2005). Bhilsteresting asBuOOH can mimic the
action of long-chain lipid hydroperoxides, triggegithe peroxidation of cellular membranes
via a free-radical mediated process. The majod Ig@roxide-induced damage was observed
in the 4ahpC mutant ofHelicobacter pylori(Wang et al., 2006). Moreover, as AhpC has
affinity for organic and lipid hydroperoxides (Baiand Dietz 1999) we suppose that lipid
hydroperoxides are the main target of AhpGymechocystisTherefore the AhpC appears to
be predominant of all Prx-s presentediynechocystis

Synechocystisodes for further Prx-s, one 1-Cys Prx (SIr1198jc catalytic cycle is
not fully understood, and two PrxQ-s (PrxQ-B2, 38Q@ and PrxQ-Bl, SIr0224). One
homologous gene coding for 1-Cys Prx is preserfbyinechococcus elongat@CC 7942,
Anabaenasp. PCC 7120 or irabidopsis thaliangStork et al., 2009; Latifi et al., 2006).
The SIr1198 has been detected in cytosol with mpthdw peroxidase activity. Also the
disruption mutant did not exhibit any strong phgpet (Hosoya-Matsuda et al., 2005). Our
experiments did not reveal any significant up-ragah ofslr1198either in WT or deletion
mutants during 6 hours; in accordance to microar(&ork et al., 2005; Hihara et al., 2001;
Shoumskaya et al., 2005). However, slight up-reguiavas observed at 6 hours under NaCl
or HL stress in WT and interestingly also afteyOpl treatment in4ahpC or AtpxidkatG
mutants slr1198up-regulation was described by Stork with maximil2rh for high light and
48 h for NaCl treatment. SIr1198 has been suggéstedotect nucleic acids from oxidative
stress (Stork et al., 2005; Stacy et al., 1996). thek that this 1-Cys Prx does not play
essential role under normal growth conditions atarrshort-term stress (under 6 h).

The similarity of the cyanobacterial PrxQ isoforneries between 53-76% and they
do not differ much from higher plant PrxQs. Thewndtion in the context to photosynthesis
(Dietz et al., 2006). However, the PrxQ-sAnabaena spPCC 7120 andynechococcus
elongatusPCC 7942 have been shown to play essential r8lesk( et al., 2009; Latifi et al.,
2006). InSynechocystithe phenotype of deletion prxQsdid not reveal such importance
(Kobayashi et al., 2004; Stork et al., 2005). Wsoalisrupteds|0221 but the disruptant did
not show any apparent phenotype under normal kghniditions (data not shown). In our
experiments botlprxQ-s (sll0221 and slr0242 expressions only slightly responded to MV
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and NaCl stress in the doubldpx/idkatG mutant. Therefore, in accordance with other
authors, we assume that the physiological sigmtieaof PrxQ-s irSynechocystiand other
cyanobacteria is quite different.

5.1.3. Role of SII1159, the probable Prx

Althoughsll1159gene coding for probable peroxiredoxin protein wasincluded in
bioinformatic study of prx-s genes i8ynechocystivy Stork et al., (2005) due to its
glutaredoxin domain, we included this gene in cwdyg based on the presence of 1 Cys
(Ci62), Cys-X-X-Cys (Gz and Gg) domain.

This gene exhibited high and specific up-regulaiiotWT and deletion mutants not
only in presence of ¥D, but much higher in presenceteBuOOH. Interestinglysll1159was
markedly induced in a mutant, highly resistant t@®k(Singh et al., 2005). Also the increased
expression inkatG mutant during MV treatment led as to assume thedn compensate for
inactivated KatG. It seems that this protein magypan important role in a cell defense
against oxidative stress. Moreover, the inductibiwbole clustersll1158-sll1161(Singh et
al., 2004), with sll1161 coding for probable adextglcyclase, may indicate direct connection
to signaling and regulation mechanismsSynechocystisDespite this, Sll1159 remains the
last Prx inSynechocystithat was not yet inactivated and characterized.

5.1.4. Role of glutathione peroxidase-like Gpx-1 and Gpr-ROS response

The absence of glutathione peroxidase activitgynechocystiwas firstly referred by
Tichy and Vermaas (1999). Latter studies showed tlva genes coding for glutathione
peroxidase-like proteins have high similarity toxGmut both are NADPH-dependent alkyl
hydroperoxidases using electrons from PSI (Gabeal.et2001, 2004). The importance of
these Gpxs in response to different stress comditias also reported (Gaber et al., 2004,
Hihara et al., 2001, Suzuki et al., 2001).

gpx-2is consistently induced by various stresses, ammggpx-1expression levels
are less pronounced; again in agreement with miapalata (Hihara et al., 2001; Suzuki et
al., 2001; Singh et al., 2008). Interestingly, dieatate expression gpx-2in the Atpx and
AkatG mutants under normal growth conditions was sigaiitly increased (Table 4.6)
suggesting that the induced Gpx-2 complementsatie ¢f Tpx, in agreement with Gaber et
al., (2004) and/or the lack of KatG. The fact thpk-2is already induced in mutants under
normal growth conditions may also explain its lowadative induction under stress in mutants
than in WT.

