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INTRODUCTION

Reactive oxygen species (ROS) are produced primarily in the thylakoid bound
photosynthetic complexes during the process of photosynthesis. Light energy absorbed by Chl
molecules can 1) drive photosynthesis; 2) can be dissipated as heat, 3) re-emitted as red
fluorescence. Light absorption by light harvesting chlorophylls in the light harvesting complex
(LHCI) and in the PSII protein complex leads to excitation of the P680 reaction center Chl. The
charge separation between the excited reaction center Chl assembly (P680*) and the pheophytin
(Phe) molecule, i.e. the formation of the primary radical pair/charge separated state
(P680™"Phe ), is a primary event during photosystem 11 (PSII) electron transfer, which is further
followed by rapid charge stabilization processes.



Excited Chls in LHCII can be converted to triplet state (*Chl), while triplet P680 can be
formed during recombination of charge separated states. The interaction of excited triplet *P680
or *Chl with ground state triplet oxygen leads to the formation of singlet oxygen (*O2), which is a
highly reactive species and capable of unhindered oxidation of various cellular components such
as lipids, proteins, and nucleic acids, which ultimately can lead to cell death. *O, can also
damage the photosynthetic apparatus during stress conditions. Previous studies have shown that
increased production of *O, seems to occur primarily under high light stress conditions, which
will ultimately result in the inactivation of PSII and photoinhibition. Previously the O, detection
methods, such as fluorescent and electron paramagnetic resonance (EPR) sensors were
developed to study 'O, formation in isolated PSIl membranes and plant leaves, but methods for

detection of 'O, in intact cyanobacteria and microalgae cells were largely unknown.
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AIMS
The general aim of the PhD work was to gain knowledge on the mechanisms of photodamage
and photoprotection of the PSII complex in cyanobacteria and in dinoflagellates with special
emphasis on the role of charge recombination reactions. The specific aims of this study were:

1. To develop a method for the detection of singlet oxygen (*O,) in intact cyanobacterial
cells and to investigate the correlation of photodamage and the extent of 'O,
production in WT Synechocystis as well as in mutants in which GIn130 residue of the
D1 reaction center subunit of PSII is replaced with Glu or Leu.

2. To investigate the roles of ‘O in photoinhibition of Synechocystis AsigCDE, which
contains the stress responsive SigB as the only functional group 2 ¢ factor.

3. To understand the role of orange carotenoid protein (OCP) as 'O, quencher by using
mutants lacking, or overexpressing the OCP gene in Synechocystis.

4. To characterize *O, production by a secondary metabolite of the cyanobacterium
Nostoc XPORK14A.

5. To investigate the role of flavodiiron proteins (FDPs) in protecting against O.-
dependent photodamage of PSII in Synechocystis.

6. To investigate the effect of moderate salt stress on *O,-dependent photodamage in

Synechocystis mutants, which lack the Scp ABCDE small Chl binding proteins.



7. To develop a method for the detection of *O; in the dinoflagellate Symbiodinium and
to study the correlation of inhibition of Calvin-Benson cycle by GA and KCN on the
extent of photodamage under heat and light stress.

8. To investigate the effect of CAP-induced O, production on the rate of photodamage
in intact cyanobacterial cells.

MATERIALS AND METHODS

WT and mutant Synechocystis cells were cultured in BG-11 growth medium in a rotary
shaker at 30 °C under a 3% CO,-enriched atmosphere. The light intensity during growth was set
to 40 pmole photons m?s™. Cells in the exponential growth phase (Asgo of 0.8-1) were used. The
Chl concentration was determined by a UV-1601 (SHIMADZU) spectrophotometer after
extracting the pigments with 100% methanol. Cells were harvested by centrifugation at 6500 g
for 5 min and re-suspended in 100 mL of fresh BG-11 medium at concentration of 5 pug of Chli
per mL™. The cells were kept under normal conditions for one hour before measurements. The
CS-156 Symbiodinium cells were grown in artificial seawater at 26 °C, and growth light intensity
was 20 pmole photons m?s™. Measurements were performed in cultures with approximately 10
ug Chl/mL.

10, production in intact cells was detected by measuring the rate of light induced oxygen
uptake in the presence of 5 mM histidine (abbreviated as His). Synechocystis cells were
centrifuged and re-suspended in fresh BG-11 medium before O, uptake measurements, which
were performed by using a Hansatech DW2 O, electrode in the absence of artificial electron
acceptors at 2300 pmole photons m2s* light intensity. Oxygen evolution was measured in the
presence and absence of 5 mM His and the difference between the oxygen rates was calculated.
The rate of His-mediated oxygen uptake was used as a measure of *O, production.

