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ABSTRACT

Cyanobacterial photosynthetic and respiratory electron transport chains are both located
in the thylakoid membrane producing ATP and reducing agent NADPH. The other major
cellular reducing equivalent, NADH, is mainly produced in catabolic reactions in the cytosol.
In this thesis work, | took biophysical, biochemical and proteomic approaches to analyze
the crosstalk between these two bioenergetic networks in the thylakoids of the
cyanobacterium Synechocystis sp. PCC 6803 (hereafter, Synechocystis). Furthermore, novel
proteins with a potential function in regulation of the NAD(P)H/NAD(P)* balance in this
organism were addressed.

Canonical respiratory reactions are completed by respiratory terminal oxidases (RTO), and
two of them, Cox and Cyd, reside in the thylakoid membrane of Synechocystis. In this work,
| show that thylakoid-located RTOs function not only in darkness but also under
illumination, alleviating the redox poise of the photosynthetic electron transfer chain by
donating electrons to O,. However, they do not have a high capacity to accept electrons
under light as demonstrated for the flavodiiron proteins Flvl and Flv3. Cyd is the main RTO
performing O, photoreduction by electrons derived from the PQ pool and originating from
Photosystem (PS) Il mediated water splitting. Cox, on the other hand, is the most important
RTO in dark respiration, but it can compete with PSI for electrons deriving from water
splitting by PSIl under high light if Cyd is absent.

In addition to providing energy, the regulation of NAD(P)H/ NAD(P)* redox homeostasis,
which allows the interplay between anabolic and catabolic metabolism, becomes extremely
important when cyanobacteria switch from one growth mode to the other. Pyridine
nucleotide transhydrogenase PntAB is an integral membrane protein complex coupling the
oxidation of NADH and concurrent reduction of NADP* to proton translocation across the
membrane. | demonstrate that PntAB, which is located in the thylakoid membrane, is
indispensable for the growth of Synechocystis under low-light mixotrophy, being the major
source for NADPH under these conditions. Furthermore, PntAB has an indirect effect on the
maintenance of the photosynthetic machinery under low-light mixotrophic conditions. The
second group of enzymes functioning in pyridine nucleotide redox reactions is type 2
NAD(P)H dehydrogenases (NDH-2), which catalyze electron transport from NAD(P)H to
quinones without simultaneous proton translocation or major effect on respiration.
Synechocystis has three NDH-2s: NdbA, NdbB and NdbC. | show that under
photoautotrophic conditions the absence of the plasma membrane located NdbC causes
downregulation of glycolytic enzymes, likely due to the elevated NADH/NAD* ratio, which
provokes modulations in several metabolic pathways and in cell morphology. Nevertheless,
the AndbC mutant showed growth retardation only upon light-activated heterotrophic
growth (LAHG). On the other hand, NdbA, which resides in the thylakoid membrane, is
required for optimal growth of Synechocystis under LAHG conditions by regulating
photosynthetic functionality as well as inorganic carbon uptake.

Results presented in this thesis provide a better means to design cyanobacteria-based
living factories where both the direction of the maximum amount of electrons to desired
end products, and optimal regulation of the NAD(P)H/NAD(P)* ratio, are essential for the
maximal productivity.



TIIVISTELMA

Syanobakteerien energia-aineenvaihdunta koostuu fotosynteesin valoreaktioiden ja
soluhengityksen elektroninsiirtoreaktioista, jotka tapahtuvat padosin tylakoidikalvolla, seka
niiden vuorovaikutuksesta soluliman hapetus-pelkistysreaktioiden kanssa.
Vaitoskirjatyossani selvitin kahden tylakoidikalvon bioenergeettisten
elektroninsiirtoverkoston yhteistoimintaa Synechocystis sp. PCC 6803 — syanobakteerissa
seka karakterisoin “uusia” proteiineja, jotka mahdollisesti osallistuvat soluliman NADPH- ja
NADH-molekyylien hapetus-pelkistystasapainon saatelyyn.

Terminaalioksidaasit (RTO) ovat proteiinikomplekseja, jotka paattavat pimedssa
tapahtuvan soluhengityksen elektroninsiirtoreaktiot. Kaksi niistd, Cox ja Cyd, sijaitsevat
Synechocystis-syanobakteerin tylakoidikalvossa. Osoitin, ettd nama RTO:t eivat toimi
pelkdstdadn pimedssd vaan myOs valossa, jolloin ne estdavat fotosynteettisen
elektroninsiirtoketjun liiallista pelkistymista ja vaurioitumista luovuttamalla ylimaaraisia
elektroneja hapelle. Cyd on tarkein valossa toimiva RTO ja vilittda valoreaktio (PS) ll:den
hajottamasta vedesta peraisin olevia elektroneja PQ-poolista hapelle. Cox taas on tarkein
RTO soluhengityksessa, mutta se kykenee myos valossa kilpailemaan elektroneista PS l:den
kanssa, jos Cyd puuttuu.

NAD(P)H/NAD(P)* -tasapainon sdately mahdollistaa anabolisten ja katabolisten
aineenvaihduntareittien sujuvan yhtaaikaisen toiminnan. Taman saatelyn merkitys korostui
erityisesti, kun syanobakteereja kasvatettiin glukoosin lasndollessa. Osoitin, etta
pyridiininukleotiditranshydrogenaasi PntAB, joka samanaikaisesti hapettaa NADH:n ja
pelkistdad NADP™*:n, sijaitsee tylakoidikalvoilla. Reaktion vaatima energia saadaan protonien
siirrosta kalvon puolelta toiselle. PntAB osoittautui valttamattdomaksi Synechocystis-
syanobakteerin kasvulle miksotrofisissa oloissa, kun valon maara on pieni. Taten PntAB on
solun paaasiallinen NADPH:n ldhde naissa olosuhteissa, ja lisdksi entsyymin toiminnalla on
epasuora vaikutus fotosynteettisen koneiston toimintakuntoon.

NAD(P)H:ta hapettavat myos tyypin 2 NAD(P)H dehydrogenaasit (NDH-2), jotka katalysoivat
elektronin siirtoa NAD(P)H:Ita kinoneille. Synechocystis-syanobakteerilla on kolme NDH-
2:ta: NdbA, NdbB ja NdbC, joiden osuus soluhengitykseen on kyseenalaistettu ja toiminta
solussa on jaanyt epdselvaksi. Tydssani osoitan, ettd fotoautotrofisissa olosuhteissa
solukalvolla sijaitsevan NdbC:n puute johtaa glykolyyttisten entsyymien maaran
vahenemiseen, joka todennikoisesti aiheutuu kohonneesta solunsisdisesta NADH/NAD" -
suhteesta. Tama taas saa aikaan muutoksia useissa metaboliareiteissd ja solun
morfologiassa. NdbC-proteiini osoittautui valttamattomaksi Synechocystis-syanobakteerin
kasvulle LAHG-olosuhteissa. Samoin NdbA, joka puolestaan sijaitsee tylakoidikalvolla,
vaaditaan optimaaliseen kasvuun LAHG-olosuhteissa johtuen siitd, ettd NdbA osaltaan
sddtelee seka fotosynteesin toimivuutta ettd epaorgaanisen hiilen kuljetusta solun sisalle
nadissad olosuhteissa.

Vaitoskirjani tulokset tuovat lisaa tietoa liittyen seka elektronien maksimaalisen maaran
ohjaamiseen haluttuihin lopputuotteisiin ettd NAD(P)H/NAD(P)* -suhteen optimaaliseen
sdatelyyn, jotka molemmat tulee ottaa huomioon tuotettaessa syanobakteereissa erilaisia
hyodyllisia kemikaaleja mahdollisimman tehokkaasti.



Giving up is the only sure way to fail.

- Gena Showalter -



14 INTRODUCTION

1. INTRODUCTION

1.1. Cyanobacteria: prokaryotes with oxygenic photosynthesis

Cyanobacteria are an exceptional group among prokaryotes due to their ability to
perform oxygenic photosynthesis. In this process, which was evolved in early
cyanobacteria (for a review, see Holland, 2006), the physical energy from sunlight is
converted to chemical energy to reduce atmospheric CO,, using water as an electron
source and releasing O, as a by-product. The exact timing of the birth of oxygenic
photosynthesis is still under debate. The current view is that it may have evolved either
shortly before the Great Oxygenation Event, about 2.4 billion years ago, or a few
hundred million years prior to it (Brocks et al., 2003; Kopp et al., 2005; Rasmussen et
al., 2008; Flannery and Walter, 2012; Lyons et al., 2014). On the other hand, fossil
findings indicate that photosynthetic microbes in the form of stromatolites may have
already existed 3.5 billion years ago (Schopf, 1993; Drews, 2011). As a result of oxygenic
photosynthesis, the O, concentration of Earth’s atmosphere began to increase
gradually, which was a huge cataclysm for life on Earth. Organisms had to evolve
mechanisms that helped them cope with the biotoxicity of O, and its derivatives (Rees
and Howard, 2003). The accumulation of O, also made possible the evolution of aerobic
respiration, where O can be used as a strong terminal acceptor for electrons, leading
to the evolution of more advanced life forms (Blankenship, 1992). In addition, the
increased atmospheric O, concentration caused the formation of an ozone layer that
protects Earth from UV radiation, which helped life spread to terrestrial habitats
(Berkner and Marshall, 1965; reviewed in Cockell and Raven, 2007). Besides their role
as pioneers of oxygenic photosynthesis, cyanobacteria are also considered as
progenitors of chloroplasts (Wolfe et al., 1994). The primary endosymbiosis event,
where a primal larger eukaryotic cell engulfed early cyanobacteria, has been dated to
have occurred circa 1.5 billion years ago (Yoon et al., 2004). This eventually resulted in
three lineages of organisms containing chloroplasts: chlorophyta, rhodophyta, and
glaucophyta.

The cyanobacterial phylum is diverse, and it contains solitary and colony-forming
unicellular and as filamentous species. Rippka et al. (1979) have classified
cyanobacterial species in five main groups according to their morphology and their
development. Sections | and Il include unicellular cyanobacteria whereas sections Ill-V
are composed of filamentous species. Nowadays cyanobacteria are more frequently
classified based on the type of their ribulose bisphosphate carboxylase/oxygenase
(Rubisco) and carboxysomes. The a-cyanobacteria, which are marine species, have
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Form-1A Rubisco and a-carboxysomes whereas B-cyanobacteria, which inhabit a vast
range of environmental niches, have Form-1B Rubisco and B-carboxysomes (for a
review, see Badger et al.,, 2006). The a- and B-carboxysomes have different shell
proteins (Badger and Price, 2003), but both carboxysome types share a common
phylogenetic origin (Kerfeld et al., 2005). Even though a-carboxysomes are slightly
smaller than B-carboxysomes, the higher intracellular copy number of a-carboxysomes
compared to B-carboxysomes equalizes the concentration of Rubisco per unit volume
(Whitehead et al., 2014). Despite significant amino acid sequence differences between
Form-1A and Form-1B Rubisco, their reaction kinetics for CO, and ribulose 1,5-
bisphosphate (RuBP) are similar (Whitehead et al., 2014).

One of the most common features of different cyanobacteria is their thick
peptidoglycan layer consisting of sugars and amino acids that form a mesh-like layer
which provides structural strength. It is situated in the periplasmic space between the
outer (OM) and the plasma membranes (PM) (for a review, see Hoiczyk and Hansel,
2000). Thus, cyanobacteria belong to the group of Gram-negative bacteria. The OM is
coated with a network of polysaccharides, called the glycocalyx, which protects cells
from, for example, desiccation and also diminishes solute loss (Gantt, 1994). The PM
houses several proteins involved in transportation, signal transduction and respiration
(for a review, see Hahn and Schleiff, 2013). In cyanobacteria, the innermost membrane
ensemble, the thylakoid membrane (TM), forms a sheet-like structure, as opposed to
plants, where the TM is organized in grana stacks and non-appressed membranes
(Nevo et al., 2007; Liberton et al., 2013). The TM forms the boundary for the lumenal
compartment, separating it from other cellular components, which is essential for
photosynthesis. Since TM accommodates both photosynthetic and respiratory electron
transport (for a review, see Vermaas, 2001; Mullineaux, 2014a), it is a center of energy

provision in cyanobacteria.

1.2. The ecological and economical significance of cyanobacteria

Cyanobacteria comprise one of the most abundant and widespread micro-organism
groups on Earth. They can be found in terrestrial and aquatic habitats varying from hot
springs to deserts. Some cyanobacterial species form symbiotic relationships with a
variety of hosts including, plants, fungi, and animals, in which cyanobacteria supply the
host with fixed carbon and nitrogen (for a review, see Bergman et al., 1993). Nowadays
cyanobacteria account for circa 30% of O, production (DeRuyter and Fromme, 2008)
and contribute about 30% of global CO; fixation (Bryant, 2003), which makes them one
the most important groups of primary producers for all lifeforms on Earth. The
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significance of cyanobacteria in primary production is highlighted in marine
ecosystems. It is estimated that cyanobacteria contribute as much as one-half of
oceanic primary production (Field et al., 1998). Some cyanobacteria are diazotrophic,
fixing atmospheric nitrogen (N), which has a considerable influence on the nitrogen
cycle. This is especially true in the oceans (Montoya et al., 2004) where, according to
estimations, diazotrophic cyanobacteria produce almost half of the biologically
available nitrogen (Stal, 2009).

Since cyanobacteria are the ancestors of chloroplasts, it is conceivable that their oxygen
evolving photosynthetic machinery is principally similar to the one in plants. Therefore,
cyanobacteria have been extensively utilized as model organisms in photosynthesis
research as they offer several advantages compared to plants. First, cyanobacteria are
prokaryotes containing small genome, which size varies from 1.4 Mbp to 9.1 Mbp
depending on the species, being relatively little compared to eukaryotes. Currently, 376
completely sequenced cyanobaterial genomes, of which 86 are complete genomes and
290 are draft genomes, are available (Fujisawa et al., 2017). The second advantage is
that several cyanobacteria are naturally competent for exogenous DNA-
transformation, which is advantageous for targeted mutagenesis. Many important
processes, including photosynthetic light reactions, carbon fixation, acclimation to
environmental stress conditions, and cell differentiation, have been extensively studied
with cyanobacteria. Widely used cyanobacterial model species include unicellular
freshwater species Synechocystis sp. PCC 6803 (for details, see section 1.3.),
Synechococcus elongatus PCC 7942, Synechococcus elongatus PCC 7002 and
Thermosynechococcus elongatus BP-1, as well as nitrogen fixing filamentous
freshwater Anabaena (Nostoc) sp. PCC 7120 and unicellular marine Prochlorococcus
marinus MEDA4, but the list of model cyanobacteria expands continuously.

In addition to basic research, cyanobacteria have recently become one of the most
intriguing options for practicing sustainable bioeconomy due to the several advantages
they offer. Cyanobacteria have a high growth rate, which leads to fast biomass
production, and their nutrient requirements are minimal. Furthermore, cyanobacteria
do not compete for arable land, are capable of efficient CO, fixation and are relatively
easy to manipulate genetically. Cyanobacteria have thus become an important source
of proteins, lipids and other bioactive compounds, such as numerous high-value
secondary metabolites that can be utilized either pharmacologically or in industrial
biotechnology (for a review, see Singh et al., 2017). In addition, cyanobacteria produce
several types of renewable biofuels, including carbohydrates, fatty acids, alcohols, and
H, (for a review, see Sarsekeyeva et al., 2015). Even though biofuel production using
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cyanobacteria is often considered as a non-profitable method, the development of
emerging technologies that can overcome the bottlenecks of production systems, the
application of genetic modifications and the adoption of synthetic biology approaches
will lead to the generation of “designer cells” with strong production properties.

1.3. Synechocystis sp. PCC 6803

Synechocystis sp. PCC 6803 (hereafter Synechocystis) is a unicellular, nontoxic, non-
diazotrophic freshwater B-cyanobacterium, which was collected from a Californian lake
in 1968 (Stanier et al., 1971). Synechocystis became the first photosynthetic organism
whose entire genome was sequenced (Kaneko et al., 1996). The genome (3.6 Mbp)
exists in several copies depending on the growth phase (Zerulla et al., 2016) and
includes around 3200 open reading frames (ORF) (Mitschke et al., 2011). In addition,
Synechocystis has seven plasmids containing roughly 400 ORFs (Labarre et al., 1989).
Synechocystis is naturally competent for exogenous DNA transformation, which
simplifies targeted mutagenesis (Kufryk et al., 2002). The glucose-tolerant substrain is
widely used in laboratories around the world due to its ability to grow without active
photosynthesis (Williams, 1988). All this has made Synechocystis one of the most
extensively studied photosynthetic model organisms.