5.1.5. Role of catalase-peroxidase

30% of all known cyanobacterial genomes containy omhe katG encoding a
bifunctional catalase-peroxidase (KatG). It hasnbsgggested that the role of KaitGvivois
to scavenge exogenous®}. It has been also suggested that other peroxidagas with
ROS inside the cells (Tichy and Vermaas, 1999).

We have shown by #D, formation during MV treatments in strains with itisated
KatG (Fig. 4.7) that the detoxification of endogasly evolved HO, by other enzymes is not
sufficient and KatG may take place in detoxificatiaf higher intracellular concentrations of
H,O, under oxidative stress. Increase in gene expmessicahpC and sli1159 in gkatG
mutants in presence of MV may indicate possiblesstuttes for the missing KatG activity.
Also at steady-state the KatG was compensated by2Geroxidase, but these peroxidases
could not fully compensate for its activity resagiiin HO, sensitive phenotype (Fig. 4.5,6).
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Although expression dfatG have been reported as constitutiv&ymechocysti@Jshimaru et
al., 2002), we demonstrated its inducibility in rehpC mutant (Table 4.6).

5.1.6. LIilA as a stress indicator in Synechocystis

Gene with the greatest increase in transcript leweiost stress conditions was
slr1544 This gene is coding for protein with molecularsmd2kDa with proposed single
transmembrane helix, is related to CAB-like proseimamed LilA. This protein was co-
purified with PSII (Kufryk et al., 2008). Inductioof this gene has been reported in many
microarrays and latter demonstrated to be regullayeliistidine kinase Hik33 (Suzuki et al.,
2001; Mikami et al., 2002; Hihara et al., 2003;tFadnrangsarid et al., 2004; Shoumskaya et
al., 2005). We observed its transient inductionstiyoduring first 20 minutes. The highest
expression was shown for low temperature stresth almost 200-fold induction in WT.
Expression of this gene can be used as a strasatoidin SynechocystiPaper II).

5.2. MV resistance inSynechocystis

MV a non-selective herbicide, also known as paraq(h1-dimethyl-4,4 -
bipyridinium dichloride), is a charged quaternargraonium compound, that generates O
under aerobic conditions by its cyclical univaleatiuction and reoxidation (Hassan and
Fridovich, 1978). As such, MV is commonly used tomme and magnify the oxidative stress
that cells normally encounter during photosynthasid respiration. Cells can generally cope
with MV by two mechanisms: by altering MV transpant by increasing the activities of
ROS-scavenging enzymes to deal with ROS produced\hy

Therefore, by selecting spontaneous MV-resistartanis one can expect two types of
mutations. In numerous studies, surprisingly onlytants of the first type were found
(Santiviago et al., 2002; Hongo et al., 1994; Chal ¢ 2003; Jo et al., 2004; Won et al., 2001;
Lomovskaya and Lewis, 1992). A number of bactegahes have been isolated recently
coding for transporters conferring MV resistancaisTincludesemrB of E. coli, smvA of
Salmonella entericgHongo et al.,1994pqrB of Streptomyces coelicoldiCho et al., 2003)
and pgrA of Ochrobactrum anthrop{Jo et al., 2004; Won et al., 2001), all coding MFS
proteins. Another example is tBe coli emrE(or mvrQ genecoding for protein belonging to
the SMR transporters that are restricted to prakarycells and are the smallest multidrug
efflux pumps, with only 4 helices and no signifitaxtra-membrane domain (Lomovskaya
and Lewis 1992). Generally, more than half knownRSptoteins are capable to export MV
(see Borges-Walmsley et al., 2003 for review). [gg@lhome analysis of the cyanobacterium
Synechocystis sp. PCC 6803 has revealed several putative MDR orexgs
(http://www.membranetransport.grdp TMDs of ABC transporters, 5, 3 and 2 protefimmsn
the MFS, RND and MATE families, respectively. Sisprg is the skimpy complement of
SynechocystiMFS transporters in comparison to 7CEincoli. No putative MV efflux pumps
were found based on homology to known MV transpsriteSynechocystis