For photoinhibitory treatment of Synechocystis wild-type and mutants, the cell
suspensions were illuminated at the irradiation of 500 umole photons m? s * in the presence of
the protein synthesis inhibitors lincomycin (300 pg/ml) or chloramphenicol (200 pg/ml), which
block the protein synthesis dependent repair of PSII and allows determination of the rate of
photodamage. Oxygen evolution was measured in the presence of 0.5 MM DMBQ, as an

artificial electron acceptor. Cell suspension of 2 mL at 5 pg Chl/mL was used in each



measurement, and three replicates were measured. Flash-induced increase and the subsequent
decay of Chl fluorescence yield were measured by a double-modulation fluorometer (PSI

Instruments, Brno) in the 150 ps to 100 s time range. The sample concentration was 5 ug

Chl/mL.

Singlet Oxygen Sensor Green (SOSG) reagent was used for 'O, imaging in cultured
Symbiodinium Cells. SOSG was added to a culture of re-suspended Symbiodinium cells and
imaging was performed by a confocal laser scanning microscope using excitation at 504 nm and
emission detection at 525 nm. The images were analyzed by using computer software from
Leica. A Fluorescence Stereo Microscope (Leica Microsystem) was used for detection of O,

production in cells free medium by using SOSG imaging.

RESULTS
Development of method for the detection of *O, production in Synechocystis sp. PCC 6803

1) We have developed a method for 'O, detection in intact cyanobacteria by His-mediated
chemical trapping (Rehman et al. 2013). The method is based on chemical trapping of
'0, by His, which leads to O, uptake during illumination that can be detected and
quantified by commercial oxygen electrodes. We have observed oxygen uptake in intact
Synechocystis cells, during illumination in the presence of His. The His-mediated oxygen
uptake effect was enhanced when the water content of the BG-11 culture medium was
partly replaced with D,O, which enhances the lifetime of 'O, and therefore facilitates its
interaction with His. In contrast, the His-mediated oxygen uptake effect was suppressed
by NaNs;, which is 'O, quencher. Due to the limited mobility of 'O, these data
demonstrate that exogenous His reaches close to the vicinity of 'O, production sites
inside the cells, oxidized by *O, and also that the His-mediated oxygen uptake assay can
be used for *O, detection in intact cells.

2) In a previous study the mechanism of charge recombination in PSII was investigated by
using flash induced Chl fluorescence and thermoluminescence measurements in the D1-
Q130E and D1-Q130L mutants of Synechocystis 6803 showing an accelerated non-
radiative recombination patway in the D1-Q130E mutant. We have found that this



regulatory mechanism provides photo-tolerance in the Q130E mutant, which prevents the
formation of triplet *P680 and O,. Our results suggest that the differential photodamage
of Q130E, wild type, and Q130L is correlated with the extent of ‘O, production in these
strains (Rehman et al. 2013). We investigated the roles of 'O, production with relation to
the mechanisms of PSII photodamage and photoprotection in cyanobacteria and
dinoflagellate by employing His-mediated oxygen uptake method.

Applications of His-mediated O, uptake method in Synechocystis mutants

3)

4)

5)

The His-mediated O, uptake method was used to investigate the roles of oxidative stress
and photoinhibition in high light acclimation using a regulatory mutant of the
cyanobacterium Synechocystis. The mutant strain 4sigCDE contains the stress responsive
SigB as the only functional group 2 ¢ factor. We observed that AsigCDE suffers from
oxidative stress in standard conditions. AsigCDE has high carotenoid and Flv4-2 contents
and protected PSII against light induced damage, which is accompanied by more efficient
10, quenching than in the control strain. Therefore, the decreased extent of photodamage
in 4sigCDE mutant is correlated with suppressed rate of *O, production (Hakkila et al.
2014).

We have employed the His-mediated O, uptake method to characterize the properties of a
secondary metabolite of Nostoc XPORK14A denoted as M22. This compound induced
retardation of cell growth and inhibition of photosynthesis in Synechocystis cells, both in
light and in darkness. We showed that M22 generates ‘O, in the presence of light, which
in turn affects the photosynthetic machinery of Synechocystis (Shunmugam et al. 2013).