1.4. Photosynthesis of cyanobacteria

Cyanobacteria perform oxygenic photosynthesis, where energy derived from sunlight
is converted to chemical energy and oxygen is released as a by-product. The chemical
energy is then utilized to produce energy-rich carbohydrates which are used for
biosynthesis of other compounds and for sustaining growth. Photosynthetic reactions
can be divided into light reactions and carbon fixation reactions. Light reactions are
performed in the TM by four major protein complexes: the water splitting photosystem
Il (PSII), the cytochrome bgf complex (Cyt bef), photosystem | (PSI) and ATP synthase
(Figure 1A). Electrons derived from PSII are finally delivered to NADP* for NADPH-
formation in the so-called linear electron transport (LET) process. Simultaneously, the
proton motive force (pmf) is established across the TM and harnessed for ATP
synthesis. The obtained NADPH and ATP are used as reducing power and energy for
CO; fixation and the production of triosephosphates in the Calvin-Benson-Basham cycle
(hereafter CBB cycle) in the cytosol. In addition to LET, cyanobacteria have several
auxiliary electron transport routes which can be utilized for energy provision, as
protective electron sinks, and for the regulation of the redox state of cells.
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1.4.1. Light-harvesting in cyanobacteria

In cyanobacteria, the light-harvesting antennas are called phycobilisomes (PBS) (Figure
1A). These efficiently capture sun light for the excitation of photosystems (Grossman
et al., 1993; for a review see MacColl, 1998). PBS form soluble assemblies, which can
be up to 7000 kDa in size, on the cytosolic side of thylakoids. The light-capturing part
of PBS consists of phycobiliproteins (PBP) which covalently bind the chromophores
called phycobilins. PBPs can be divided into three groups: phycocyanins,
allophycocyanins, and phycoerythrins. Together with chlorophyll a (Chl) and
carotenoids, they ensure that cyanobacteria can utilize most of the visible light
spectrum. PBPs are able to efficiently absorb wavelengths between 500-560 nm
(Glazer, 1984; DeRuyter and Fromme, 2008), whereas the absorption maxima are at
430-440 nm/670 nm for Chl and at 420-480 nm for carotenoids (Mimuro and Katoh,
1991). Colorless linker polypeptides connect PBPs to the rods and core which form the
basic structure of PBS. The strict arrangement of PBPs in a rod, due to their absorption
and emission qualities, ensures unidirectional energy transport towards the core of
PBS, and further to the photosystems. There are differences in the types of PBPs and
the structure of PBS between cyanobacterial species. In Synechocystis, the rods are
composed of phycocyanin (absorption peak at 620 nm). From the rods, energy is first
transferred to a PBS core composed of allophycocyanin (absorption peak at 650 nm)
and then, via linker proteins and terminal emitters, to the photosystems. A more
detailed description about the structure of the Synechocystis PBS is provided by Arteni
et al. (2009).

In cyanobacteria, the rearrangement of the PBS interaction either with PSIl or with PSI
is called a state transition (for a review, see Kirilovsky, 2015). This allows cells to control
the energy distribution between photosystems during changes in illumination. If the
PBSs are mainly energetically coupled to PSIl and, PSII thus receives more light energy
than PSI, cells are in state | (Campbell et al., 1998). Vice versa, when most of the PBSs
are associated with PSI, cells are in state Il. In cyanobacteria, state transitions are
assumed to be triggered by the alterations in the redox state of the PQ pool (Mullineaux
and Allen, 1990), but the mechanism mediating this signal still remains unknown. It has
also been suggested that Cyt bgf may be involved in the control of state transitions in
cyanobacteria (Mao et al., 2002; Huang et al., 2003). In the dark, as opposed to green
algae and higher plants, cyanobacteria are in state |l caused by the reduced PQ pool as
a result of respiration. lllumination of the cyanobacterial cells induces a shift towards
state |. Several hypotheses have been presented regarding the mechanisms of state
transitions. For example, PBS could move from one photosystem to the other (Joshua
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and Mullineaux, 2004) or, otherwise, an energy “spillover” could happen from PSll to
PSI mediated by Chl (McConnell et al., 2002). A functional megacomplex including a PBS
antenna and both PSIl and PSI was discovered in Synechocystis, supporting a model
where PBSs transfer energy to both photosystems (Liu et al., 2013), and it has recently
been shown that a portion of PBSs are reversibly decoupled from PSI in the light
(Chukhutsina et al., 2015). In addition, a portion of PBS can be detached from
photosystems during several stress conditions to regulate the amount of energy
arriving at the photosystems (Stoitchkova et al., 2007; Richaud et al., 2001; Salomon
and Keren, 2011; for a review, see Kirilovsky, 2015). The amount of energy reaching PSII
is also regulated by non-photochemical quenching (NPQ), which converts excess
excitation energy into heat. In most cyanobacterial species, NPQ is induced by the
orange carotenoid protein (OCP), whose function is regulated by the fluorescence
recovery protein (FRP) (Wilson et al., 2006; Wilson et al., 2007; Boulay et al., 2010; for
a review, see Kirilovsky and Kerfeld, 2013).

1.4.2. Linear electron transport (LET)

In LET, three TM-embedded protein complexes — PSIl, Cyt bgsf and PSI — transport
electrons from water to NADP* (for a review, see Battchikova and Aro, 2013) (Figure
1A). To complete the electron transport, these protein complexes are connected to
several mobile electron carriers. Plastoquinone (PQ) functions as an electron carrier in
the TM between PSIl and Cyt bef, forming a so called PQ pool. In addition, soluble
plastocyanin (PC) and cytochrome cs (Cyt cg) mediate electrons from Cyt bef to PSl in
the TM lumen. Ferredoxin (Fd) and flavodoxin (Fdx) accept electrons from the cytosolic
side of PSI and transport them to ferredoxin:NADP* oxidoreductase (FNR) which finally
reduces NADP* to NADPH.

LET is based on the Z- scheme (Hill and Bendal 1980). The protein complexes involved
in LET are arranged so that the absorbed light energy increases the energy of primary
donors in both photosystems, while in other reactions the amount of free energy
decreases, making these reactions spontaneous. The first protein complex in the Z-
scheme is PSIl. The crystal structure of PSIl from Thermosynechococcus vulcanus was
resolved at 1.9 A (Umena et al., 2011). In the TM of cyanobacteria, PSII is organized as
a dimer where both monomers are composed of 20 subunits, including core subunits
(D1 and D2) as well as core antenna proteins (CP43 and CP47) that bind Chl and
carotenoids (for a review, see Shen, 2015). Light energy (photons) captured by PBS (see
section 1.2.2.) are conducted to the primary donor of PSII, P680, which comprises of
two specialized Chl dimers. P680 gets excited, causing charge separation, which results
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in the formation of P680*, the strongest biological oxidizing agent. High energy
electrons are transported further to PSll-bound cofactors, pheophytin, and to two
plastoquinones, Qa and Qg. To reduce P680*, the electron is eventually derived from
H,0. This requires water splitting by the oxygen-evolving complex (OEC) residing on the
lumenal side of PSII. The catalytically active center of OEC is composed of a Mn40sCa
cluster where in a four-step reaction, called the Kok-cycle (Kok et al., 1970), two water
molecules are split and four electrons deriving from them are transported one by one
to P680* via Tyrosine Z, which is attached to the reaction center protein D1. In addition,
four protons are released to the TM lumen and O3 is evolved as a by-product. Due to a
second charge separation, Qs becomes doubly reduced after receiving the second
electron and gets protonated by two protons derived from the cytosolic side of the TM
forming plastoquinol, PQH,. The PQH; is then released from the Qg pocket of PSIl into
the PQ pool in the TM.

PQH, continues to the Cyt bef complex, which is a dimer consisting of 8 subunits per
monomer. The crystal structure of Cyt bef from Mastigocladus laminosus was resolved
at 3.0 A (Kurisu et al., 2003). PQH, donates both of its electrons to the Cyt bsf complex
and deprotonates, releasing two protons to the lumen. The first electron accepted by
Cyt bef from PQH; is transported via the Rieske-protein and Cyt f to soluble PC (or Cyt
Cs) in the TM lumen, but the second electron continues to the Q-cycle. By reducing two
haem groups in Cyt bg, this electron ends up on PQ in the cytosolic side. After receiving
the second electron, PQ protonates to PQH, by taking two protons from the cytosol,
and it gets oxidized again by the Cyt bgf complex, releasing two protons into the lumen.
Thus, two protons are transported from the cytosol to the lumen per each electron
arriving to the Cyt bgf complex. The oxidized PQ is released back to the TM and
eventually returns to the Qg pocket of PSIl to accept electrons again.

In cyanobacteria, another photosystem, PSI, is composed of 12 protein subunits. The
crystal structure of PSI in Synechococcus elongatus was resolved at 2.5 A (Jordan et al.,
2001). PSl is commonly organized as a trimer in cyanobacteria (Jordan et al., 2001) but
in some cyanobacterial species it may appear as a dimer or even as a tetramer (Li et al.,
2014). The primary electron donor of PSI, a Chl dimer called P700, resides in the
reaction center of PSI, which is comprised of PsaA and PsaB proteins (for a review see,
Nelson and Yocum, 2006). When P700 gets excited during charge separation, it
transports electrons to PSl-bound cofactors Chl Ao, phylloquinone A; and to three iron-
sulfur clusters, Fx, Fa and Fg. Finally, electrons arrive to Fd or, under iron limitation, to
Fdx, which are attached to PSI on the cytosolic side of the TM. FNR oxidizes Fd (or Fdx)
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and transports electrons to NADP*, forming NADPH, and the electron deficit in P700" is
filled by an electron from PC (or Cyt cg).

The proton gradient across the TM, which is obtained through water splitting and the
oxidation of PQH,, is utilized by ATP synthase to produce ATP in a process called
photophosphorylation. ATP production occurs via H'*-dependent rotation of the ATP
synthase. One rotation requires 12 protons and produces three ATP molecules.
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Figure 1. Simplified scheme of the A) photosynthetic and B) respiratory electron transport in
Synechocystis thylakoid membrane. The H*-pumping by Cox has been deduced based on its
structure (Iwata et al., 1995; Brandén et al., 2006).



22 INTRODUCTION

1.4.3. Auxiliary electron transport pathways and cyclic electron transport
(CET)

Cyanobacteria have to maintain intracellular photosynthetic redox balance, with
adequate reducing equivalent (NADPH) and energy (ATP) production needed for CO;
fixation and the biosynthesis of other compounds, while simultaneously avoiding the
over-reduction of the electron transport chain (ETC) (reviewed in Mullineaux, 2014b).
The over-reduction of ETC causes the accumulation of reactive oxygen species (ROS),
triggering oxidative damage to the photosynthetic apparatus, proteins and DNA and
causing lipid peroxidation, which eventually leads to cell death (Latifi et al., 2009;
Narainsamy et al.,, 2013). Cyanobacteria face rapidly changing environmental
conditions and have evolved, in addition to LET, several auxiliary electron transport
pathways that allow them to fine-tune the ATP/NADPH ratio and redistribute excess
electrons in order to safeguard the photosynthetic apparatus under fluctuating and
stressful environmental conditions.

The ATP/NADPH ratio produced by LET is 1.33-1.5 depending on organism (Bendall and
Manasse, 1995; Behrenfeld et al., 2008). CO, fixation consumes 1.5 ATP per NADPH and
thus, in principle, LET should cover this energy demand in ideal conditions. However, in
nature the conditions are never optimal, and ATP is also used in several other
biosynthesis routes in addition to CO; fixation. To increase the ATP/NADPH ratio, cells
utilize light powered cyclic electron transport (CET) around PSl because it only produces
ATP (for a review, see Yamori and Shikanai, 2016). During CET, electrons from the
acceptor side of PSI are cycled to the PQ pool, or possibly straight to the Cyt bef
complex, while simultaneously generating a proton gradient across the TM stimulating
ATP production. The most established route is mediated by the proton pumping type 1
NAD(P)H dehydrogenase (NDH-1) complex, especially NDH-1; and NDH-1,, donating
electrons to the PQ pool (Mi et al., 1992b; for a review, see (Battchikova et al., 20113;
Peltier et al., 2016). The transfer of protons across the TM by NDH-1 was recently
proven experimentally (Strand et al., 2017). The electron donor of NDH-1 has remained
ambiguous for a long time, but recently it has become evident that Fd is at least one of
the electron donors (Battchikova et al., 2011b; He et al., 2015). The other possible CET
pathway involves the PGR5-like protein, which may be a putative Fd:PQ oxidoreductase
(Yeremenko et al., 2005). In addition, Synechocystis has two forms of FNR, a longer form
called FNR.and a shorter form called FNRs. They are encoded by the same gene, but
the site for the initiation of translation is different (Thomas et al., 2006). FNR, reduces
NADP* to NADPH, whereas FNRs works in the opposite direction, oxidizing NADPH. FNRs
accumulates under heterotrophic conditions and is possibly involved in enhancing CET
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(Thomas et al., 2006; Korn, 2010). Interestingly, FNR,. has been shown to function
independently in the salt stress induced CET (van Thor et al., 2000).

To prevent the over-reduction of ETC, especially under rapidly changing environmental
conditions, cyanobacteria utilize several pathways that consume the excess electrons
in a safe way. One important group of “safety valve” proteins is composed of flavodiiron
proteins (FDPs) (for a review, see Allahverdiyeva et al., 2015). In cyanobacteria, their
structure comprises (i) the N-terminal metallo-B-lactamase-like domain containing a
non-heme diiron center where O, and/or NO reduction occurs, (ii) the flavodoxin-like
domain including FMN and (iii) the C-terminal flavin reductase-like domain, which in
this case enables the use of NAD(P)H as an electron donor. Flavodiiron proteins
function as dimers or as tetramers arranged in a “head-to-tail” configuration that brings
the diiron center and FMN close together, enabling electron transport between them
(Frazdo et al., 2000; Seedorf et al., 2007; Silaghi-Dumitrescu et al., 2005).

Synechocystis expresses four FDPs, Flv1-4. In vitro assays with recombinant Flv3 show
that it is able to transport electrons from NAD(P)H to O,, forming H,0 without the
generation of ROS (Vicente et al., 2002). The amount of electrons transported via Flvl
and Flv3 to O, depends on light intensity and the availability of carbon (Helman et al.,
2003; Helman et al., 2005). In Synechocystis, Flvl and FIv3 are essential under
fluctuating light conditions, since they protect PSI by alleviating acceptor side limitation
(Allahverdiyeva et al., 2013). Flvl and Flv3 have been suggested to work as a Flvl/3
dimer, but it has been shown recently that homo-oligomers of Flv3 are also formed
(Mustila et al.,, 2016). It seems that Flv3 homo-oligomers are involved in yet
unidentified auxiliary electron transport routes where the terminal acceptor is not O,
Unlike Flv 1/3, the Flv2/4 heterodimer formation has been confirmed biochemically
(zhang et al., 2012). The Flv2/4 dimer together with the small SIl0218 protein encoded
by the flv4-sll0218-flv2 operon is involved in photoprotection of PSII, especially under
high light conditions and carbon deprivation (Zhang et al., 2009b; Zhang et al., 2012,
Bersanini et al., 2014). In addition to FDPs, bidirectional hydrogenase is able to
transiently consume electrons derived from PSI, thus preventing slowdown of
photosynthetic electron transport during dark to light transition under anoxic
conditions (Appel et al., 2000).

1.4.4. CO: fixation in cyanobacteria

The end products of photosynthesis are organic carbon compounds produced from
inorganic carbon in the cytosol during a reaction series in the CBB cycle, powered by
the end products of photosynthetic light reactions - NADPH as a reducing power and
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ATP as an energy carrier that facilitates metabolic reactions. The CBB cycle begins with
the incorporation of COzinto RuBP by Rubisco and the formation of 3-phosphoglycerate
(3-PGA). Rubisco consists of large (RbcL) and small (RbcS) subunits arranged into a LsSs
molecule (Whitney et al., 2011). In the following reactions, glyceraldehyde 3-phosphate
(GA3P) is generated. This triosephosphate is a precursor for the synthesis of several
biomolecules. The efficient functioning of cyanobacterial Rubisco requires a high CO,
concentration in its surroundings because it has significantly lower affinity for CO;
compared to the Rubisco of higher plants (Mueller-Cajar and Whitney, 2008; Whitney
et al., 2011). In addition, uncharged CO, diffuses out of the cell easily, whereas lipid
membranes are much less permeable to charged HCOs (Badger and Price, 2003).
Cyanobacteria have evolved carbon concentrating mechanisms (CCM), which (i) isolate
Rubisco from the cytosol into carboxysomes and (ii) increase the intracellular C-
concentration by pumping HCOjs"into the cells as well as by converting CO,to HCOs™ (for
a review see Badger and Price, 2003; Price, 2011; Kaplan, 2017).

To increase the CO, concentration in the vicinity of Rubisco, cyanobacteria encapsulate
their Rubisco into protein micro bodies called carboxysomes (Badger and Price, 2003;
Price, 2011; Kaplan, 2017). Cyanobacteria have two types of carboxysomes, called a-
and B- carboxysomes, which differ in their shell proteins but essentially their function
is similar to the description provided in section 1.1. HCO3; penetrates the carboxysome
shell, and the carbonic anhydrase inside catalyzes the conversion of HCO5; to CO,, thus
elevating the CO, concentration to the level required for the efficient functioning of
Rubisco in cyanobacteria.