The multi-drug efflux pathways are often controllby repressors from the TetR
family, frequently forming an operon with the trapster (Cho et al., 2003; Ramos et al.,
2005). Also inSynechocystithe first identified MV transporter was regulateg the PrgR
repressor from the TetR family (Babykin et al., 208efedova et al., 2003a). This regulator
controlled expression of the MATE-type exporter &rgnd the point mutation leading to
MV-resistance resulted in L17Q substitution in R regulator (Babykin et al., 2003;
Nefedova et al., 2003a). In our study, the Y52Esstuiion in PrqR was responsible for MV-
resistance in MV-A and MV-B mutamtFrom TetR crystallographic data, Y52 is located i
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thea3 helix (Fig 4.19) that is the main element resgdador sequence-specific recognition
(Ramos et al., 2005; Orth et al., 2000). The pmsi®2, which was shown to be in contact
with the phosphate backbone of DNA, is markedlyseswed among TetR family regulators
with mostly H or Y appearing at this position (Ramet al., 2005; Orth et al., 2000). The
derepression of thprqRA operon has been demonstrated by expression analysMV-A
mutant, 60-fold increase iprgR transcript and 30-fold increase prgA transcript was
observed in comparison to WT (Table 4.15). It ishable, that Y52E similar to L17Q
substitution also resulted in the derepressiomeptqRAoperon due to impaired binding of
the mutated PrgR to DNA since, both substitutidris/Q and Y52E, are located in the N-
terminal domain of the PrgR regulator from the Té&Rily, close to DNA-binding helix-
turn-helix motif (Ramos et al., 2005). Similar stifogion R18Q in the TetR-like regulator of
Streptomyces coelicoloalso led to derepression of the MV efflux pump tbé major
facilitator superfamily (Cho et al., 2003). It istiiguing that two structurally unrelated MV
transporters in two organisms are regulated bysdmae mechanism (Cho et al., 2003). In
most cases including PrqR neither the role of taesporter nor its native inducer are known
(Ramos et al., 2005).

Mutations leading to MV resistance but not mappintp the prgR gene were
localized intoslr1174. Interestingly, both MV-resistant mutants MV-4 andvM carried
different mutations in a single amino acid R11518% and R115L. Latter the third point
mutation in the same amino acid R115C was desciilyeaur colleagues (Paper 1). Slr1174
belongs to DUF990 family of proteins with homologytrans-membrane domain (TMD) of
ABC transporters. Currently, DUF990 family proteigh unknown function were identified
in 135 species across the bacterial kingdom imglytimeir wide distribution (Finn et al.,
2008). Advanced membrane topology algorithms, thed \@pplication server TRAMPLE
(Fariselli et al., 2005), predicted six THMs ®&Ir1174(Fig. 5.1). The protein is proposed to
be embedded in the cytoplasmic membrane, with thard C-terminal being located inside
the cell. This structure is common for permeaseusite of ABC transporters (Putman et al.,
2000; Saier et al., 1989). This topology would pléite conserved arginine R115 in Slr1174
in the third TMH, close to the cytoplasmic sideloé membrane (Fig 5.1).

Interestingly, the R115 residue replaced by G11B9 or C115 in SIr1174 of the
MV-resistant mutants is highly conserved in the nofaacterial cluster despite the lower
overall transporter homology (36% identity). Thevas only one conservative replacement
for K115 found inTrichodesmium erythraeunll three reported R115 substitutions (R115G,
R115L and R115C) replaced positively charged anginmesidue and resulted in the same
mutant phenotype, though the properties of theettamino acids are quite different: tiny
glycine, large and hydrophobic leucine and polatepe. The observed variability in R115
substitutions is surprising, taking into accourattall other possible single point mutations of
the R115 codon CGC could lead only to three motestdutions — R115P (CCC), R115S
(AGC) and R115H (CAC). It seems that there is ntstequirement for particular amino
acid at the position 115 and that removal of theitpeely charged arginine from the
cytoplasmic side of the SIr1174 is required for@ased specificity or processivity for MV.
Taking into account that MV has two positive chargeemoval of the positively charged
arginine from the cytoplasmic side of the ABC tpamsger could result in increase of its
affinity to MV. This is the first example of an iolwvement of ABC transporters in viologen
transport (Paper ).

