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ABSTRACT

Cyanobacteria fix atmospheric CO; into sugars using water and sunlight in a process
called photosynthesis, generating 0, as a by-product. Cyanobacteria not only
contribute substantially to global primary production, but also to the global nitrogen
cycle. Nitrogen fixation is a particular feature of a wide range of bacteria and archaea.
Filamentous cyanobacterial strains spatially separate oxygenic photosynthesis and
anoxic nitrogen fixation in two different cell types - the vegetative cells and
specialised cells called heterocysts, respectively. As a model organism for
cyanobacterial photosynthesis and nitrogen fixation, Anabaena (Nostoc) sp. PCC
7120 was used in this thesis to study the effects of Ca?* on regulation mechanisms of
the metabolic equilibrium between the two most abundant elements - carbon and

nitrogen - whose ratio is an indicator of the metabolic performance.

Ca?* is a ubiquitous second messenger, enzyme co-factor and component of
membranes in eukaryotic cells and organisms, such as mammals and plants.
However, the importance of Ca2* in cellular processes in prokaryotes, particularly in
cyanobacteria, is not as well understood. High amounts of Ca2+ are known to be toxic,
therefore, the concentration of free intracellular Ca?+* is tightly regulated by Ca2+
channels and pumps, and Ca2*-binding proteins, respectively. Results in this thesis
have demonstrated that Ca?* is a key regulator of the intracellular carbon and
nitrogen balance, through regulation of gene expression of the respective carbon and
nitrogen uptake transporters, which is vital for metabolic homeostasis of the cells. A
novel Ca?+binding protein (CSE) in Anabaena sp. PCC 7120 was described and
connected to the maintenance of the metabolic balance between photosynthetic
light reactions and nitrogen fixation, based on the characterisation of the cse gene
and protein. The CSE protein shows many features of a Ca?* sensor and regulator
protein and thus is likely to interact with a protein partner upon sensing changes of
intracellular Ca2+ levels. Overexpression of CSE impaired photosynthetic electron
transport across the thylakoid membrane, possibly through defects in the proper
assembly of the light-harvesting complexes, called phycobilisomes in cyanobacteria,
and damage of photosystem Il dimers. Deletion of CSE, in contrast, severely
disturbed heterocyst development and filament integrity, possibly through the lack
of functional Ca?* signalling during early heterocyst differentiation or the release of
Ca?* ions due to the knockout of this Ca2+-binding protein. These results indicate a
possible dual function of CSE as a Ca2* buffer as well as a Ca2* sensor protein.
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TIIVISTELMA

Syanobakteerit sitovat ilmakehdn hiilidioksidia sokereiksi kayttamalla vettd ja
auringonvaloa yhteyttamiseksi kutsutussa prosessissa. Sen lisdksi, ettd
syanobakteerit yhteyttdvina primaarituottajina osallistuvat merkittavasti globaaliin
biomassan tuotantoon, niilld on myos iso rooli maapallon typpikierrossa. Typen
sitominen on rihmamaisten syanobakteerikantojen erityisominaisuus. Nama
syanobakteerit erottavat happea tuottavan yhteyttdmisen ja hapettomat olosuhteet
vaativan typen sitomisen tilallisesti kayttamalla vegetatiivisen kasvun soluja
yhteyttamiseen ja heterokysteiksi kutsuttuja erikoistuneita soluja typen sitomiseen.
Solunsisdistd hiilen ja typen valistd suhdelukua Kkaytetddn kuvaamaan
syanobakteerisolujen yleistd kelpoisuutta, ja vaitoskirjassani tutkin Ca2*-ionien
vaikutusta ndiden kahden alkuaineen aineenvaihduntatasapainon
saatelymekanismeihin ~ kayttaméallda  syanobakteerien  yhteyttdmisen ja
typensidonnan mallieli6itda Anabaena (Nostoc) sp. PCC 7120 -syanobakteeria
tutkimuskohteena.