Different cyanobacterial species use various methods to actively pump Cjinto the cell
(for a review see Badger and Price, 2003; Price, 2011; Kaplan, 2017). Synechocystis
possesses two major transporters for HCOs residing in the PM. BCT1, encoded by the
Cmp-operon, is an inducible, high affinity ATP-binding cassette (ABC)-type HCO;
transporter and it is expressed especially under C;limitation (Omata et al., 1999). The
Na* -dependent symporter SbtA is the other inducible, high affinity HCO5™ transporter
in Synechocystis (Shibata et al., 2002b). CO, uptake in Synechocystis is maintained by
two different NDH-1 complexes, NDH-13 and NDH-1, (for a review, see Battchikova et
al.,, 2011a; Peltier et al., 2016). NDH13 is a high-affinity CO, uptake complex whose
expression is induced under carbon deprivation, while the NDH-1; complex is a
constitutively expressed, low-affinity CO, uptake system (Ohkawa et al., 2000; Shibata
et al., 2002a; Battchikova et al., 2011a). NDH-1 complexes are not transporters per se,
but they hydrate CO, to HCOs’, reducing CO, diffusion out of the cell.
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Despite CCM, RuBP occasionally undergoes oxygenation instead of carboxylation
because Rubisco is not able to accurately distinguish between its two substrates, CO;
and O,. This process that uses oxygen as a substrate is called photorespiration. In
addition to 3-PGA, it also produces toxic 2-phosphoglycolate (2-PG), which must be
converted back to 3-PGA and CO,, which requires ATP (for a review, see Moroney et
al., 2013). Photorespiration does, however, seem to be a crucial process for all
photosynthetic organisms, including cyanobacteria (Eisenhut et al.,, 2008a).
Photorespiratory gas exchange has been observed in mutant cells lacking Flvl and Flv3
proteins under severe Ci-starvation (Allahverdiyeva et al., 2011).

1.5. Respiratory electron transport and respiratory terminal
oxidases (RTOs)

The primary role of respiration in cyanobacteria is to provide metabolic energy during
darkness, using carbohydrates synthesized through photosynthesis (Matthijs and
Lubberding, 1988). In respiration, electrons derived from the catabolism of organic
compounds are transported into the PQ pool, which promotes the proton gradient for
ATP production (for a review, see Vermaas, 2001; Mullineaux, 2014a). The vast majority
of the respiration in cyanobacteria takes place in the TM, and several redox-active
components, such as the PQ pool, the Cyt bsf complex and PC/(Cyt cs), are shared
between photosynthetic and respiratory ETCs (Scherer, 1990; Peschek et al., 2004) (Fig.
1B). During respiration, two major dehydrogenases, the NDH-1 complex (Mi et al.,
1992a; Ohkawa et al., 2000) and succinate dehydrogenase (SDH) (Cooley and Vermaas,
2001), donate electrons across the TM to the PQ pool. From there, electrons are
transported either to Cyt bsf or to membrane-bound respiratory terminal oxidases
(RTOs). RTOs reduce molecular oxygen to water and simultaneously contribute to the
generation of a proton gradient for ATP production. There are two RTOs that reside in
the TM of Synechocystis: the cytochrome bd quinol oxidase (Cyd) and the aas-type
cytochrome ¢ oxidase (Cox) (Howitt and Vermaas, 1998; Lea-Smith et al., 2013; for a
review, see Hart et al., 2005; Schmetter, 2016).

Cyd consists of two subunits, CydA and CydB, and contains two haems in its active
center (Howitt and Vermaas, 1998). Even though Cyd is not able to pump protons
across the membrane, it contributes to the proton gradient across the TM by
consuming H* during the reduction of O, to water on the cytosolic side (Hart et al.,
2005). In addition to Cyd, another quinol oxidase resembling plastid terminal oxidase
(PTOX) of plants (Krieger-Liszkay and Feilke, 2015) has been found in several
cyanobacterial species, though not in Synechocystis (McDonald et al., 2011).
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The second TM-localized RTO, Cox, is composed of three subunits: (i) subunit I, which
ligates haem a and haem as-Cug in the binuclear center, (ii) subunit Il, which binds CuA
and forms the docking site for soluble donors and (iii) subunit lll, which completes the
structure (Hart et al., 2005). Cox is able to accept electrons from both PC and Cyt ¢
(Navarro et al., 2005; Paumann et al., 2004). Based on its structure, Cox is likely to
translocate protons across the TM (lwata et al., 199; Bréandén et al., 2006). Cox is the
main RTO contributing to dark respiration (Pils et al., 1997; Howitt and Vermaas, 1998;
Pils and Schmetterer, 2001), and its expression peaks at the end of the day (Kucho et
al., 2005). The importance of Cox is emphasized by the fact that all sequenced
cyanobacterial genomes have genes encoding Cox (Pils and Schmetterer, 2001; Lea-
Smith et al., 2013), and the function of Cox is necessary under heterotrophy (Pils et al.,
1997).

Some respiratory processes occur in the PM, in addition to the TM. In Synechocystis,
the PM-localized respiratory chain lacks Cyt bs f (Schultze et al., 2009) and Cox (Huang
et al., 2002), but is likely to contain Cyd (Howitt and Vermaas, 1998; Lea-Smith et al.,
2013) and, in particular, it includes the third RTO of Synechocystis, the alternative
oxidase complex (ARTO) (Huang et al., 2002; Pisareva et al., 2011). ARTO is a member
of a haem-copper protein superfamily similar to Cox (Pils and Schmetterer, 2001). Even
though ARTO does not significantly contribute to photosynthetic electron transport
(Abramson et al., 2000; Lea-Smith et al., 2013), it might have a more specific role in
reductive iron uptake (Kranzler et al., 2014). The input of electrons to the PQ pool in
the PM is most probably provided by SDH or type 2 NAD(P)H dehydrogenases (see
section 1.7.2), because NDH-1 has been detected to reside exclusively in the TM
(Ohkawa et al., 2000; Zhang et al., 2004; Pisareva et al., 2011; Liberton et al., 2016).
Electrons are transported to ARTO or Cyd from the PQ pool, and the presence of ATP
synthase in the PM (Huang et al., 2002) suggests the formation of a proton gradient in
order to energize several transporter complexes (Zhang et al., 2009a). The importance
of this is demonstrated e.g. by the increase in respiration under salt stress, since
additional energy is needed for the extrusion of Na* (Jeanjean et al., 1993; Pils and
Schmetterer, 2001).

It is evident that the main role of RTOs is to function in dark respiration and that the
presence of RTOs is not crucial for Synechocystis when cells are not facing severe stress
conditions (Howitt and Vermaas, 1998; Pils and Schmetterer, 2001; Lea-Smith et al.,
2013). However, because both photosynthetic and respiratory electron transport occur
in the TM, there is an intriguing possibility: RTOs could be participating in the redox
poising of ETC during illumination. It has been recently demonstrated that the presence
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of at least one TM- localized RTO, either Cox or Cyd, is essential under 12-h-high
light/12-h-dark square-wave cycles (Lea-Smith et al., 2013). In addition, earlier studies
based on indirect fluorescence methods suggested that Cyd might contribute to the
oxidation of the PQ pool during illumination (Schneider et al., 2001; Berry et al., 2002).

1.6. Central carbon metabolism of cyanobacteria

Cyanobacteria accumulate carbon and other energy reserves as polymers to survive
during starvation periods, which frequently occur in nature (Allen, 1984). To store
carbon, GA3P generated in the CBB cycle is first metabolized to hexose-phosphates via
gluconeogenesis and then stored in the form of glycogen. The plasticity in the sugar
catabolism of cyanobacteria allows the adjustment of the intracellular redox balance
and energy level to meet the demands of cellular metabolism under changing growth
conditions. When the stored carbon is needed, glycogen is first degraded to glucose or
glucose 6-phosphate, which can be catabolized via various glycolytic pathways (Fig 2.).
One of them is glycolysis, where glucose 6-phosphate is catabolized to pyruvate, with
concomitant production of ATP and NAD(P)H. Glycolysis has two variants in
cyanobacteria: the Embden—Meyerhof—Parnas (EMP) pathway and the Entner—
Doudoroff (ED) pathway. The second option for carbohydrate catabolism is the
oxidative pentose phosphate (OPP) pathway, which produces reducing power in the
form of NADPH. All of these pathways lead to the tricarboxylic acid (TCA) cycle, which
provides reducing power and energy in the form of NAD(P)H, FADH,, and ATP and
produces precursor metabolites utilized in the biosynthesis of amino and fatty acids,
oxaloacetate, 2-oxoglutarate (2-OG) and succinate, and the latter can also be used in
respiration. The majority of cyanobacteria possess a complete TCA cycle (Zhang and
Bryant, 2011), though there are some variations depending on species (Steinhauser et
al., 2012). However, the metabolic flux rate through the TCA cycle is low in
cyanobacteria (Wan et al.,, 2017). Thus, its main role is likely to produce carbon
skeletons and other precursors rather than supply energy and reducing equivalents.
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Figure 2. Glycolytic routes and their yields in cyanobacteria. Modified from Chen et al. 2016.

1.6.1. Glycogen: more than just a storage molecule

Glycogen is required by Synechocystis for biomass formation (Knoop et al., 2010) and
itis the main oxidizable reserve during darkness for energy production in cyanobacteria
(Grindel et al., 2012). Glycogen is a water-soluble polyglucan and it consists of
interlinked linear chains of a-D-glucose forming visible granules inside the cell (Allen,
1984). Glycogen synthesis starts in the cytosol with the formation of ADP-glucose from
glucose 1-phosphate and ATP, catalyzed by the ADP-glucose pyrophosphorylase (GlgC)
(for a review, see Zilliges, 2014). In the next phase, glycogen synthase (GlgA) elongates
a pre-existing a-(1-4)-glucan chain using the ADP-glucose as a sugar donor. The genome
of Synechocystis encodes two isoforms of this enzyme (Beck et al., 2012), and both are
able to synthesize a-polyglucan (Griindel et al., 2012). The branching enzyme (GlgB)
forms linkages between glucan chains in the growing polymer, finalizing the structure.
Glycogen degradation provides phosphorylated sugar intermediates which can be
utilized as an energy source. Degradation is initiated by glycogen phosphorylase (GIgP),
which releases glucose-1-phosphates until only the last four glucose residues are left in
the branch. Synechocystis has two GIgP homologs, and their expression varies
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depending on growth conditions, indicating possible functional divergence (Fu and Xu,
2006). The remaining four glucoses in the branch act as a recognition site for the
debranching enzyme (GlgX) that cleaves the outer branches, releasing maltotetraose.
The gene sets for glycogen synthesis (g/gA,B,C) and degradation (g/gP,X) are conserved
in the majority of cyanobacterial species (Beck et al., 2012).

In cyanobacteria, as well as in plants and algae, polyglucan biosynthesis is closely linked
to photosynthetic reactions (reviewed in Zilliges, 2014). It follows the diurnal cycle in
most cyanobacteria (Schneegurt et al., 1994): glycogen is synthesized only during the
light period and degraded during the dark period for respiratory needs. The availability
of carbon is one of the main factors controlling the accumulation of glycogen in
cyanobacteria. Cells grown under carbon-replete conditions accumulate significantly
higher amounts of glycogen compared to carbon-deprived cells (Eisenhut et al., 2007),
and a transient shortage of carbohydrates synthesized by the CBB cycle can be
compensated for by degrading glycogen (Eisenhut et al., 2008b). In addition, nitrogen
shortage increases the intracellular glycogen amount in cyanobacteria (Wilson et al.,
2010). Thus, both photosynthetic reactions and the intracellular C/N balance affect
glycogen biosynthesis in cyanobacteria.

The pathways for glycogen synthesis and degradation are regulated at different levels
in cyanobacteria (reviewed in Zilliges, 2014). Synthesis is mainly regulated at the
enzymatic level, and it responds to the amount of light available. All the enzymes
involved in glycogen synthesis — GlgA,B,C — are under thioredoxin mediated regulation
in cyanobacteria, which explains their activation strictly under illumination (Lindahl and
Florencio, 2003; Lindahl and Kieselbach, 2009). In addition, GlgC is activated by 3-PGA,
which is a signal for intracellular high carbon and energy status but is inhibited by
inorganic phosphate P; (Levi and Preiss, 1976; Iglesias et al., 1991). In contrast, the
degradation of glycogen is regulated at the transcriptional level, in response to the C/N
status of the cell as well as its energy requirements. The expression of glgX and glgP is
induced during the dark period by the group 2 o-factor SigE, which is a positive
regulator of several sugar enzymes functioning in sugar catabolism (Osanai et al., 2005;
Osanai et al., 2007). Furthermore, histidine kinase Hik8 (Singh and Sherman, 2005), and
likely also nitrogen metabolism regulators NtcA and Pll (Forchhammer, 2004), activate
the expression of glgX and g/gP (Osanai et al., 2007).

Glycogen, however, is not required only for storing carbon and energy. Mutants
deficient in glycogen synthesis in several cyanobacterial species, including
Synechocystis, Synechococcus sp. PCC 7002 and Synechococcus elongatus PCC 7942,
show reduced photosynthetic and respiratory capacity, sensitivity against several stress
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conditions (high light, high salt, heat, and oxidative stress), growth defects during dark
to light transitions as well as under low carbon conditions and mixotrophy, in addition
to the non-bleaching phenotype under nitrogen starvation (Carrieri et al., 2012;
Grindel et al., 2012; Hickman et al., 2013; Miao et al., 2003; Suzuki et al., 2010; Xu et
al., 2013b). Interestingly, Synechocystis mutants incapable of glycogen synthesis
demonstrate an overflow metabolism causing “energy spilling”: instead of being routed
to glycogen synthesis, excess energy and carbon are consumed in the production of
pyruvate and 2-OG, which are released into the medium (Griindel et al., 2012). This
demonstrates that glycogen is a dynamic depositary for carbon and electrons, utilized
as a reserve and as a redox buffer, as was proposed by Smith (1982).

1.6.2. Sugar catabolism and carbon flow in cells cultivated under various
growth modes

Under photoautotrophy, when light as an energy source and CO, as a carbon source
are available, the CBB cycle is the main metabolic route for carbon utilization. The
carbon flux from GA3P can be directed to either biosynthesis or the regeneration of
CBB cycle intermediates, and it occurs with a ratio of around 1:8 in Synechocystis
(Knoop et al., 2010). Under photoautotrophy, only a minor flux is routed through the
OPP pathway that produces 2 NADPH-molecules per glucose (Young et al., 2011), albeit
substantial amount of NADPH are produced by photosynthetic light reactions.

In the absence of light, cyanobacteria exhibit heterotrophic metabolism, where
electrons are derived from the oxidation of reduced substrates, mainly carbohydrates,
to provide energy and reducing power. When the growth medium is supplemented
with glucose and cells are illuminated daily with a short pulse of light, that is insufficient
for photosynthetic growth, the growth mode is called light-activated heterotrophic
growth (LAHG) (Anderson and MclIntosh, 1991). These conditions are often applied
instead of genuine heterotrophy, because the presence of a daily short blue light pulse
is required for the growth of Synechocystis. However, the blue light pulse does not
support growth by inducing photosynthesis — instead, the effect probably occurs
through the regulation of heterotrophic metabolism and cell division (Anderson and
Mclntosh, 1991). Indeed, light is required for the maintenance of cell shape dimensions
in cyanobacteria, yet factors regulating this remain elusive (reviewed in Montgomery,
2015). Under heterotrophy, at least 90% of the carbon flow from sugar catabolism is
directed to the OPP pathway (Yang et al., 2002; Wan et al., 2017), because this pathway
is the only source providing required intermediates for nucleotide biosynthesis in the
dark (Kruger and von Schaewen, 2003). In fact, the mutant deficient of gnd, one of the



INTRODUCTION 31

key enzymes producing NADPH in the OPP pathway, could not grow under
heterotrophic conditions (Wan et al., 2017). In addition, some carbon flux under
heterotrophy is directed to the EMP-pathway producing two NADH- and ATP-
molecules per glucose (Yang et al., 2002), and only minor flux through the TCA cycle
was observed (Wan et al.,, 2017). However, cyanobacteria are not able to grow
heterotrophically under anaerobic conditions, because oxygen is needed for oxidative
phosphorylation.