The O, detection method was also used to study the role of flavodiiron proteins (FDPs)
in PSII photoprotection. FDPs are specific electron transfer enzymes present mainly in
anaerobic bacteria, and they are found also in cyanobacteria. Cyanobacterial FDPs
constitute a specific group that evolved differently to cooperate with oxygenic
photosynthesis. In Synechocystis there are four FDPs, FIvl-Flv4. Two of them, Flv2 and
Flv4, are encoded by an operon together with the S110218 protein. We have shown that
0, production is regulated by the amount of FIv2-4, and also that photodamage was
correlated with the rate of *O, production (Bersanini et al. 2014).



6) The His-mediated O, uptake method was used to understand the role of the orange
carotenoid protein (OCP) in photoprotection of Synechocystis. The photoactive OCP has
been shown to be essential in photoprotection as energy quencher. When OCP is
photoactivated by strong blue-green light, it is able to dissipate excess energy as heat by
interacting with phycobilisomes. We demonstrated that OCP protects Synechocystis cells
from photodamage also by red light. We showed that this photoprotection is related to a
decrease of 'O, concentration due to a scavenging action of OCP. Our results also showed
that an OCP overexpressing mutant has higher resistance to photoinhibition and exhibits
a decreased production of 'O,. Altogether, the results showed that the OCP in
Synechocystis is an efficient *O, quencher and contributes to photoprotection (Sedoud et
al. 2014).

7) The His-mediated O, uptake method was employed to investigate the growth and
photosynthetic activity of PSI-less and PSI-less/ScpABCDE" strains of Synechocystis
under moderate salt stress conditions. Small CAB-like proteins (SCPs) are single-helix
light-harvesting-like proteins found in all organisms performing oxygenic photosynthesis.
We observed that the addition of 0.2 M NaCl to the growth medium in the PSI-
less/ScpABCDE™ mutant strain decreased 'O, formation and induced resistance against
photoinhibition compared to control strain (Tibiletti et al. 2016).

Applications of the His-mediated O, uptake method in dinoflagellate cells

8) The His-mediated O, uptake method was also employed with cultured Symbiodinium
cells. We observed oxygen uptake in intact Symbiodinium cells and intact corals during
illumination in the presence of His, which demonstrated the production of O,. We
observed that the production of *O, in Symbiodinium cells was enhanced during thermal
and light stress conditions, which was accompanied with photo-inactivation of PSII and
10, production, while His itself provides protection against PSII photoinactivation and
pigment bleaching. Therefore, the inactivation of PSII and enhanced production of 'O, by
heat and light stresses promotes bleaching events in cultured Symbiodinium cells. We
propose that 'O, induced inactivation of Symbiodinium cells may be involved in
triggering the expulsion of Symbiodinium cells from the coral host, which leads to coral
bleaching (Rehman et al. 2016c¢).



9) We have also investigated the inhibition of the Calvin-Benson cycle by glycolaldehyde
(GA) and potassium cyanide (KCN) in cultured Symbiodinium cells to understand the
role of Calvin-Benson cycle inhibition in coral bleaching. We showed that the inhibition
of the Calvin-Benson cycle by GA did not induce coral bleaching without thermal stress,
while KCN induce coral bleaching even without thermal stress and promote 'O,
formation (Hill et al. 2014).

10) We have also detected 'O, production in cell free culture medium of Symbiodinium by
His-mediated chemical trapping, demonstrating the excretion of 'O, sensitizing

metabolite(s) from Symbiodinium cells (Rehman et al. 2016c).

CAP mediated damage of Photosystem 11 via superoxide production in Synechocystis cells
11) We tested the effect of CAP on the rate of photodamage in intact cyanobacterial cells. We
have shown that AOCP is more sensitive to high intensities of white light than wild type
Synechocystis in the presence of lincomycin. However, in the presence of
chloramphenicol the wild type and AOCP show no differences in light sensitivity, which
indicate that chloramphenicol induced PSII photoinhibiton by additional damage via the

production of superoxide in intact Synechocystis cells (Rehman et al. 2016a).

His-mediated chemical trapping is a convenient and useful method for the detection of 'O,
production in vivo. It has already been successfully applied in different cyanobacterial strains
and dinoflagellate cells to characterize the intracellular production of ‘0., and expected to find

useful applications in other systems, as well.