This hypothesis also corresponds with the exprasd@ta. The relative transcript
abundance aflrl174was not influenced by MV (Table 4.16), indicatiig tabsence of a link
between the transporter and oxidative stresseeddyysMV.
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Fig. 5.1 Schematic representation of the SIrl174rBE polypeptide showing its proposed transmembrane
organization and orientation with six THMs. The am{(NH,) and carboxyl (COOH) termini of the polypeptide
are indicated in the cytoplasm. The position of¢baserved arginine R115 mutated in MV-resistantiams is
located on the cytoplasmic side of the third TMH.

Bioinformatic search using STRING search tool (vdfering et al., 2007;
http://string.embl.de) predicted two possible dual partners of this TMD: another TMD
(SIr0610) and nucleotide-binding domain (NBD) (801) forming a functional ABC
transporter (Fig. 5.3; Table 5.1).

slr1173

&

slr2092

sl1979

sir1 900 ——
B

sl1938

Fig. 5.2 Confidence view of predicted protein iatgtion by STRING; stronger associations are repnéesg by
thicker lines.
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Table 5.1 Predicted functional partners of slr1ivith score > 0.6.

ORF Protein function (Ilength) Score
slr0610 hypothetical protein (230 aa) 0.944
sir1901 ABC transporter (326 aa) 0.937
sir1900 hypothetical protein (247 aa) 0.678
ssr1951 hypothetical protein (58 aa) 0.661
slr2092 hypothetical protein (133 aa) 0.651
sir0305 TVP38/TMEMG64 family membrane protein slr0305 (2@9 a 0.651

valS Valyl-tRNA synthetase; Catalyzes the attachmentatihe to 0.640

tRNA(Val) (910 aa)
sll1938 hypothetical protein (203 aa) 0.636

The STRING prediction was primarily based on thet fdoat in various bacterial
genomes the genes encoding orthologous countegfatie Sir1901 (EvrA), Slr1174 (EvrB)
and SIr0610 (EvrC) proteins form a putative opeas) in most organisms (Fig. 5.3).
Interestingly, these genes are dispersed all tneBynechocystigenome. This feature of the
Synechocystigiene structure has been noted previously for ebarfgy the trp operon
(Fujibuchi et al., 2000). Apparently, Bynechocystisnost genes of the ancestral operons are
scattered throughout chromosome, possibly becauges abundant repetitive elements that
can cause genome rearrangements (Itoh et al., 189®tence of this heteromeric ABC
transporter inSynechocystisvas later confirmed by my co-workers using theeitisn
mutagenesis where inactivation of any single subianihe MV resistant mutant led to MV
sensitive phenotype (Paper I).

H evrA O evrB O evrC

< I 2 00 Anabaena variabilis
[ > > Prochlorococcus marinus 9313
> [ Synechococcus elongatus PCC 7942
A > Synechococcus sp. PCC 9311
| I > 3 Myxococcus xanthus
[ ] S Clostridium thermocellum
A 999 _"ey Thermus thermophifus HB27
[ >y Treponema denticola

=] B I -hodopirellufa baltica

Fig. 5.3 Gene organization of the evr cluster imi@as organisms. The position and size of the gemesding
proteins that are most homologous to SIr1901 (EvBAjL174 (EvrB) and SIr0610 (EvrC) in differenganisms
are shown. Note that the genes tend to clusterthegelespite changes in gene order or even in #w®eg
orientation (in Thermus thermophylus). The discate@ genes are present in different locations efganome.
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Search for spontaneous MV-resist&ynechocystisnutants led to identification of
two MV transporters PrgA a member of MATE familyda8Ir1174 a subunit of an ABC
transporter. Although both type of mutants (MV-AVM) showed comparable at least 10-
fold resistance (Fig. 4.22A) to MV than WT, theyslally differ in the mechanism of MV
resistance. The resistance to MV in the first tgpenutants occurred via the point mutations
in PrgR repressor influencing MV transport by Prig@lirectly. The second type of mutants
carried mutation directly in the Slr1174 transpgrigrobably changing its MV transport
properties. From the frequency of mutations in lyghes it seems that the mutation in PrgR
is more frequent than in SIr1174 (Table 4.11) iatiigy that the number of possible mutations
in PrgR is higher then in SIr1174. The fact, thathbtypes of mutants (MV-A, MV-4) can
tolerate a much higher MV concentration than WThattt inducing the cell stress response,
was also demonstrated by expressiolilAf(Table 4.16) that is transiently induced by various
stress (Hihara et al., 2003; Li et al., 2004).
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CONCLUSION REMARKS

SodB is indispensable for growth on air but noterndicroaerobic conditions
sodBis induced under different stress conditions

KatG scavenges not only exogenous but also endagehkO,
KatG is inducible and partially substitutes for Ahp