Under photomixotrophic conditions, carbon for metabolic needs derives from a
combination of photosynthetically fixed CO, and an external carbon source, e.g.
glucose, which is imported to the cell. Under photomixotrophy, the growth of
cyanobacteria is significantly enhanced compared to that under photoautotrophy, due
to the increased availability of carbon (Summerfield et al., 2013; Chen et al., 2016).
During photomixotrophy, the CBB cycle is highly active (You et al.,, 2014). From
glycolytic routes, the ED pathway producing one NADH, NADPH and ATP molecule per
glucose, is crucial in Synechocystis under photomixotrophy (Chen et al., 2016), whereas
the carbon flow through the EMP pathway, the OPP pathway, and the TCA cycle is
marginal under these conditions (You et al., 2014). The choice of the ED pathway over
the EMP pathway under photomixotrophy is most probably caused by almost 3.5 times
lower protein cost and diminished ATP production of the ED pathway compared to the
EMP pathway (Flamholz et al.,, 2013). This is beneficial because photosynthesizing
organisms are usually limited by nutrients rather than by ATP (Chen et al., 2016). The
simultaneous operation of the ED pathway and the CBB cycle does not cause futile
cycles that slow down CO; fixation, which could happen if the OPP or the EMP pathways
were induced (Narainsamy et al., 2013). The ED pathway is also highly advantageous to
cyanobacteria under autotrophic conditions during the dark/night-cycle, which may be
the reason why it is so widespread, not only among cyanobacteria but also in plants
(Chen et al., 2016).

1.6.3. Regulation of sugar catabolism

Studies indicate that sugar catabolism is indispensable for cyanobacteria in the absence
of illumination (for a review, see Osanai et al., 2007). There are several proteins
regulating sugar catabolism in Synechocystis. The group 2 o-factor SigE generally
induces the expression of genes participating in sugar catabolism (Osanai et al., 2005).
The expression of sigE follows the circadian rhythm, peaking at the end of the light
period together with the sugar catabolism genes (Kucho et al., 2005). Another activator
of sugar catabolism is Hik8 (Singh and Sherman, 2005), which is a homolog of the



32 INTRODUCTION

circadian clock protein SasA in Synechococcus (lwasaki et al., 2000). It is plausible to
suggest that in Synechocystis, SigkE is under the control of Hik8, which would explain the
circadian expression of SigE, though this has not been verified experimentally (Osanai
et al., 2007). In Synechococcus elongatus PCC 7942, the global regulator of circadian
output, RpaA, induces the expression of genes that function in glycolysis, the OPP
pathway and glycogen biosynthesis (Markson et al., 2013), and the gene encoding RpaA
can also be found in Synechocystis.

Nitrogen status has also been proposed to have an influence on sugar catabolism in
cyanobacteria (for a review, see Osanai et al., 2007). In Synechocystis, the expression
of genes encoding enzymes that function in glycolysis and the OPP pathway as well as
in glycogen catabolism are downregulated under nitrogen depletion (Osanai et al.,
2006). During N depletion, the cells accumulate glycogen granules and when nitrogen
source is available again, the cells switch to heterotrophic metabolism (respiration) and
utilize glycogen for recovery (Klotz et al., 2016). The expression of a cyanobacterial
global nitrogen regulator, ntcA, is upregulated under nitrogen deprivation
(Forchhammer, 2004), and NtcA is known to induce the expression of sigE in
Synechocystis (Muro-Pastor et al., 2001). Additionally, intracellular C/N status may be
one factor that regulates sugar catabolism via PIl. Furthermore, PBS are degraded
during nitrogen depletion (Richaud et al., 2001), resulting in the decreased provision of
reducing power (NADPH) and energy (ATP) which is, at least partially, compensated by
sugar catabolism (Osanai et al., 2007).

1.7. Redox regulation of NAD(P)H/NAD(P)* homeostasis in
photosynthetic organisms

NADH and NADPH are universal soluble reducing equivalents that provide electrons
and protons to enzyme-catalyzed redox reactions in all cells. They differ from each
other by the presence of a 2’phosphate group in the adenine ribose ring, which causes
different substrate specificities in the corresponding enzymes. In addition, NAD(H) and
NADP(H) have different metabolic roles in photosynthetic organisms. NADPH is mainly
produced by photosynthesis. The amount of NADPH is kept higher than NADP* to
maintain reductive reactions, such as CO, fixation as well as fatty and amino acid
biosynthesis. In contrast, NADH is mainly produced in catabolic reactions, like glycolysis
and the TCA cycle, and the NADH/NAD" ratio is kept low to maintain oxidative reactions.
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1.7.1. Pyridine nucleotide transhydrogenase PntAB

Pyridine nucleotide transhydrogenase PntAB, also known as energy-dependent
transhydrogenase, is an integral membrane protein complex coupling the oxidation of
NADH and concurrent reduction of NADP* to proton translocation along the proton
gradient (Sauer et al., 2004; for a review, see Jackson, 2012; Jackson et al., 2015). The
structure of the enzyme is composed of three different domains: the dl domain binds
NAD(H), the dll domain forms a proton channel, consisting of several transmembrane
helices, across the membrane, and the dlll domain binds NADP(H). These are then
arranged into two protomers. The catalytic reaction performed by PntAB couples the
proton translocation to the allosteric conformational changes. During the reaction
cycle, the enzyme can be in two different forms known as the open and occluded
conformations. In the open conformation, the dl and dIl domains bind and release their
respective substrates, NAD(H) and NADP(H). The proton translocation through dll
causes a conformational change from the open to the occluded form, placing reacting
species to the right orientation, which enables hydride transfer from NADH to NADP".
One proton is translocated across the membrane per hydride transfer (Bizouarn et al.,
1996). By utilizing PntAB, the intracellular NADPH/NAD" ratio can be elevated to level
that is over 400 times higher than the NADP*/NADH ratio (Jackson, 2012). The function
of PntAB has been studied in heterotrophic organisms, but its biological function in
oxygenic photosynthetic organisms, including cyanobacteria, has remained largely
indefinable. Synechocystis has two putative genes encoding transhydrogenase, pntA
(sIr1239) and pntB (sIr1434).

1.7.2. Type 2 NAD(P)H dehydrogenases (NDH-2s)

Cyanobacterial pyridine nucleotide dehydrogenases are classified into two groups (for
a review, see Melo et al., 2004; Peltier et al., 2016). The first group is the NDH-1
complex, which functions in CET (see section 1.4.3.), respiration (see section 1.5) and
Ci-uptake (see section 1.4.4). The second group is formed by type 2 NAD(P)H
dehydrogenases (NDH-2s), which consist of a single polypeptide, have molecular
masses close to 50 kDa and catalyze electron transport from NAD(P)H to quinones
without simultaneous proton translocation (Yagi, 1991). The NDH-2 primary structure
typically features two GXGXXG motifs within the B-sheet-a-helix-B-sheet domains
(Rossman fold), where the first motif binds FAD or FMN, and the second one binds
NAD(P)H (Wierenga et al., 1986). The model for NAD(P)H:quinone oxidoreduction by
NDH-2s has been proposed recently (Marreiros et al.,, 2017) based on the available
crystal structures (Feng et al., 2012; Heikal et al., 2014; Sena et al., 2015), but the
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precise mechanism for this reaction still remains elusive. However, NDH-2s have to be
strongly attached to the membrane to be able to transport electrons to the quinone,
which is indicated by substantial increase in the activity of NDH-2s in the presence of
lipids (Bjorklof et al., 2000; Gomes et al., 2001; Bandeiras et al., 2003). It seems that the
majority of NDH-2s do not contain transmembrane helices, but instead, have
amphipathic a-helices, which attach the enzyme in a position parallel to the plane of
the membrane, addressing the need for a hydrophobic environment (Melo et al., 2004).

NDH-2s are found in several heterotrophic as wells as autotrophic organisms. The
photosynthesizing eukaryotes expressing NDH-2s, like Arabidopsis thaliana
(Michalecka et al., 2003; Carrie et al., 2008), Chlamydomonas reinhardtii (Desplats et
al., 2009; Terashima et al., 2010) and Physcomitrella patens (Xu et al., 2013a), typically
have several copies of NDH2s but the majority of these are targeted at mitochondria or
peroxisomes instead of chloroplasts. NDH-2s may have a special importance in
cyanobacteria because the genomes of all sequenced cyanobacteria contain at least
one copy of NDH-2 (Marreiros et al., 2016). In Synechocystis, three genes encode NDH-
2s; ndbA (slr0851), ndbB (slr1743), and ndbC (s/l1484) (Kaneko et al., 1996; Howitt et
al.,, 1999). They all contain conserved motifs for binding a FAD as a cofactor and
NAD(P)H as a substrate, but the sequence of the latter binding motif indicates that
NADH is highly favored in comparison with NADPH (Howitt et al., 1999). Only the
product of ndbC contains a membrane spanning region. NdbB was recently
demonstrated to be involved in vitamin K1 biosynthesis in Synechocystis (Fatihi et al.,
2015). However, the precise functions of different NDH-2s, especially concerning
possible role in redox regulation of pyridine nucleotides in cyanobacteria, remain still
poorly understood.
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2. AIMS OF THE STUDY

In cyanobacteria, photosynthetic linear and auxiliary electron transport pathways,
together with respiratory pathways, are located in the TM. They provide balanced
energy (ATP) and reducing equivalent (NADPH) to the cell. They create a complicated
but well-orchestrated intracellular network of electron transport reactions. Linear
electron transport has been studied extensively during the last decades, yet our
understanding of its interactions with auxiliary and, in particular, respiratory electron
transport pathways remains far from complete. The aim of my thesis was to study the
crosstalk between these major bioenergetics networks in the TM. In parallel with these
thylakoid oxidation-reduction pathways, | searched for novel proteins located in the
TM and the PM that could potentially function in the redox regulation of cellular
metabolism in Synechocystis. | investigated how the oxidized and reduced pyridine
nucleotides, NADPH/NADP* and NADH/NAD* produced by photosynthetic light
reactions and the sugar catabolism are inter-regulated. These interactions are expected
to be vital for the maintenance of cellular redox homeostasis, especially when the
primary carbon source changes from CO; to carbohydrates.

The primary aims of my thesis were
(i) to reveal the precise location of the thylakoid membrane localized respiratory
terminal oxidases and their possible function in Synechocystis also during

illumination;

(ii) to elucidate the role of pyridine nucleotide transhydrogenase PntAB in
Synechocystis;

(iii)  toinvestigate the roles of type 2 pyridine nucleotide dehydrogenases NdbA and
NdbC in the regulation of the different growth modes of Synechocystis.
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3. METHODOLOGY
3.1. Cyanobacterial strains and growth conditions

Table 1. Cyanobacterial strains used in this work. The detailed construction of each mutant is
described in the given reference. All strains are constructed based on a glucose tolerant WT-
strain. (1) Integration site in psbAl, the integrated gene under the psbAll-promoter.

Strain Deleted genes Reintroduced genes Paper Reference

Acox slr1136-slr1138 | Lea-Smith et al. 2013

Acyd slr1379-slr1380 | Lea-Smith et al. 2013

Acox/cyd slr1136-slr1138 | Lea-Smith et al. 2013
slr1379-slr1380

Aflvi/3 sll1521::CmR I Allahverdiyeva et al.
sll0550::SpR 2011

PSl-less sIr1834::CmR, | Shen et al. 1993
slr1835::CmR

ApntA slr1239::KmR Il Paper Il

AndbC sll1484::Zeok 1] Paper llI

AndbA slr0851::EmR® v Paper VI

AndbA::ndbA  slr0851::EmR slr0851:: Km® \Y; Paper VI

A glucose-tolerant Synechocystis sp. PCC 6803 (WT) and the mutant strains (Table 1)
were grown at 30 °C in the BG-11 medium (Ripka et al. 1979) supplemented with 20
mM HEPES-NaOH (pH 7.5) or 10 mM TES-KOH (pH 8.0 or 8.2). Pre-experimental
cultures were grown in flasks under continuous white fluorescent light (L30W/865
Osram) of 50 umol photons m? s, under air enriched with 3% CO, (HC) and with
agitation at 150 rpm. Prior to the experiments, cells were harvested at the
midlogarithmic phase from pre-experimental cultures and inoculated to fresh BG-11
medium. Experimental cultures were grown in fresh BG-11 medium under continuous
illumination (5, 50 or 500 umol photons m? s), under different dark-light cycles
(illumination 50 or 200 pmol photons m™ st during the light period), under fluctuating
light using the 20/500 regime (20 umol photons m™2 s background light interrupted
every 5 min with 30 second high light pulses of 500 umol photons m™ s™2) in flasks in
growth chambers with cool-white light-emitting diodes (LED) (AlgaeTron AG130 by PSI
Instruments) with agitation at 150 rpm. The other applied growth system was a multi-
cultivator (Multi-Cultivator MC 1000, PSI Instruments) with aeration, temperature
control and white LED-lights as a light source. In the cultivator, cells were grown under
continuous light (5, 20 and 50 umol photons m™2 s71) or under diurnal sinusoidal 12 h
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light rhythm with maximum 20, 50 and 200 umol photons m™2 s7* followed by a 12 h
dark period. Experiments were conducted under ambient CO, conditions (LC) and
under HC conditions. The experimental cultures were grown without antibiotics, and
glucose was provided when mentioned. ODsp was measured using the Lambda 25
UV/VIS spectrometer (PerkinElmer) or the Multi-Cultivator MC 1000.

For physiological experiments, cells were harvested at the logarithmic phase (OD7so
between 0.6 and 1.3). For activity measurements, cells were harvested and
resuspended in fresh BG-11 medium at the desired Chl concentration and acclimated
under the respective growth conditions 1 h before the measurements. Chl was
extracted using 90% methanol and an extinction coefficient of 78.74 L g* cm™ was
applied to determine and adjust the Chl concentration (Meeks and Castenholz, 1971).

3.2. Biophysical methods

3.2.1. Oxygen evolution measurements with a Clark-type oxygen electrode

The net O, production was measured in the presence of several DBMIB concentrations
(0, 1, 10 and 25 uM) with a Clark-type oxygen electrode (Hansatech Ltd, Norfolk,
England) at 30 °C under 400 umol photons m™2 s ! actinic light applied using a 150-Watt,
21 V, EKE quartz halogen-powered fiber optic illuminator (Fiber-Lite DC-950, Dolan-
Jenner, MA, USA). Before measurements, the Chl concentration of the samples was
adjusted to 15 pg ml ! and samples were supplied with 1 mM NaHCOs during

measurements.

3.2.2. Membrane inlet mass spectrometry (MIMS)

The production of 0, (mass 32) and the consumption of 20, (mass 36) as well as the
CO; consumption (mass 44) were monitored online with mass spectrometry (Prima
PRO, Thermo Fisher Scientific) which was connected to a thermo-regulated DW1
oxygen electrode chamber sealed with a gas-permeable thin Teflon membrane (1 mm
stretch membrane; YSI). Before the measurement, 80, (isotope purity > 98%; CK Gas
Products) was injected into the cell suspension and the concentrations of 0, and 0,
in the solution were left to equalize. During measurement, samples were under
continuous stirring. First, samples with Chl concentration of 15 pg ml * were monitored
in the dark to record respiratory oxygen consumption and after this, actinic light (400
or 150 umol photons m™ s™) was applied using a 150-W, 21-V EKE quartz halogen
powered fiber optic illuminator (Fiber-Lite DC-950; Dolan-Jenner) to record gross O,
production, total O, uptake under illumination and CO, exchange. Gas-exchange
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kinetics and rates were determined according to Beckmann et al. (2009): O
uptake=A0, x (1+[*%0,]/[*80,]) and O, evolution=A®0,- A0, x ([**0,]/[*®0,]). All the
measurements were performed in the presence of 1 mM NaHCOs. Several inhibitors
and artificial acceptor were used during experiments at the following final
concentrations; 25 uM DBMIB, 50 uM HQNO, 0.5 uM DCBQ, and 1 mM KCN.

3.2.3. Fluorescence measurements

The Chl fluorescence from intact cells was recorded with a pulse amplitude-modulated
fluorometer (Dual-PAM-100; Walz). Before measurements, the Chl concentrations of
cell suspensions were adjusted to 15 pug mL™ and dark adapted for 10 min. Saturating
pulses of 5,000 pmol photons m™2 s (300 ms) and strong far-red (FR) light (720 nm, 75
W m~2) were applied during analysis to obtain the photosynthetic parameters. The F,,”

R was

was obtained by applying a saturating pulse to dark adapted cells, the Fn
recorded by applying a saturating pulse onto the FR background (after 8 s illumination),
and the F,’, was recorded upon firing a saturating pulse during illumination. The
effective yield of PSII, Y(l1), was calculated as (Fn' = Fs)/Fn'. The maximum quantum yield
of PSIl was measured in the presence of 20 uM DCMU from dark-adapted cells upon
illumination with actinic light (200 umol photons m™2 s ) for 1 min and calculated as
Fv/Fm = (Fm — Fo)/Fm. Fo= the mimimal fluorescence from dark-dapted samples, Fs= the

steady state fluorescence, F'= the maximal fluorescence under the light.

The photosynthetic response to changing light intensities was monitored by measuring
rapid light response curves with a Dual-PAM-100, applying a standard protocol of 60 s
illumination periods of gradually increasing light intensity without dark-adapting the
samples. To obtain the photosynthetic parameters, the saturating pulse was applied at
the end of every light period.