KIVONAT

10, detektalasa és a fénygatlasban jatszott szerepének vizsgalata Synechocystis sp. PCC
6803 cianobaktériumban és Symbiodinium ostoros algaban

A szinglet oxigén (‘0,) az egyik legjelentdsebb reaktiv oxigénforma a fotoszintetikus
rendszerekben. A 'O, triplett alapallapoti molekularis O, és triplett gerjesztett pigmentek,
elsésorban a klorofill kblcsonhatasa révén keletkezik a masodik fotokémiai rendszerben (PSII) és
a fénygylijté komplexekben. Bar tébb mddszer (Ugy mint ESR és fluoreszcens spin csapdazas) is
rendelkezésre all a szinglet oxigén detektalaséra izolalt fotoszintetikus rendszerekben, ezek nem
alkalmazhatok €16 cianobaktériumok és mikroalgak esetén, mivel a jelz6 molekulak nem képesek
a sejtfalon &thatolni, ami héatraltatja a szinglet oxigén szerepének kutatasat a fénygatlas
folyamatdban. Annak érdekében, hogy tullendlljunk ezen a nehézségen, kifejlesztettiink egy
hisztidines kémiai csapdazéason alapulé modszert a *O, detektéalasara intakt mikroalga sejtekben.
A médszer lényege a ‘O, kémiai megkotése hisztidin altal, ami megvilagitas alatt, kereskedelmi
forgalomban kaphat6 oxigén elektrodakkal detektélhatd O, felvételhez vezet.

F6 eredmények:

Szinglet oxigén képzodés és fénykarositas Synechocystis 6803-ban

e Kimutattuk, hogy megvilagitas hatdsara hisztidin jelenlétében O, felvétel figyelheté meg
intakt Synechocystis sejtekben. Ez a jelenség felerdsithetd a szinglet oxigén élettartamat
megndveld DO jelenlétében, és lecsokkentheté a ‘O, kioltdé NaNssegitségével. A
szinglet oxigén behatarolt mobilitasa miatt ezek az adatok azt mutatjak, hogy a kiils6
eredetli hisztidin eléri a szinglet oxigén képzddés helyeit a sejten beliil, tehat a hisztidin
altal kozvetitett O, felvétel vizsgalat alkalmas €16 sejtek szinglet oxigén termelésének
detektalasara.

e Korédbbi vizsgélatok azt mutattdk, hogy a masodik fotokémiai rendszer D1
reakcidcentrum fehérjéit érinté D1-Q130E és D1-Q130L mutécidék Synechocystis 6803-
ban befolyasoljak a PSII sugarzas nélkili toltésrekombinacios folyamatait. Kimutattuk,
hogy a D1-Q130E torzs esetén a felgyorsult sugarzds nélkuli toltésrekombinécid
csokkenti a °P680 és ezéltal a szinglet oxigén kialakulasét és ezaltal fénykarositéas elleni
védelmet biztosit, a D1-Q130L tdrzs esetén pedig az ellentétes hatas, azaz megndvekedett

szinglet oxigén termelés és fénykarositas kdvetkezik be. Eredményeink azt mutatjak,
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hogy a kiilonb6z6 mértékii fénykarosodas korrelacioban van a Q130E, vad tipus, és
Q130L vonalakban termel6dd szinglet oxigén mennyiségével.

A szinglet oxigén detektadlo eljarast alkalmaztuk a flavodiiron proteinek (FLV)
szerepének felderitésére a cianobakterialis PSII fényvédelmében. A Synechocystis-ben
négyféle FLV-t taldlunk, FIvl-FIv4, amelyek specifikus elektrontranszport fehérjek.
Kozulik az FIv2 és Flvd a PSII-b6l az FLV1 és FLV3 a PSI-b6l csatolnak ki
elektronokat. Az eredményeink azt mutattadk, hogy a szinglet oxigén fejlédés sebességét
az FIv2-4 fehérjék novekvé mennyisége csokkenti, ami fénykarosodas mértékét is
csokkenti.

A hisztidin csapdazédsos szinglet oxigén detektaldsi modszert alkalmaztuk a AsigCDE
Synechocystis mutans fénykéarositdsanak vizsgalatdra. A mutans vonal csak egyetlen
kettes csoportba tartozd stressz reszponziv o factort (SigB) tartalmaz. Kimutattuk, hogy a
AsigCDE torzs fokozott fénytoleranciaval rendelkezik, ami a magas karotinoid ¢és Flv4-2
tartalomnak, illetve az ennek kdvetkeztében hatékonyabb szinglet oxigén kioltasnak
koszonheto.