AhpC is indispensable for growth on air

AhpC is the key light-dependernBuOOH peroxidase iBynechocystis

lipid hydroperoxides are probably the main AhpCsidtdiein vivo

ahpC deletion mutant acclimates to air by the carotéramicumulation but not by
induction of ROS-scavenging genes as WT

AhpC is the most important of all Prx-s@ynechocystis

Tpx light-dependent peroxidase
Tpx does not significantly contribute to peroxiceedmpositionn vivo

Gpx-2 can compensate for missing Tpx or KatG adiwi
LilA was transiently induced by all stresses, i ¢® used as a stress indicator

SlI1159 was highly induced by both peroxide strésgple inSynechocystimay be
significant

MV-resistance inSynechocystiss ensured by at least two different multi-drug
transporters

point mutation inprgR repressor of the tetR family resulted in derepoessef PrqA
MATE-type transporter

point mutation in SIr1174 apparently resulted incr@ased affinity of this
transmembrane domain of an ABC-transporter for MV
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The charged quaternary ammonium compounds — methyl, ethyl and benzyl
viologens — generate reactive oxygen species in photosynthetic cells. Three
independent methyl viologen-resistant spontaneous mutants of Synechocys-
tis sp. PCC 6803 were identified, in which the conserved R115 residue of
the Slr1174 protein was replaced with G115, L115 and C115. The SIr1174
protein of the DUF990 family is related to the permease subunit of an
ABC-2-type transporter and its R115 mutation was found to be solely
responsible for the observed methyl viologen resistance. Bioinformatic anal-
ysis showed that in various bacterial genomes, two genes encoding another
permease subunit and the ATPase component of an ATP-binding cassette
transporter form putative operons with sir/174 orthologs, suggesting that
the protein products of these genes may form functional transporters. The
corresponding genes in Synechocystis sp. PCC 6803, i.e. sir0610 for the per-
mease and s/r/901 for the ATPase, did not form such an operon. However,
insertional inactivation of any s/ri174, slr0610 or slr1901 genes in both the
wild-type and the R115-resistant mutant resulted in increased sensitivity to
methyl, ethyl and benzyl viologens; moreover, single- and double-insertion
mutants did not differ in their viologen sensitivity. Our data suggest that
SIr1901, Slr1174 and SIr0610 form a heteromeric ATP-binding cassette-type
viologen exporter, in which each component is critical for viologen extru-
sion. Because the greatest increase in mutant sensitivity was observed in
the case of ethyl viologen, the three proteins have been named EvrA
(SIr1901), EvrB (SIr1174) and EvrC (SIr0610). This is the first report of a
function for a DUF990 family protein.

Introduction

Molecular oxygen is essential for most organisms.
respiration or oxygenic
photosynthesis, reactive oxygen species, including the

However, during aerobic

Abbreviations

superoxide anion radical (O,7), are formed. In the
photosynthetic electron transport chain, instead of
NADP, O, may accept an electron from the reduction

ABC, ATP-binding cassette; BV, benzyl viologen; DQ, diquat; EV, ethyl viologen; MATE, multidrug and toxic compounds extrusion;
MDT, multidrug transporter; MFS, major facilitator superfamily; MV, methyl viologen; NBD, nucleotide binding domain; SMR, small multidrug
resistance; TMD, transmembrane domain; TMH, transmembrane helices.
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Invivo role of type Il peroxiredoxin (AhpC) in the cyaramteriumSynechocystis sp. PCC 6803; gene expression
during stress acclimation

Running title:
Anti-oxidative stress response$nechocystis
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ABSTRACT

The acclimation oSynechocystis sp. PCC 6803 to various stresses depends in paffioient scavenging
of reactive oxygen species (ROS). We constructedamtsi with inactivated peroxiredoxins thioredoxin
peroxidase (Tpx) and type Il peroxiredoxin (Ahp@jpd characterized thein vivo peroxide detoxification
capacity. Deletion otpx did not change the rate of peroxide decompositighile in the AahpC mutant
decomposition of tertiary butyl hydroperoxide-BuOOH) was nearly abolished. Tha&ahpC mutant
accumulated highly increased levels of carotenoay] showed modified acclimation to various stresse
determined as a change in a gene expression profile

Additionally, we used wild type and several mutamtsh inactivated genes coding for detoxifying
enzymes to screen for differential expression ¢écded ROS-responsive genes under various strébsgs
light, high salinity, low temperature, peroxidesdasuperoxide generator methyl viologen). Most clesnin
gene expression were transient, specific up-reigaldtave been shown for genes coding for AhpC,1581
Light harvesting-like protein A (LilA) and NADPH-gendent glutathione peroxidase-like (Gpx-2).