The Fo rise was monitored for 40 s after the termination of actinic light (1 min
illumination with 50 umol photons m™ s™! actinic light) with a Dual-PAM-100. Cell
suspensions at a Chl concentration of 15 pg mL™ were dark adapted for 10 min before
the measurements.

State transitions were monitored with a Dual-PAM-100 by illuminating dark acclimated
cells (Chl concentration 15 pg mL™) first with blue light (460 nm, 44 umol photons m™
s™Y) to induce transition from State Il to State I. Light quality was changed to red light
(620 nm, 50 umol photons m™ s71) to induce transition to State Il. Light quality was
changed once more to blue light to induce transition to State I. During illumination,
saturating pulses were applied to monitor Fy,'.
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The kinetics of the Chl fluorescence decay after a single-turnover saturating flash were
monitored with a FL 3500 fluorometer (PSI Instruments) according to Vass et al. (1999).
Measurements were also performed in the presence of a 20 uM DCMU and with 30 s
pre-illumination with FR light. Before all measurements, the Chl concentration of the
samples was adjusted to 7.5 ug ml * and they were dark adapted for 5 min.

The fluorescence emission spectra at 77K were measured from intact cells using a QE
Pro-FL spectrofluorometer (Ocean Optics). Before measurements samples adjusted to
a Chl concentration of 7.5 ug ml *were rapidly frozen in liquid nitrogen. Cells were then
excited with the 440 nm or the 580 nm light, generated using a monochromator
(Applied Photophysics Ltd; f/3.4 grating).

3.2.4. P700 measurements

The P700 signal was recorded simultaneously with fluorescence using a Dual-PAM-100.
Samples at a Chl concentration of 15 ug mL™ were dark adapted for 10 min prior to the
measurement process. The maximal change of P700 upon transformation of P700 from
the fully reduced to the fully oxidized state, P.,, was achieved by applying a saturation
pulse onto the FR background. The effective yield of PSI, Y(I), was calculated as (P.,' —
P)/Pm. The donor side limitation of PSI, Y(ND), was calculated as P/P,.. The acceptor side
limitation of PS |, Y(NA), was calculated as (Pm -Pm’)/ Pm. P represents P700* signal under
steady-state actinic light. Py’ is obtained by application of saturating pulse to the
illuminated cells and represents maximum oxidizable P700 under actinic light

illumination.

The oxidation and rereduction of P700 were monitored using a Dual-PAM-100. Cell
suspensions at a Chl concentration of 20 pg mL™ were dark adapted for 2 min before
measurements. For the oxidation of P700, samples were illuminated with FR light (720
nm, 75 W m™2) for 5 s, and the following rereduction was recorded in darkness.

3.3. Microscopy

3.3.1. Light microscopy and cell counting

Cells suspended in BG-11 were inspected with an Orthoplan Large Field Research
Microscope (Leitz) and photographs of them were taken with a digital microscope
camera (Leica DFC420C). The digital slide photograph brightness and contrast were
optimized with Leica Application Suite version 4.1. (Leica). The number of cells in a
culture (normalized to ODyso = 1) was calculated with a Birker chamber (Marienfeld-
Superior).
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3.3.2. Transmission electron microscopy (TEM)

TEM-analysis was performed in the Laboratory of Electron Microscopy (University of
Turku). Samples were prefixed with 5% glutaraldehyde in a 0.16 M s-collidin buffer (pH
7.4) and postfixed with 2% 0sOs + 3% K-ferrocyanide. After this samples were
dehydrated, embedded and cut to thin sections (70 nm). These were stained with 1%
uranyl acetate and 0.3% lead citrate. A JEM-1400 Plus Transmission Electron
Microscope (JEOL) was used in the analysis.

3.4. Glycogen determination

Cells in the logarithmic growth phase were collected and resuspended in OD750=1, and
10 ml of the cell suspension was lysed by sonication (BIORUPTOR; CosmoBio). To
determine the glycogen concentration in the lysates, a Total Starch Assay Kit
(Megazyme) was applied according to the manufacturer’s instructions.

3.5. Dry weight determination

Cells were grown to the logarithmic growth phase and 20 ml of the cell culture was
passed through a preweighed and prewashed glass-fiber filter (pore size 1.0 um,
Millipore). Filters were then dried at 60°C for 24 h, kept in a desiccator for another 24
h and weighed.

3.6. Room temperature whole cell absorption spectra

The room temperature whole cell absorption spectra were measured using an Olis 17
UV/VIS/NIR Spectrophotometer (On-Line Instrument Systems, Inc.). Fry’s correction
was applied to correct the raw spectra. The ODso of cells was adjusted to 0.3 before

measurement.

3.7. Transcript analysis

3.7.1. Isolation of total RNA

Total RNA was extracted using the hot-phenol method as described in Tyystjarvi et al.
(2001). ATURBO DNA-free kit (Invitrogen) was applied according to the manufacturer’s
instructions to degrade genomic DNA. The integrity of isolated RNA was verified with
agarose gel electrophoresis.
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3.7.2. Real-time quantitative PCR (RT-qPCR)

For the first strand cDNA synthesis from the isolated RNA, an iScript cDNA synthesis kit
(Biorad) was applied according to the manufacturer’s instructions. The generated cDNA
was then used as a template for RT-gPCR, which was performed with the 1Q5 system
(Bio-Rad) using iQ SYBR Green Supermix (BioRad) as described in Mustila et al. (2014).
Two reference genes with constitutive expression, rimM and cysK (Mustila et al., 2016),
were used in the analysis. The primer sequences for the reference and the monitored
genes are described in Paper Il

3.8. Protein analysis

3.8.1. Western blotting: protein isolation, electrophoresis and immuno-
detection

Total protein extracts were isolated as described by Zhang et al. (2009) and the
membrane fractions from them were prepared as described by Zhang et al. (2004).
Proteins were separated using 12% (w/v) SDS-PAGE including 6 M urea, transferred to
a polyvinylidene difluoride membrane (Immobilon-P; Millipore), and immunoblotted
with protein-specific antibodies.

3.8.2. MS-analysis and proteomics

3.8.2.1. Sample Preparation

For liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis,
Synechocystis cells were grown in triplicates. Total proteins were isolated as described
above and further digested with trypsin according to two protocols. For the AndbC
mutant, 30 ug of proteins were denatured with 2x Laemmli buffer containing 8 M urea,
and run subjected to electrophoresis in 12 % stacking PAGE (50% acrylamide/1.3% bis-
acrylamide, 0.5 M Tris-HCI (pH 6.8), 6 M urea) until proteins entered the gel. Gel bands
containing proteins were reduced, alkylated, and digested as described by Shevchenko
et al. (1996, 2006). For the AndbA mutant in solution digestion was applied according
to Vuorijoki et al. (2016) with small differences. In the resuspension buffer ammonium
bicarbonate was replaced by TRIS of equal molarity. 100 pg of proteins were reduced,
alkylated and precipitated from solution with cold acetone. On-pellet trypsin digestion
was performed overnight. The peptide mixture was further desalted on Sep-Pak 100
mg C18 columns. Extracted peptides were dried in a SpeedVac (Savant SPD1010,
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SpeedVac Concentrator, Thermo Fisher Scientific) and further solubilized in 2%
acetonitrile (ACN) and 0.1% formic acid (FA) prior MS analysis.

3.8.2.2. Data-dependent acquisition (DDA) for protein identification and
quantification

The peptide mixtures were analyzed by LC-MS/MS using a QExactive or QExactive HF
mass spectrometer (Thermo Fisher Scientific) connected in-line with a nano-liquid
chromatography system EasyNanolLC 1000 or Easy NanolLC 1200 (Thermo Fisher
Scientific) in Paper Ill and 1V, respectively. In Paper Il peptides (200 ng) were injected
onto a 15-cm C18 nano-column (Michrom BioResources) and eluted into mass
spectrometer with 110 min gradient of ACN. In Paper IV peptides (200 ng) were injected
onto 40-cm C18 1.9 pm column and eluted with two-step 110 min gradient. MS data
acquisition on QExactive (Paper Ill) or QExactive HF (Paper IV) was performed in a
positive ionization mode, with 2.3-kV ionization potential. The DDA method comprised
MS survey scans (mass-to-charge range of 300-2000) followed by MS/MS scans of 10
(Paper 1) or 12 (Paper 1IV) most intensive 2+ and more -charged precursor ions. For
protein identification, raw files were searched against the Synechocystis protein
database retrieved from Cyanobase (Kaneko et al., 1996) using an in-house Mascot
(version 2.4 in Paper Ill or 2.6.1 in Paper IV ) server (Perkins et al., 1999) and further
analyzed using Proteome Discoverer (version 1.4 in Paper lll or version 2.2 in Paper IV)
software (Thermo Fisher Scientific). The Mascot search parameters are reported in
details in Paper lll. For validation of the spectrum identifications, the Percolator
algorithm (Kall et al., 2007) was used, with a relaxed false discovery rate of 0.05.

For quantification DDA data were analyzed using Progenesis Ql for proteomics, LC-MS
4.0 (Nonlinear Dynamics). For protein identification and quantitation, detection of at
least 2 unique peptides was required. The quantitation was based on areas of peaks
representing peptides from a fragmented protein. Statistical analysis was performed
with data obtained for three biological replicates; the statistical significance threshold
in ANOVA was set to P < 0.05, and the practical significance threshold for fold change
(FC) was setto-1.3 <FC=>1.3.

3.8.2.3. Selected reaction monitoring (SRM) for targeted quantification

Based on the DDA results, a spectral library was created in Skyline (MacLean et al.,
2010) for selected reaction monitoring (SRM). The SRM analysis was performed on a
TSQ Vantage (Thermo Fisher Scientific), with four biological replicates, as described by
Vuorijoki et al. (2016) with some modifications; for details see Paper lIl. The SRM results



METHODOLOGY 43

were loaded to the Panorama Public (Dharma et al., 2014). For the protein targets
missing in Vuorijoki et al. (2016), the SRM assays were developed according to the
published protocol. Data were analyzed using RStudio with MSstats algorithm version
3.5.1 (Choi et al.,, 2014) and normalized to three housekeeping peptides; s//1818,
FSLEPLDR and SYTDQPQIGR; slr0638, GVIAVTER; and s/l0145, AISLSDLGLTPNNDGK.

3.9. Bioinformatics

3.9.1. Homology modeling of PntAB quaternary structure

The amino acid sequences for Synechocystis PntA and PntB were retrieved from the
Protein Data Bank (PDB) using BLAST, and where the identity was above 40% for PntA
(<39% for the transmembrane structure) and above 50% for PntB (<42% for the
transmembrane structure) the sequence were selected for further analyses. 13
templates were used for the modeling of the hydrophilic a dl domain, 3 templates for
the hydrophobic a dll, and 10 templates for the dlll/dIl B domain (for details see Paper
[1). The number of transmembrane helices and the amino acids forming them in the a
and B subunits were predicted using TMHMM server 2.0 (Krogh et al., 2001) and
modeled based on the crystal structure of T. thermophilus. Homology models for PntA
and PntB were assembled with MODELLER (Sali and Blundell, 1993), evaluated with
MOLPROBITY (Chen et al., 2010) and visualized and analyzed with UCSF CHIMERA
(Pettersen et al., 2004).

3.9.2. Phylogenetic analysis

The amino acid sequences from PDB and the UniProt Knowledgebase were compared
by applying BLAST. Rooted phylogenetic trees were aligned in CLUSTAL OMEGA (Sievers
et al., 2011) and generated with iTOL (Letunic and Bork, 2007).
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4. MAIN RESULTS

4.1. Application of MIMS for monitoring of thylakoid located
respiratory electron transport under illumination

The location of Cox and Cyd in the TM of Synechocystis leads to an intriguing possibility
that, in addition to their traditional role in respiration, they may also function as
regulatory components of electron transport and/or as an electron valve during
illumination. However, it is challenging to monitor RTO based O, consumption during
illumination since (i) PSII simultaneously evolves O, and (ii) several other enzymes are
also using O, as an electron acceptor, thus increasing the complexity of the network
around photosynthetic electron transport. To this end, | made use of membrane inlet
mass spectrometry (MIMS), a modern technique that allows real-time monitoring of O,
isotopes and allows differentiation between gross photosynthetic O, evolution and O,
consumption during illumination, which is not possible when using a traditional Clark-
type oxygen electrode. The application of specific inhibitors of electron transport and
RTOs makes it possible to further differentiate the location and roles of RTOs in
Synechocystis. In addition to MIMS, distinguishing the different functions of RTOs
required the application of several biophysical methods in combination with inhibitor
treatments.

4.1.1. Cyd accepts electrons from the PQ pool under illumination when LET
is disrupted

The gas exchange experiments with the Acyd mutant lacking functional Cyd
demonstrated only slightly decreased dark respiration (Paper I, Table 1, Fig. 2). In line
with this, the redox state of the PQ pool in Acyd was not affected in darkness (Paper |,
Figs. 7-9). However, the deletion of Cyd caused a significant decrease in the effective
PSlI yield, Y(lIl), when the cells were exposed to short (1 min) high-light pulses and the
intensity was increased stepwise (Paper |, Fig. 6A). To discover the exact localization of
RTOs in the TM, DBMIB was applied as an inhibitor of LET functioning at the Cyt bef site
(Draber et al., 1970; Yan et al., 2006). Use of DBMIB allows the study of electron flow
from PSII and the PQ pool and also eliminates contribution of Flvl/3 to light-induced
0O, uptake occurring down-stream of PSI. In the presence of DBMIB, WT was still able
to maintain the light-induced O, uptake which demonstrates that electrons are routed
from the PQ pool to O; during illumination (Paper I, Fig. 2, Table 1). In contrast, the
simultaneous addition of DBMIB and HQNO, the latter being the specific inhibitor of
Cyd (Pils et al., 1997), abolished the light induced O, uptake in WT as well as in the Acox
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mutant. In the Acyd mutant and the Acox/cyd mutant, the addition of DBMIB was, by
itself, enough to prevent light-induced O, uptake. Importantly, the addition of DCBQ,
the artificial electron acceptor acting at the Qg site of PSIl (Graan and Ort, 1986), also
completely inhibited light-induced O, uptake by Cyd (Paper I, Supplemental Fig. S2A).
Together, these results demonstrated that, of the RTOs residing in the TM, Cyd was the
one that was able to perform light-induced O, uptake accepting electrons directly from
the PQ pool when LET was disrupted.

4.1.2. Cox accepts electrons under illumination in the absence of Cyd or
functional PSI

The deletion of Cox significantly decreased dark respiration (Paper |, Table 1), in line
with previous studies (Pils et al., 1997; Howitt and Vermaas, 1998; Pils and Schmetterer,
2001), and caused slightly higher reduction of the PQ pool in the dark but not during
mild or high intensity illumination (Paper I, Figs. 7-9). These results demonstrate that
Cox is the main RTO involved in dark respiration in Synechocystis. However, a clear
difference in the Qa” reoxidation kinetics in darkness and in the P700 oxidoreduction
kinetics between Acox and Acox/cyd cells (Paper |, Figs. 7-9) indicate that Cyd can, at
least partially, substitute for Cox in Synechocystis.

Even though it is evident that Cyd is the main RTO performing O, photoreduction, Cox
can also act as an electron sink during illumination in certain occasions. The higher
donor side limitation of PSI, Y(ND), in Acyd compared to Acox/cyd under strong
illumination (Paper |, Fig. 6B) indicated that the capacity of Cox to regulate the quantity
of electrons arriving to PSI during high-light illumination increases when Cyd is absent.
In addition, experiments with the PSI-less mutant (Shen et al., 1993) showed that Cox
is the major RTO mediating electrons to O, in light if PSI is absent (Paper |, Fig. 5).

4.1.3. Interplay between RTOs and Flv1/3

Despite the ability of RTOs to perform O, uptake at the same rate during illumination
and darkness, Flvl/3 seems to perform the majority of O, uptake during illumination in
Synechocystis when cells are shifted from darkness to high light (Paper I, Supplemental
Fig. 1; Helman et al., 2003; Allahverdiyeva et al., 2011). Furthermore, Flvl/3 are
essential under fluctuating light (FL)-conditions (when background low light is regularly
interrupted with high light pulses) protecting the cells, and particularly PSI, from
photodamage (Allahverdiyeva et al., 2013). Surprisingly, the Aflvl/3 cells incubated for
3 days in FL (20 umol photons m? s background light that was interrupted with 30-s
high light pulses of 500 umol photons m? s every 5 min) demonstrated a low but
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significant level of O, photoreduction that did not respond to the changes in light
intensity and was KCN sensitive (Allahverdiyeva et al., 2013; Paper |, Fig. 3). The
addition of HQNO to the cells grown under FL caused a significant decrease in the light-
induced O, uptake in the Aflvl/3 mutant but not in the WT (Paper |, Fig. 3), indicating
the involvement of Cyd in O, photoreduction under suboptimal conditions in the
Aflvl/3 mutant.