A hisztidin-kdzvetitett O, felvétel mddszerét alkalmaztuk a Nostoc XPORK14A egy
masodlagos metabolitjanak jellemzésére, amit M22-nek jeloltink. Ez a vegyilet
ndvekedés és fotoszintézis gatlast okozott Synechocystis sejteken, mind fényben és
sOtétben. Kimutattuk, hogy az M22 fény hataséra szinglet oxigént képez, ami viszont
befolyasolja a Synechocystis fotoszintetikus rendszerét.

A hisztidin csapddzasos szinglet oxigén detektalasi modszert alkalmaztuk az OCP
(orange carotenoid protein) fehérje szerepeének vizsgalatdra is a Synechocystis
fényvédelemében. Kimutattuk, hogy az OCP jdl ismert fényenergia disszipal6 hatasa
mellett, nagyon hatékony szinglet oxigén kioltoként is miikddik. Ennek kdvetkeztében az
OCP fehérje mennyiségétdl fiiggd szintli fényvédelmet biztosit olyan koriilmények kozott
is (pl. voros fényben), amikor a fényenergia disszipaciés mechanizmus nem miikodik
(amihez kék-zold fény altal kivaltott konformacio sziikséges).

A fenti modszert alkalmaztuk az un. SCP klorofill kotd fehérjék szerepének
vizsgalatdban, amelyek minden oxigéntermeld  fotoszintetikus  szervezetben
megtalalhatok. Korabbi eredmények azt mutattdk, hogy az SCP fehérjék hianya

megnoveli a szinglet oxigén képz6dés ill. a fénykarositas mértékét. Jelen munkankban azt



mutattuk ki, hogy 0.2 M NaCl hatdsara PSI-mentes/ScpABCDE muténs esetében
lecsdkkentett a szinglet oxigén fejlédés mértéke és egyuttal novekedett fénykarosodassal

szemben tanusitott tolerancia.

Szinglet oxigén képzodés szimbiotikus ostoros algakban

A szinglet oxigén detektalasi modszert a korall szimbidzisban a fotobionta szerepet jatszo
Symbiodinium ostoros alga sejteken is vizsgaltuk. Megfigyeltik a hisztidin altal
kozvetitett O, felvételt megvildgitds alatt Symbiodinium sejteken és egész korallokon is,
ami igazolta a szinglet oxigén fejlédés meglétét. A szinglet oxigén termelés sebessége
feler6sodott hd és fény stressz hatasara, ami egylitt jart a PSII fotoinaktivacidjaval.
Ugyanakkor a hisztidin mint szinglet oxigén kiolt6 jelenléte részleges védelmet nyujtott a
PSII fényindukalt inaktivalasa és a pigment karosodéasa ellen. Ezen eredmények alapjan
feltehet6, hogy a szinglet oxigén altal Kivaltott sejtinaktivacid szerepet jatszhat a
Symbiodinium sejtek kilok6désében, ami korall pusztulédshoz vezet.

Vizsgaltuk tovabba a Calvin-Benson ciklus glikolaldehiddel (GA) és kalium cianiddal
(KCN) torténdé gatlasanak hatasat Symbiodinium sejteken, annak érdekében, hogy
megértsik a Calvin-Benson ciklus szerepét a korall kifehéredésben. Az eredmények azt
mutattadk, hogy mind a GA mind a KCN jelenléte fokozza a szinglet oxigén termelest, de
csak a KCN indukal korall kifehéredést.

Igen Iényeges eredménylink annak kimutatasa is, hogy a Symbiodinium sejtek szinglet
oxigén képzodést érzékenyité metabolitokat valasztanak ki a sejteken kiviili térbe,
amelyek mennyisége megné a korall pusztulast kivalto fény- és héstressz alatt. Ezek a
metabolitok szerepet jatszatnak a Symbiodinium sejtek és a korall polipok kozotti

szimbidzis szabalyzasaban.

Kloramfenikol altal indukalt fénykarositas Synechocystis sejtekben

Kimutattuk, hogy a protein szintézis gatloként alkalmazott kloramfenikol szuperoxid
képzOdéshez vezet és felerdsiti a PSII fénygatlasat Synechocystis-ban. Ez a hatés
kiilonbozé mértékben érinti a vadtipust €¢s AOCP mutans sejteket €s eltorzitja a valodi
fénykarositasbol szarmazo hatasokat. Ezért a kloramfenikol szintézis gatloként torténd

alkalmazasat kerilni kell fotoinhibicids vizsgalatokban.
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