4.1.4. The duration of alternating dark and high-light phases is crucial for
the viability of Acyd/cox

Importantly, the Acyd, Acox, and Acyd/cox mutant strains did not show any growth
phenotype under high light (500 umol photons m?2s) (Paper |, Supplemental Fig. 3) or
FL conditions (Paper |, Fig. 4). It was recently demonstrated that the presence of either
Cox or Cyd is essential for the growth of Synechocystis under 12-h-high light/12-h-dark
square-wave cycles unless the transitions are sinusoidal (Lea-Smith et al., 2013). When
the cells were subjected to a 5 min high light / 5 min dark square-wave cycles (Paper |,
Fig. 4), all the RTO mutants were viable, although the growth of the Acox and Acox/cyd
mutants started to slow down after 7 days in comparison with the WT. The importance
of RTOs during light-dark interfaces depends on the lengths of both the dark and high-
light periods. In the absence of thylakoid localized RTOs, the PQ pool becomes highly
over-reduced in the dark (Paper I, Figs. 7-9). This causes the production of ROS but also
prevents the generation of a proton gradient across the TM for ATP synthesis, which is
needed to repair damaged proteins accumulated during the high light period. If the
lengths of the dark and high light periods are shorter and, thus, alternate more
frequently, cells missing both Cox and Cyd can also oxidize the PQ pool and produce
ATP for the purpose of repairing photodamaged proteins.

4.2. Characterizing the role of energy dependent pyridine
transhydrogenase PntAB in Synechocystis

The regulation of the NAD(P)H/NAD(P)* ratio is among the most essential functions of
cellular metabolism in all living organisms. One of the enzymes involved in this
regulation process is PntAB. Its structure and physiological role have already been
broadly characterized in several heterotrophic organisms (Sauer et al., 2004; for a
review, see Jackson, 2012; Jackson et al., 2015). However, the biological importance of
PntAB in photosynthetic organisms, including cyanobacteria, has not been determined
in detail. Thus, the knock-out mutant (ApntA), missing the a-subunit of
heteromultimeric PntAB, was constructed, which resulted in nonfunctional
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transhydrogenase. This mutant was subjected to phenotypical and biophysical
characterization under photoautotrophic and photomixotrophic growth conditions.

4.2.1. Peptides encoded by pntA and pntB are both needed to form functional
PntAB

To model the 3D-structure of PntAB from Synechocystis, the amino acid sequences of
PntA (which forms the a-subunit) and PntB (which forms the B-subunit) were used to
search for suitable templates among several resolved crystal structures of
transhydrogenases from both eukaryotes and prokaryotes (Paper Il, Fig. 1). Outside of
the cyanobacterial phylum, E. coli transhydrogenase showed the highest similarity with
61% and 68% sequence identity to the a and B subunits, respectively, whereas for other
organisms the similarity was lower (39-54% for the a-subunit and 42-54% for the B-
subunit). These sequences were then applied to construct a model describing how
polypeptides are assembled in Synechocystis to the native quaternary structure
forming the functional PntAB dimer (Paper I, Fig. 2) (Fig.3). The constructed model
indicated that both the a and B subunits in Synechocystis are needed for the binding of
NADH and NADP* substrates and for the formation of the proton channel across the
membrane. Therefore, the deletion of PntA was enough to eliminate the
transhydrogenase activity in Synechocystis. The constructed model demonstrated that
the N-terminal region of PntA contains a NADH/NAD* binding domain (domain ) while
the C-terminus forms a part of the integral transmembrane domain constituting the
proton channel (domain Il, 4 transmembrane helixes formed by PntA). In PntB, the
functional regions are in reverse order: the N-terminal part completes the
transmembrane domain (domain Il, 9 transmembrane helixes formed by PntB) and the
C-terminal region forms the NADPH/NADP* binding part (domain Ill). Modelling results
also indicated that in the native quaternary structure two of these heterodimers are
required to form a biologically active conformation (a2B2) (Paper I, Fig. 2) (Fig.3).



48 MAIN RESULTS

. a subunit; PntA (530aa)
dl domain Encoded by sir1239

NAD+/NADH binding

B subunit; PntB (480aa)
Encoded by slr1434

dill domain .

NADP+/NADPH binding

f: -

(face-up) i CYTOSOL
dll domain o THYLAKOID
Transmebrane proton MEMBRANE

channel

G' THYLAKOID LUMEN

¢ ¢ (H

proton translocation

Figure 3. The quaternary structure model of Synechocystis pyridine nucleotide
transhydrogenase PntAB.

4.2.2. PntAB is located in the thylakoid membrane of Synechocystis and
utilizes the proton gradient to energize the conversion of NADH to
NADPH

To discover the location of PntAB in Synechocystis, the cells were fractionated to the
TM, the PM, and the soluble compartment. The preparations were subjected to
immunoblotting with a specific antibody raised against PntA (Paper Il). A strong signal
was detected from the thylakoid fraction and only a minor signal from the plasma
membrane (Paper I, Fig. 3). The latter was most probably due to contamination as a
result of fractionation. The location of PntAB in the same compartment with the
photosynthetic machinery allows the enzyme to use the proton gradient established
during photosynthesis. Protons are transported from the thylakoid lumen into the
cytosol via the proton channel in the PntAB transmembrane domain, thus providing
energy for catalytic hydride transport between NAD(H) and NADP(H).

4.2.3. PntAB enables cell growth at the interphase of photomixotrophy and
heterotrophy

The deletion of PntAB did not affect growth under photoautotrophic conditions or
under photomixotrophic conditions when there was enough light for photosynthesis
(Paper I, Figs. 4-5). However, under photomixotrophic conditions when light intensity
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was too low for cells to efficiently perform photosynthesis, the growth of ApntA was
drastically compromised compared to the WT and the difference in the growth rate
between the WT and ApntA increased in accordance with decreasing light intensity.
These results indicate that the function of transhydrogenase is crucial when
photosynthesis is not able to produce enough energy and reducing power for growth,
causing cells to use carbohydrates as an energy source. There was, however, no
difference in growth between the WT and ApntA cells during the dark periods with or
without glucose, which is likely due to the adequate NADPH production by the OPP
pathway for metabolic needs under these conditions.

4.2.4. The presence of PntAB is needed for the protection of photosynthetic
machinery under low-light mixotrophy

To find out the reason behind the compromised growth of ApntA under low-light
mixotrophic conditions, a ApntA mutant grown under these conditions was subjected
to extensive biophysical characterization. First, fluorescence analysis was performed
with a Dual-PAM fluorometer. The ApntA mutant exhibited significantly lower effective
yield of PS 11, Y(II), and higher donor side limitation of PS I, Y(ND), compared to the WT
(Paper Il, Fig. 6). In line with these, the maximum quantum yield of PS Il (F,/F) in ApntA
was only half of that measured in the WT (Paper Il, Table 2). The observed decrease in
the capacity of PSIl was primarily caused by a diminished PSII/PSI ratio, which was
indicated by lower emission from PS Il (685 and 695 nm) in the 77K fluorescence
emission spectra (440 nm excitation) (Paper Il, Fig. 7) in ApntA compared to the WT.
The decrease of the PSll yield in the ApntA mutant was confirmed by western blotting
with the D1-specific antibody (Paper Il, Fig. 8). Differences in Y(llI) and in Y(ND) between
the WT and ApntA became less evident when light intensity was increased, in line with
the importance of PntAB under low-light mixotrophy (Paper II, Fig. 9).

In addition to PSII, the function of PSI was also compromised in ApntA under low-light
mixotrophy, indicated by a decreased maximal amount of oxidizable P700 (P,) (Paper
I, Table 2) as well as by a lower amount of the PsaB protein (Paper I, Fig. 8) in ApntA
compared to the WT. However, this was most probably a secondary effect due to the
damage to PSII. The concept of impaired photosynthetic energy transport in ApntA was
further supported by the significant amount of detached PBS during the light period,
indicated by a higher Fo value (Paper Il, Fig. 6) as well as by significantly higher emission
peaks originating from PBS (650 nm-670 nm) and from the terminal emitter (685 nm)
in the 77K fluorescence emission spectra when samples were excited with 580 nm light
(Paper Il, Fig. 7). Moreover, the analysis of state transition kinetics demonstrated that
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ApntA is almost locked in State Il (Paper Il, Fig. 6), which might be caused by the
detachment of PBS (Stoitchkova et al., 2007; for a review, see van Thor et al., 1998;
Mullineaux and Emlyn-Jones, 2005).

4.3. Investigating the roles of NDH-2s NdbC and NdbA in
Synechocystis

In Synechocystis, the NDH-2s have been suggested to have a regulatory role as redox
sensors that respond to the redox state of the PQ pool (Howitt et al., 1999). To study
this hypothesis further, mutants lacking NdbA and NdbC were constructed and
characterized using modern quantitative proteomic methods as well as various
biophysical and biochemical methods. Because NDH-2s oxidize pyridine nucleotides,
special attention was paid to their function under different growth modes.

4.3.1. NdbC is located in the plasma membrane and its deletion causes
changes in cell morphology, growth rate and intracellular glycogen
content in Synechocystis

To determine the subcellular location of NdbC in Synechocystis, the cells were
fractionated to the TM, the PM, and the soluble compartment, followed by
immunoblotting with the NdbC-specific antibody. An intense NdbC protein band was
detected only in the fraction representing the PM (Paper Ill, Fig. 5). The mutant
deficient in the NdbC protein, AndbC, demonstrated a larger cell size than the WT both
when cells were grown both under ambient CO; conditions (LC) and when they were
grown in the presence of 3% CO, (HC) (Paper lll, Fig 3B).

The number of the cells corresponding to the same OD value was almost halved in the
AndbC mutant compared to the WT in both studied conditions (Paper lll, Table 1). Due
to the bigger cell size, the growth was monitored based on a cell number. The WT grew
almost twice as fast as the AndbC mutant under LC as well as under HC conditions
(Paper Ill, Fig. 2C-D). The bigger cell size of the mutant was in line with the increased
dry weight, Chl concentration, and total protein amount per cell compared to the WT
under both studied conditions (Paper Ill, Table 1). In addition to bigger cell size,
transmission electron microscopy (TEM) figures revealed the accumulation of putative
glycogen granules inside the AndbC cells (Paper lll, Fig. 3B). In line with this result, the
intracellular glycogen content per cell in the AndbC mutant was almost three times as
high as in the WT under both LC and HC conditions (Paper lll, Fig. 3D).
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4.3.2. The deletion of NdbC affects photosynthetic electron transport

Despite of observed defects related to growth and morphology in AndbC under
photoautotrophy, the deletion of NdbC did not have a drastic influence on the capacity
of photosystems under these conditions because no significant differences were
detected in F,/Fy and Py, values (Paper lll, Supplemental Table S1) under LC or HC
conditions. Furthermore, no considerable change in respiration was detected between
the WT and AndbC (Paper lll, Table 2). However, the AndbC mutant demonstrated a
slightly lower effective yield of PSII, Y(ll), (Paper Ill, Fig. 4A) as well as decreased gross
and net oxygen evolution rates (Paper lll, Table 2) compared to the WT. Moreover, CET
around PSI was increased in the AndbC, which was demonstrated by the higher Fq rise
when cells were transferred to darkness (Paper lll, Fig. 4D) as well as by the slower
oxidation and faster re-reduction of P700 (Paper lll, Fig. 4C). The increase in CET was
further supported by the upregulation of Cyt bsf, PSI and the small form of FNR, FNRs,
(Paper lll, Table 3) which was proposed to participate in CET by oxidizing NADPH (Korn,
2010).

4.3.3. Global proteome analysis reveals modifications in several metabolic
pathways and in the expression of multiple transporters due to the
deletion of NdbC

To get a more comprehensive picture of the metabolic changes induced by the deletion
of NdbC in Synechocystis cells, an extensive proteomic analysis was conducted from the
cells grown under autotrophic conditions. In the AndbC mutant, a diminished sugar
catabolism compared to the WT was deduced from the downregulation of several
glycolysis specific enzymes, including phosphofructokinase (PfkA), pyruvate kinase
(Pyk1), and glyceraldehyde-3-phosphate dehydrogenase (Gap1), together with Glc-6-P
dehydrogenase (Zwf) and 6-phosphogluconolactonase (Pgl), belonging to the OPP
pathway (Paper Ill, Table 3). Furthermore, Sigk, which upregulates the expression of
genes involved in sugar catabolism (Osanai et al., 2005), as well as its anti-o factor ChlH
(Osanai et al., 2009) were downregulated in AndbC compared to the WT (Paper lll,
Table 3). Nonetheless, the amounts of proteins performing glycogen synthesis or
degradation were not altered in AndbC compared to the WT (Paper Ill, Supplemental
Tables 4-5). Several proteins directly involved in cell division, like FtsZ, ZipN, MinC,
MinD and MinE (Mazouni et al., 2004), were downregulated in AndbC compared to the
WT (Paper lll, Table 3), which may explain the bigger size of AndbC cells (Paper lll, Fig.
2). In addition, some global regulators that influence cell division, including SigE (Osanai
et al.,, 2013), the AbrB-like transcription factor SIl0822 (Yamauchi et al., 2011) and
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circadian clock proteins KaiB and KaiC (Cohen and Golden, 2015), were downregulated
in the AndbC mutant under LC conditions (Paper llll, Table 3).

The deletion of NdbC affected the expression of a higher number of proteins under LC
conditions than under HC conditions. In particular, many transporters and binding
proteins located in the PM were downregulated in LC (Paper Ill, Table 3). Phosphate
transporters Pstl and Pst2 (Pitt et al., 2010) were severely downregulated in AndbC
(Paper lll, Table 3). In addition, NRT transporters that perform nitrate and nitrite
uptake, as well as ammonium and urea transporters, were downregulated in AndbC,
together with regulatory proteins Pll and PipX (LIacer et al., 2010; Espinosa et al., 2014;
for a review, see Forchhammer, 2004). Furthermore, multiple transporters functioning
in the uptake of other nutrients, including metal ions, potassium, polysaccharides and
amino acids, were downregulated in AndbC (Paper lll, Table 3). In contrast, all the
subunits of the high affinity HCOs transporter BCT1 (Omata et al.,, 1999) were
upregulated, while no upregulation of known BCT-1 inducers CmpR (Nishimura et al.,
2008; Daley et al., 2012) or SII0822 (Orf et al., 2016) was detected (Paper Ill, Table 3).

4.3.4. NdbC is in crosstalk with NDH-1

The deletion of NdbC altered the expression of NDH-1 complexes under LC conditions.
First, NdhF4 and CupB, specific subunits for the low-affinity CO, uptake complex NDH-
1, (Ohkawa et al., 2000), were downregulated in the mutant compared to the WT
(Paper lll, Table 3). Meanwhile, the expression of the low-CO,-inducible high-affinity
complex NDH-15 was not altered (Paper lll, Table 3). In line with these results, MIMS
measurements demonstrated the decline in the fast phase of CO, uptake in AndbC
compared to the WT (Paper lll, Table 2), which probably occurs due to the decreased
levels of the NDH-1, complex (Paper lll, Table 3). In addition, the deletion of NdbC
affected the expression of NDH-1 complexes that take part in respiration and CET (for
a review, see Peltier et al., 2016). NDH-1, was upregulated in the AndbC mutant, which
was indicated by a prominent increase in the amount of NDH-1, specific NdhD2, but
NDH-1; was expressed similarly in AndbC and the WT (Paper lll, Table 3). To investigate
a possible interplay between NDH-1 and NdbC more extensively, total proteins from
several NDH-1 mutants lacking specific subunits of the different complexes were
analyzed with western blotting using a-NdbC. Interestingly, the M55-mutant that was
unable to form any functional NDH-1 complexes (Ogawa, 1991) did not express NdbC
in detectable amounts (Paper Ill, Fig. 5B). In addition, the mutants missing NdhD2
expressed considerably less NdbC compared to the WT, but in the mutants missing
NdhD4, the NdbC levels were similar to those in the WT (Paper Ill, Fig. 5B).
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4.3.5. NdbC is essential under LAHG conditions

Proteomic analysis of the AndbC mutant showed that sugar catabolism in general was
downregulated in this mutant under autotrophic conditions (Paper lll, Table 3). To
investigate this effect further, the AndbC cells were grown under LAHG conditions,
where cells were illuminated for only 10 min every 24 h and glucose was added to the
growth medium. Such conditions should stimulate the utilization of metabolic
pathways involved in the degradation of sugars. Indeed, the AndbC mutant was not
able to grow under LAHG conditions (Paper lll, Fig. 6A). However, the defect in the
growth of AndbC was not caused by the inability to utilize external glucose, because no
difference in growth was observed between the WT and AndbC under
photomixotrophic conditions (Paper lll, Fig. 6C). Fluorescence analysis demonstrated
that the ETC of AndbC only became considerably over-reduced in darkness and during
the dark-light transition when glucose was supplemented (Paper IlI, Fig. 7). Despite this,
AndbC managed to grow in the presence of glucose during the dark-light rhythm if the
light period was provided frequently enough (Paper Ill, Fig 6B). This is due to the
efficient oxidation of ETC under illumination (Paper lll, Fig. 7).

4.3.6. NdbAislocated in the thylakoid membrane and is required for optimal
growth under LAHG conditions

The protein fractions from the isolated TM, PM and soluble compartment were
analyzed using immunoblotting with a-NdbA. The results clearly demonstrated that in
Synechocystis, NdbA is located in the TM (Paper IV, Fig. 1C). The deletion of NdbA did
not have a substantial effect on growth (Paper IV, Fig. 2A), the protein expression
(Paper IV, Supplemental Tables 1-3) or the photosynthetic capacity (Paper IV, Fig. 5A-
B, Table 2) under photoautotrophic conditions. In addition, the NdbA-protein amount
in WT remained below the clear detection level in the DDA analysis under these
conditions (Paper IV, Fig. 4). NdbA was produced in considerably higher amounts in the
AndbA::ndbA strain (with the functional ndbA gene reintroduced to AndbA) than in the
WT (Paper 1V, Fig. 1; Fig. 4). Under LAHG conditions, the NdbA amount increased past
the DDA analysis detection level in the WT, yet NdbA was still expressed in a higher
guantity in the AndbA::ndbA strain than in WT (Paper IV, Fig. 4). The deletion of NdbA
caused a growth retardation under LAHG conditions which was not detected in the
AndbA::ndbA strain (Paper 1V, Fig. 2C). However, the changes in the amount of NdbA
did not affect growth under photomixotrophy (Paper IV, Fig. 2B).
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4.3.7. Alterations in the amount of NdbA cause changes in the expression of
photosynthetic components and C; assimilation proteins under LAHG
conditions

Several subunits of PSIl (PsbE, D2, PsbV, D1 and PsbB) were upregulated in AndbA
compared to the WT under LAHG conditions (Paper IV, Table 1). PSII (indicated by PsbE,
D2, PsbV, D1, CP43, PsbP, PsbU and PsbZ) was also upregulated in the AndbA::ndbA
strain compared to the WT under LAHG conditions, being more prominent than in
AndbA. Additionally, the expression of PSI (indicated by PsaK, PsaB, and Ycf4) and Cyt
bef (indicated by PetA,B,C,D) was upregulated in the AndbA::ndbA strain compared to
the WT under these conditions, while Flv2/4 and OCP were downregulated (Paper IV,
Table 1). Moreover, the AndbA::ndbA strain demonstrated elevated Chl and phycobilin
content compared to the WT (Paper IV, Fig. 3), accompanied by the increased
expression of proteins participating in the biosynthesis of Chl (indicated by
ChIB,N,L,H,G) and the formation of PBS (indicated by CpcD, CpcA, ApcF, CpcC1, ApcE,
ApcD, and CpcG2) (Paper IV, Table 1).

Despite the increased amount of PSIl in AndbA under LAHG conditions (Paper IV, Table
1), the effective yield of PSIl during illumination, Y(Il), was practically not detected in
this strain, similarly to the WT (Paper IV, Fig. 5C). On the contrary, a clear, yet small,
induction in Y(II) was observed in the AndbA::ndbA strain under these conditions (Paper
IV, Fig. 5C), while no significant difference was detected in the effective yield of PSI,
Y(l), between the studied strains (Paper IV, Fig. 5D). However, in AndbA::ndbA the P,
value, indicating the maximal amount of oxidizable P700, was almost twice as high as
in the WT and AndbA mutant under LAHG conditions (Paper IV, Table 2).

Furthermore, several components involved in inducible C; uptake (for a review, see
Kaplan, 2017), including BCT1 (indicated by CmpB and CmpC), SbtA and NDH-1;
(indicated by CupA and CupS) had upregulated protein levels in AndbA compared to the
WT under LAHG conditions (Paper IV, Table 1). On the contrary, in the AndbA::ndbA
strain overexpressing NdbA, BCT1 (indicated by CmpA, CmpB and CmpC), SbtA and
NDH-13 (indicated by NdhF3, CupA and CupS) together with the large subunit of
Rubisco, RbcL, were downregulated compared to the WT (Paper IV, Table 1).
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5. DISCUSSION

In this doctoral thesis work, | have studied the redox reactions occurring in the TM,
focusing on the interplay between photosynthetic and respiratory electron transfer
during illumination. In addition, | have investigated how the redox states of pyridine
nucleotides, NADPH/NADP* and NADH/NAD®, produced by photosynthetic light
reactions and glycolytic pathways are inter-regulated by the proteins residing in both
the TM and the PM, especially when the primary carbon source changes from CO; to
carbohydrates.

5.1. Synechocystis RTOs contribute to the alleviation of redox
pressure under suboptimal light conditions

RTOs have an important role in completing the respiratory electron transport and
creating the proton gradient needed for ATP production in the dark. However, the two
RTOs in Synechocystis, Cox and Cyd, reside in the TM, and my experiments clearly
demonstrate that respiratory reactions of Synechocystis also continue during
illumination (Paper I). This indicates that RTOs must make a significant contribution to
the regulation of the ETC and to the photoprotection of the photosynthetic apparatus.
However, it is challenging to accurately determine the contribution of each individual
RTO regulation process. Furthermore, many other enzymes besides RTOs also use O3
as an electron acceptor in Synechocystis. It was demonstrated in Paper | that Cyd
oxidizes the PQ pool when there is a blockage of electron transport, or under FL
conditions if Flvl/3 are missing and thus preventing the efficient oxidation of the ETC.
The role of Cyd in the oxidation of the PQ pool was suggested earlier based on
fluorescence measurements (Schneider et al.,, 2001; Berry et al.,, 2002). The
fluorescence signal could, however, be affected by various factors. The gas exchange
measurements described in Paper | provided, for the first time, direct experimental
evidence that the photoreduction of O, by Cyd alleviates the redox pressure of the PQ
pool. This alternative pathway for PQ pool oxidization seems to be especially important,
since all cyanobacteria, which may be exposed to strong illumination in their natural
growth environments, encode at least one PQH, oxidizing RTO (Cyd or PTOX) in their
genomes (Lea-Smith et al., 2013).



56 DISCUSSION

A) O,+4H’

LSBT

2
NADP* NADPH

Cytosol

Thylakoid

Lumen

O,+4H"  Fiv1/3

SR

NADP* NADPH

Cytosol
Thylakoid

Lumen

Figure 4. Schematic representation of O, photoreduction by Cyd as evidenced A) by inhibition
of the linear electron transport chain by DBMIB under growth light and B) under fluctuating light
conditions in the absence of Flv 1/3. GL=growth light, FL=fluctuating light.

Despite elevated Cyd activity (Paper |; Berry et al., 2002), there was no increase in the
transcript levels of genes encoding Synechocystis Cyd under high light (Gendrullis et al.,
2008) or FL conditions (Mustila et al., 2016). Surprisingly, the transcription of genes
encoding subunits of Cyd was not elevated even in the presence of DBMIB (Hihara et
al., 2003). This suggests that the activity of Cyd is controlled at the later steps of gene
expression, most probably at the post-transcriptional level, when the ETC becomes
over-reduced.

In addition to its significant role under illumination, Cyd also plays a minor role in dark
respiration. This was indicated by only slightly lower O, uptake in the dark in Acyd
compared to the WT (Paper |, Table 1) and by a similar-to-WT redox state of the PQ
pool in the dark (Paper |, Figs. 7-9). Contrary to Cyd, Cox is the major RTO performing
dark respiration in Synechocystis. This was indicated by a significant decrease in the
respiration rate in the absence of Cox (Paper |, Table 1), which is in agreement with
earlier studies (Howitt and Vermaas, 1998; Pils and Schmetterer, 2001). Moreover, the
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ETC was clearly over-reduced in the Acox mutant in darkness (Paper |, Figs. 7-9).
However, Cox can also regulate the amount of electron flow to PSI under high light,
albeit the activity of Cox increases only in the absence of Cyd (Paper |, Fig. 6) or PSI
(Paper I, Fig. 5).

Earlier studies focusing on Flv 1/3 (Helman et al., 2003; Allahverdiyeva et al., 2011) and
the results presented in Paper | indicate that Flvl/3 and RTOs perform O,
photoreduction in a different manner. Flvl/3 reduces O, rapidly and with greater
capacity, while RTOs function on slower time ranges and on a more limited scale. The
reported maximum O, photoreduction rate by Flvl/Flv3 at high light intensities was 26
umol 0, mg?! Chl h! (Paper |, Fig. 3) but under severe C; limitation this value can be
much higher (Allahverdiyeva et al., 2011). In contrast, the RTO-based O, uptake in the
Aflvl/3 mutant treated with FL was only 6 pmol O; mg? Chl h! (Paper I, Fig. 3). The
maximum capacity of Cyd mediated O, uptake, measured in the presence of DBMIB in
the WT, was around 11 umol O, mg? Chl h? (Paper |, Table 1). The location of these
enzymes in Synechocystis may partially contribute to their functional differences:
FIvl/3 are soluble cytosolic proteins, which allows them to quickly associate with
NADPH, whereas RTOs are located in the highly crowded TM. In addition, Flvl/3 are
probably much more abundant proteins compared to RTOs in Synechocystis, but this
remains obscure due to the difficulty of detecting RTOs in proteomic studies.
Furthermore, the results presented in Paper | clearly indicate a separation of the main
roles between TM-localized RTOs in Synechocystis: Cyd is accountable for the light
induced O, uptake, and Cox is the main RTO under dark respiration, even though they
can at least partially substitute each other. This is in line with the hypothesis suggested
by Schmetterer (2016) that several cyanobacterial species encode in their genomes
multiple RTOs, which must have specific functions. Otherwise, the synthesis of several
multisubunit enzymes for the same purpose during every cell division would be a waste
of resources.

5.2. Redox regulation optimizes Synechocystis metabolism under
different growth modes

Pyridine nucleotides NADPH and NADH are essential molecules which provide reducing
power to various metabolic reactions in all living organisms. In photosynthetic
organisms, NADPH is abundant under photoautotrophic conditions and in
Synechocystis, the intracellular NADP(H) pool is an order of magnitude larger compared
to the NAD(H) pool (Cooley and Vermaas, 2001). This is due to their different roles in
cellular metabolism in photosynthetic organisms: NAD(P)H is utilized in reductive
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reactions such as CO; fixation and the biosynthesis of fatty and amino acids, whereas
NAD(H) is mainly associated with oxidative catabolic reactions. However, the other
possible roles of the NAD(P)H/NAD(P)* ratio, in addition to the provision of reducing
power, have not been thoroughly studied in cyanobacteria. In higher plants, this ratio
may have an important role during different developmental stages, responding to
environmental stresses and forming a component of defense-related signaling, yet the
exact mechanism remains largely unknown (for a review, see Noctor et al., 2006;
Hashida et al., 2009; Pétriacq et al., 2013). In addition, NADH/NAD" status has been
shown to regulate the interplay between nitrogen metabolism and carbon assimilation
in higher plants (Dutilleul et al., 2005; Pétriacq et al., 2017).

Optimal ratios of NADPH/NADP* and NADH/NAD* are most likely controlled
independently since these molecules are used in different types of metabolic reactions
in the cell. This becomes important for the maintenance of cellular redox homeostasis
when the growth mode of cyanobacteria changes and alters the activities of various
metabolic pathways, especially those related to carbon utilization. However, much
work remains to be done in understanding the mechanisms through which the
intracellular NAD(H)/NADP(H) balance is maintained in cyanobacteria. To gain insights
into two groups of enzymes oxidizing NADH, transhydrogenase PntAB (Paper 1) and
NDH-2s (Papers Ill and IV) were studied in this thesis work.

5.2.1 PntAB adjusts NADH/NADPH ratio during transition from
heterotrophy to low-light mixotrophy

The results in Paper Il indicate that the function of PntAB becomes extremely important
for the growth of Synechocystis under low-light mixotrophic conditions when
photosynthesis is not able to produce enough energy (ATP) and reducing power
(NADPH) and the energy demand of the cells is fulfilled by the utilization of external
carbohydrates. Under these conditions, the deletion of PntAB seems to cause both
direct and indirect consequences in Synechocystis (Fig. 5). First, the intracellular
NADPH/NADP* ratio is likely to decrease considerably, which results in the shortage of
reducing power which is essential in, for example, CO; fixation as well as amino and
fatty acid biosynthesis. Importantly, under these conditions the amount of NADPH
derived from photosynthesis or the OPP pathway is apparently not sufficient to
compensate for the absence of PntAB. Simultaneously, the NADH/NAD* ratio is
expected to increase and accumulated NADH prevents glycolytic reactions. The
imbalanced NAD(P)/NAD(P)H ratio would have a secondary effect on the intracellular
ATP/ADP balance, shifting it towards of ADP. The decreased sugar catabolism will
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obviously slow down ATP synthesis, but the amount of ATP produced by respiration will
also be lower, because respiratory electron and proton transport via the NDH-1
complex in cyanobacteria is, at least indirectly, dependent on NADPH (Peltier et al.,
2016). In terms of photosynthesis, one of the most important targets of ATP
consumption is the maintenance of the PSII repair cycle, which is required even under
low-light conditions (Tyystjarviand Aro, 1996). Possible problems in the PSII repair cycle
caused by the energy shortage would explain the described defects in the integrity of
the photosynthetic apparatus. These defects originate from the malfunction of PSIl and
eventually lead to the impaired growth of the ApntA mutant under low-light
mixotrophy. However, it is important to note that PntAB is dispensable in Synechocystis
when the light intensity is high enough for photosynthesis to maintain the NADPH and
ATP production.

Synechocystis cells lacking PntAB

under low-light mixotrophy

/" Imbalances in the \/—\

redox equilibrium NAD(P)H/NAD(P)"
] — imbalance decreases the
i) NADPH/NADP ratio decreased: ATP/ADP ratio
shortage of reductive power for
carbon assimilation and other
metabolic reactions
ii) NADH/NAD' ratio increased:
slows down oxidative metabolism Damage of photosynthetic apparatus
k / PSII repair cycle compromised

Figure 5. The consequences of PntAB deletion in Synechocystis under low-light mixotrophy.

Thus, the main physiological role of PntAB in Synechocystis is to ensure that the
NADPH/NADH ratio stays high enough for cellular needs even when photosynthesis is
not the main source for NADPH production. The direction of electron transport from
NADH to NADP* is in agreement with the reported function of PntAB in E. coli (Sauer et
al., 2004). At the same time, the PntAB activity keeps the NADH/NAD* ratio low enough
to sustain oxidative metabolism and especially sugar catabolism. The importance of
PntAB in maintaining glycolytic reactions is supported by the accumulation of pntA and
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pntB transcripts when the rate of carbohydrate breakdown is increased in
Synechocystis (Osanai et al., 2005). It is also important to notice that under low-light
mixotrophic growth conditions, PntAB is the main source of NADPH in Synechocystis
because its absence cannot be compensated for by the OPP or ED pathways, which also
produce NADPH.

5.2.2. What is the purpose of NDH-2s in Synechocystis?

In addition to PntAB, NDH-2s oxidize pyridine nucleotides in Synechocystis, and they
prefer NADH as a substrate over NADPH due to their amino acid sequences (Howitt et
al., 1999). Synechocystis has three NDH-2s: NdbA, NdbB and NdbC. The role of NdbB in
vitamin K; biosynthesis has been demonstrated recently (Fatihi et al., 2015), but the
functions of the other two NDH-2s in Synechocystis have remained somewhat unclear.
If the organism does not have any other enzyme that could perform NAD(P)H oxidation,
the main role of NDH-2 is to function in respiratory NAD(P)H turnover (Melo et al.,
2004). In this case, the proton gradient driving ATP synthesis is generated by the other
respiratory complexes that accept electrons, directly or indirectly, from NDH-2.
However, this is not the situation in Synechocystis, and the deletion of NDH-2s in
Synechocystis did not result in decreased respiration (Paper Ill; Howitt et al., 1999).
Thus, it was proposed by Howitt and co-workers (1999) that in Synechocystis, NDH-2s
may rather have a regulatory function, possibly monitoring the redox state of the PQ
pool. The other possibility for the function of NDH-2s in Synechocystis could be related
to maintaining the redox balance of NADH/NAD®, and it was demonstrated that the
simultaneous deletion of all three Synechocystis NDH-2s substantially increased the
NADH/NAD" ratio (Cooley and Vermaas, 2001). The specific targets of the possible NDH-

2 mediated regulation, however, have remained elusive so far.

5.2.3. NdbC functions in the redox regulation of carbon allocation and is
indispensable under LAHG conditions in Synechocystis

My thesis provides evidence that in cells grown under photoautotrophic conditions,
NdbC plays a significant role in carbon allocation, balancing the storage and utilization
(Paper lll) (Fig. 6). The intracellular glycogen amount was at a significantly elevated level
in the absence of NdbC (Paper Ill, Fig. 3), and it was accompanied by the general
downregulation of sugar catabolic enzymes that play a role in glycolysis and the OPP
pathway (Paper Ill, Table 3). Interestingly, the enzymes of the ED pathway were
upregulated, possibly partially compensating for the downregulation of other glycolytic
pathways. However, the exact mechanism for how the deletion of NdbC causes the
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downregulation of sugar catabolism remains uncertain. The simplest explanation
points to the elevated intracellular NADH/NAD* ratio: e.g. Gap1, which is a common
enzyme to all glycolytic pathways (Chen et al., 2016), requires NAD* as a substrate. On
the other hand, the observed effect on sugar catabolism in the absence of NdbC might
be more indirect. SigE, which activates the expression of sugar catabolic genes (Osanai
et al., 2005), was downregulated together with the increased amount of Sigk anti-o
factor CIhH (Osanai et al., 2009) in the absence of NdbC (Paper lll, Table 3). Despite
glycogen accumulation, the expression of proteins involved in glycogen synthesis or
degradation was not altered in the AndbC mutant (Paper lll, Supplemental Tables S4-
S5). The glycogen accumulation could be explained by decelerated carbohydrate
catabolism, which would result in the accumulation of glucose 6-phosphate. This, in
turn, would increase the amount of substrate available to the enzymes involved in
glycogen synthesis, causing glycogen accumulation without changes in the amounts of
enzymes. Even though the deletion of NdbC led to bigger cell size (Paper Ill, Fig. 3),
evidently due to defects in cell division, the increase in the intracellular glycogen
amount was relatively more conspicuous compared to the Chl amount or to the total
protein amount per cell (Paper lll, Fig. 3, Table 1).

Under photoautotrophy, in addition to the effect on sugar catabolism, the deletion of
NdbC disrupted the normal expression pattern of several transport systems (Paper Ill)
located in the PM (Pisareva et al., 2011). The majority of these transporters, involved
in the uptake of CO; as well as N, P and several other nutrients and metal ions, were
downregulated (Paper lll, Table 3). Particularly the downregulation of N and P uptake
might be caused by the decreased sugar catabolism, due to the necessity of maintaining
the intracellular C/N/P ratio. In addition to N-transporters, regulatory proteins Pll and
PipX, which activate N-metabolism (Llacer et al., 2010; Espinosa et al., 2014), were
downregulated (Paper lll, Table 3). The deviation of AndbC in the expression of
transport and binding proteins from WT expression was clearly more profound under
LC conditions than under HC conditions, which is most probably due to the shortage of

terminal electron acceptors under C-limiting conditions.

Even though the deletion of NdbC caused the retardation of growth under
photoautotrophy (Paper lll, Fig. 2), photosynthesis was not drastically compromised in
these conditions (Paper lll, Fig. 4, Supplemental Table 1). Intriguingly, the rate of CET
was significantly elevated (Paper lll, Fig. 4), which may compensate the lower ATP yield
derived from sugar catabolism. Elevated CET in AndbC was accompanied by the
upregulation of the NDH-1, complex (Paper Ill, Table 3), which in Synechocystis is
generally expressed considerably less than the NDH-1; complex (Herranen et al., 2004).
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Furthermore, the proteomic results in Paper Il suggested that the expressions of NdbC
and NDH-1, are mutually affected by each other. The upregulation of Flvl/3 in AndbC
(Paper lll, Table 3) could further contribute to the production of ATP via a functional
water-water cycle (Allahverdiyeva et al., 2015).

In contrast to photoautotrophy, NdbC was essential for the survival of Synechocystis
under LAHG conditions (Paper Ill, Fig. 6). Under these conditions, sugar catabolic
pathways are stimulated because the breaking down of the added glucose provides the
main source of energy. Thus, the most probable cause for the incapability of AndbC to
grow under these conditions is the general downregulation of glycolytic pathways, and
particularly the downregulation of the OPP pathway, which was detected also under
photoautotrophic conditions (Paper lll, Table 3). Of the glycolytic pathways, the OPP
pathway is especially important under heterotrophic conditions because it is the only
metabolic route providing intermediates for nucleotide biosynthesis in darkness
(Kruger and von Schaewen, 2003), and thus under heterotrophy 90% of glucose is
directed to this pathway (Yang et al., 2002). Osanai et al. (2005) also demonstrated the
retarded growth of the mutant deficient of sugar catabolism inducing Sigk under LAHG
conditions, and this result supports the hypothesis presented above.

In the absence of NdbC, the ETC became highly reduced under LAHG conditions (Paper
1, Fig. 7), which may be caused by the reprogramming of carbon metabolism. The long-
term severe over-reduction of the ETC induces the accumulation of ROS and oxidative
stress, which, in the worst case, leads to cell death (Latifi et al., 2009; Narainsamy et
al., 2013). Without added glucose, the over-reduction of the ETC under darkness in
AndbC was not significant (Paper I, Fig. 7), which further supports the hypothesis that
defects in sugar catabolism are the reason for the growth retardation observed under
LAHG conditions.

The results presented in Paper Il demonstrated that NdbC is an important element in
the regulation of the cytosolic NADH/NAD* balance. Under photoautotrophy, when the
redox balance of the cytosol is mainly affected by photosynthetic light reactions
occurring in the TM, NdbC is dispensable, although its absence causes slower growth
and changes in the morphology of Synechocystis cells. Notably, the deletion of NdbC
causes several distinct changes in the global protein expression pattern with apparent
consequences on the metabolic balance under these conditions (Figure 6). Thus, the
main function of NdbC under photoautotrophy is to fine-tune the balance between
various metabolic pathways. However, under heterotrophy, where glycolysis is the only
metabolic route to assimilate carbon for metabolic purposes, the role of NdbC in
maintaining a low cytosolic NADH/NAD* ratio becomes crucial for cell viability.
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Figure 6. Representation of effects due to the NdbC deletion in Synechocystis under
photoautotrophy. The upregulated or elevated protein complexes, metabolic routes, or
compounds are marked in red, and the downregulated ones are marked in blue.

5.2.4. NdbA optimizes the growth of Synechocystis under LAHG conditions by
regulating thylakoid functionality and C; uptake

The results in Paper IV clearly demonstrate that NdbA offers no benefits to the growth
of Synechocystis under photoautotrophic conditions. In contrast, the optimal growth of
Synechocystis under LAHG conditions requires the expression of NdbA, as
demonstrated by the growth retardation of the NdbA deletion mutant under these
conditions (Paper 1V, Fig. 2). The deletion of another NDH-2, NdbC, caused a general
downregulation of sugar catabolism, which was postulated to lead to the observed
incapability of AndbC to grow under LAHG conditions (Paper lll). Global proteome
studies with both the AndbA deletion and overproduction mutants, however, did not
reveal any major changes in the expression of sugar catabolic proteins, either under
LAHG conditions or photoautotrophy, as compared to the WT (Paper IV, Table 1;
Supplemental Tables 1-5). These results demonstrate that NdbA and NdbC are clearly
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associated with different metabolic pathways in Synechocystis, even though they both
function in the oxidation of NADH and donate electrons to quinone. Their distinct roles
might be due to their location in different cellular compartments in Synechocystis:
NdbC resides in the PM (Paper Ill) whereas NdbA is found in the TM (Paper IV, Fig.1).

In Synechocystis, the internal TM system is almost completely lost under LAHG
conditions (Plohnke et al., 2015), and the amounts of Chl (Barthel et al., 2013) and
pigment-binding proteins (Plohnke et al., 2015) are significantly reduced in comparison
to the situation under photoautotrophic growth conditions. However, the
overexpression of NdbA maintained high phycobilisome and Chl content in
Synechocystis under LAHG conditions (Paper IV, Fig. 5, Table 1). The increased Chl
content in the AndbA::ndbA strain was apparently caused by the upregulation of the
protein subunits of the light-independent protochlorophyllide reductase (DPOR), which
catalyzes the limiting step in the light-independent chlorophyll synthesis (LICS) pathway
(Paper IV, Table 1; Fujita, 1996; Kada et al., 2003). LICS is necessary for adequate Chl
accumulation when Synechocystis cells are grown under a light/dark rhythm in the
presence of glucose (Fang et al., 2017). These results demonstrate that the excess NdbA
prevents Synechocystis cells from downregulating the amount of pigments under LAHG
conditions.

It has been shown previously that PSI remains to partially functional under darkness in
Synechocystis (Barthel et al., 2013), and the data presented in Paper IV strongly suggest
that NdbA has an important function in the preservation of PSI functionality. When
NdbA was produced in excess under LAHG conditions, the Py, value, which represents
the maximum oxidized P700 content, was substantially higher than in the WT (Paper
IV, Table 2), together with proteins encoding PSI subunits (Paper IV, Table 1). In
contrast, the deletion of NdbA resulted in significantly lower P, values than in the WT
under LAHG conditions (Paper IV, Table 2) without changes in the amounts of PSI-
proteins (Paper IV, Table 1).

In contrast to PSI, PSll is inactive in the dark-grown Synechocystis cells (Barthel et al.,
2013). Nevertheless, the overexpression of NdbA retained a low, yet significant, level
of activity of PSIl under LAHG conditions (Paper IV, Fig. 5). In both the NdbA deletion
and overexpression mutants, the PSIl proteins were at an elevated level as compared
to the WT (Paper IV, Table 1) but it is difficult to judge the ultimate reasons for
increased PSlI-protein amounts in these mutants, as they can be caused by either
elevated protein synthesis or decreased protein degradation. However, the excess of
NdbA led to decreased amounts of OCP and Flv2/4 under LAHG conditions (Paper IV,
Table 1), which can increase the effective yield of PSII, Y(IlI). OCP decreases the amount
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of excitation energy arriving to PSIl (for a review, see Kirilovsky and Kerfeld, 2013),
whereas FIv2/4 probably accepts electrons in the vicinity of the Qg site of PSIl (Zhang
et al., 2009b; Zhang et al., 2012; Bersanini et al., 2014), so both of them decrease the
amount of electrons ending up to the PQ pool. In addition to photosystems, high NdbA
content under LAHG conditions also keeps the Cyt bgf complex at an elevated level
(Paper IV, Table 1).

The mechanism through which NdbA regulates the photosynthetic machinery remains
elusive. Yet, the location of NdbA in the TM (Paper IV, Fig. 1) suggests that the electron
acceptor is PQ. Growth under LAHG conditions is maintained by sugar catabolism
(Plohnke et al., 2015) that produces NADH in high amounts as a substrate for NdbA.
Thus, under LAHG conditions, the deletion of NdbA is expected to cause an oxidation
of the PQ pool while NdbA overexpression likely reduces the PQ pool. It has been
demonstrated that the redox status of the PQ pool has a partial control over the
transcription of photosynthetic genes during illumination in cyanobacteria: the
oxidized PQ pool induces the expression of genes encoding PSll-proteins, while the
reduced PQ pool provokes the expression of PSI-genes (Li and Sherman, 2000). Thus,
the oxidized PQ pool in the AndbA strain under LAHG conditions could, even in
darkness, provoke the expression of only the PSll-proteins whilst in the AndbA::ndbA
strain the increased reduction of the PQ pool by excess of NdbA is expected to elevate
the PSI amount in comparison to WT.

Another possible reason behind the observed elevated PSI amount and functionality,
when NdbA is overexpressed under LAHG conditions, is the elevated content of DPOR
and, consequently, enhanced Chl biosynthesis via LICS. Indeed, it has been
demonstrated that under high-light conditions, most of the newly synthesized Chl is
incorporated into PSI instead of PSIl (Kopecna et al., 2012). However, the possibility
that NdbA directly regulates LICS under LAHG conditions requires experimental
evidence.

In addition to the photosynthetic components, NdbA also exerts an effect on the
expression of proteins involved in C; uptake under LAHG conditions (Paper IV, Table 1).
The deletion of NdbA resulted in the upregulated expression of inducible HCOs
transporters BCT1 (Omata et al., 1999) and SbtA (Shibata et al., 2002b) together with
the inducible CO; uptake complex NDH-1; (for a review, see Battchikova et al., 2011a).
On the contrary, overexpression of NdbA had an opposite effect under LAHG
conditions, resulting in lower amounts of proteins involved in C; uptake than in the WT
(Paper IV, Table 1). It is known that the expression of BCT1 is induced at the transcript
level by CmpR (Omata et al., 2001), whereas the transcription of genes encoding SbtA
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and NDH-1; are repressed by CcmR (Wang et al., 2004). In addition, the cyAbrB2 protein
S110822 functions in co-inducing the expression of both BCT1 and SbtA related genes
(Orfetal., 2016). However, the amount of the NdbA protein in the TM did not alter the
amounts of these regulatory proteins involved in the expression of C; uptake proteins
(Paper IV; Supplemental Tables S4-S5). C; uptake is not beneficial for Synechocystis
under LAHG conditions due to the extensive utilization of glucose as a carbon source
(Plohnke et al., 2015). Although the primary reason behind the growth retardation in
the absence of NdbA under LAHG conditions remains elusive, it is conceivable that the
energy required to maintain the C; uptake systems at a high level would wastefully
consume energy in a form of ATP, and result in an energy shortage that apparently
compromises the growth of AndbA under LAHG conditions.
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6. CONCLUSIONS AND FUTURE PERSPECTIVES

The data presented in this doctoral thesis significantly expands the knowledge of light-
dependent crosstalk between the various photosynthetic and respiratory electron
transfer components residing in the thylakoid membrane of cyanobacteria. In addition,
my results provide new information on the regulation of the NADP(H)/NAD(H) ratio,
which becomes extremely important for the viability of cyanobacteria when their
carbon source changes as the result of different growth modes. In this doctoral thesis
work, | have demonstrated that in the cyanobacterium Synechocystis sp. PCC 6803:

1) RTOs continue to function under strong illumination at a similar rate as in darkness,
thus contributing to the withdrawal of electrons from LET to O,. In contrast to Flv1/3,
RTOs do not have a high capacity and are therefore unable to adjust their activity under
high light. Cyd resides just next to PSIl and accepts electrons directly from the PQ pool.
However, the activity of Cyd in O, photoreduction is not easy to demonstrate, only
becoming obvious when LET was blocked at the Cyt be¢f level and when the Flvl/3
proteins were missing in the respective mutant grown in FL. Cox is the most important
RTO in dark respiration, but was shown to still compete with PSI for electrons under
high light in the absence of Cyd. (Paper I)

2) PntAB is essential for the growth of cells under low-light mixotrophic conditions
because it is the source for the majority of NADPH under these conditions.
Furthermore, PntAB affects the intracellular NADP(H)/NAD(H) ratio but has also an
indirect effect on the maintenance of the photosynthetic machinery under low-light
mixotrophy. (Paper Il)

3) In the absence of NdbC, the glycolytic enzymes are downregulated, most probably
due to the elevated NADH/NAD* ratio, which causes modulations in several metabolic
pathways and changes in cell morphology under photoautotrophic conditions. Yet, the
presence of NdbC becomes essential for cell viability under LAHG conditions when
sugar catabolism is the sole carbon source. (Paper Ill)

4) NdbA optimizes the growth of Synechocystis under LAHG conditions by regulating
photosynthetic functionality as well as C; uptake. (Paper IV)

The characterization and optimization of the electron transfer routes in photosynthetic
membranes are very important subjects to research if we are to meet the present-day
challenges posed by the need to enhance the photon capture process in order to work
towards the production of sustainable energy and high-value compounds in
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cyanobacteria. The main goal is to re-direct the majority of electrons derived from solar
energy stimulated water-splitting to desired end products, while at the same time
preventing damage to the photosystems. To achieve this, extensive knowledge is
required, not only about the roles of the components involved in the photosynthetic
electron transport, but also about the pathways protecting the photosynthetic
machinery. Together, they form an extremely complicated and well-regulated energy
and electron transfer network, and it is crucial to find out which components of these
electron transfer routes are, directly or indirectly, in interaction with each other.

The majority of my thesis focuses on studying the cellular redox balance, another
important aspect for applied bioproduction in cyanobacteria. Because both NADH and
NADPH are fundamental reducing equivalents used for the maintenance of cellular
metabolism, their regulation must always be taken into consideration when harnessing
cyanobacteria for the production of desired compounds. The addition of an external
carbon source, along with CO,, significantly boosts the production of cyanobacterial
biomass as well as high-value compounds. This provides interesting future avenues of
research, since various waste-streams (e.g. the sugars from lignocellulose produced by
the pulp and paper industry) have a capacity to boost biomass yield and serve the
circular economy when used as a substrate. However, any change in the growth mode
of cyanobacteria, e.g. from photoautotrophy to photomixotrophy or heterotrophy,
concomitantly alters the means through which the NADP(H)/NAD(H) ratio is regulated,
which highlights the need to understand how the intracellular NADH/NAD" status is
maintained in cyanobacteria to make the best possible use of sugar catabolism.
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