Ca?*-ionien rooli toissijaisina ldhetteind, entsyymien Kkofaktoreina ja
kalvorakenteiden osina on hyvin tunnettu aitotumaisissa elidissa ja soluissa, mutta
esitumaisissa elidissa, etenkin syanobakteereissa, CaZ+-ionien merkitysta on tutkittu
verrattain vahan. Suuret Ca2+-pitoisuudet ovat tiettdvasti haitallisia soluille, minka
takia vapaiden Ca2*-ionien konsentraatio on tarkasti sdddelty Caz+-kanavien ja -
pumppujen, sekd Ca2*-ioneja sitovien proteiinien avulla. Tutkimuksessani havaitsin
Ca?*-ionien vaikuttavan hiilen ja typen sisddnotosta vastaavien proteiinien geenien
ekspressioon, minka takia Ca?* on tarked sddtelytekija solunsisdisen hiili-typpi -
tasapainon sdilyttdmisessa. Loysin tutkimuksessani Anabaena -syanobakteerissa
esiintyvan uudentyyppisen Ca?+-ioneja sitovan proteiinin (CSE). Kyseisen proteiinin
toiminta on yhteydessd solun aineenvaihduntatasapainon yllapitimiseen
yhteyttdmisen valoreaktioiden ja typen sitomisen vélilla. CSE-proteiinissa on monia
Ca2+-sensori-/sdatelyproteiinin piirteitd, minkda takia CSE on todenndkoisesti
vuorovaikutuksessa toisten proteiinien kanssa solunsisdisen CaZ?*-signaalin ldsna
ollessa. CSE-proteiinin ylituotto haittasi yhteyttamisen elektroninsiirtoreaktiota,
mahdollisesti  vioittamalla  fykobilisomien, syanobakteereille = ominaisten
valohaavien, kokoamisketjua tylakoidikalvostolla, sekd vaurioittamalla valoreaktio
[I:n dimeerimuotoisia proteiinikomplekseja. Sen sijaan Anabaena -kannat joista CSE-
proteiinin geeni oli poistettu, ilmensivat vakavasti hairiintynyttd heterokystien
kehitysta ja rihmojen eheyttd. Nima viat johtuivat mahdollisesti Ca2*-signaloinnin
toiminnan hairioistd heterokystien aikaisten kehitysvaiheiden aikana. Tulokseni
osoittavat, ettd CSE-proteiinilla on kaksoisrooli Ca2*-puskurina ja Ca2*-
sensoriproteiinina.



»Nothing in life is to be feared, it is only to be understood. Now is the time
to understand more, so that we may fear less."

- Marie Sktodowska Curie -
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1. INTRODUCTION

1.1. Cyanobacteria

Cyanobacteria, formerly known as blue-green algae, encompass a distinctive group
of prokaryotes in the clade of Bacteria, capable of performing oxygenic
photosynthesis. With their exceptional ability of converting sunlight energy into
chemical energy from water and carbon (C) dioxide (CO:), cyanobacteria were
responsible for changing a reduced, high CO; atmosphere into an oxidised, low CO>
atmosphere about 2.5 billion years ago, by releasing molecular oxygen (0:) as a
photosynthetic by-product. The “Great Oxygenation Event” (GOE) eventually led to
the evolution of organisms with oxygenic respiration and life as we know it today on
the planet Earth (Shestakov and Karbysheva, 2017). Furthermore, oxygenic
photosynthesis of green plants and algae can be traced back to an ancient
endosymbiotic event, in which a cyanobacterium was engulfed by a eukaryotic cell.
Therefore, cyanobacteria are considered the evolutionary progenitors of
photosynthetic chloroplasts (Gould et al., 2008; Lee and Hwang, 2018).

Cyanobacteria contribute about 30% to global CO; fixation and are considered
among the most important primary producers of organic biomass on Earth (Bryant,
2003). Additionally, they contribute substantially to the global nitrogen (N) cycle
(Montoya et al., 2004), because cyanobacteria are capable of atmospheric dinitrogen
(N2) fixation and conversion into vital amino acids (Thomas et al., 1977), next to
several strains of eubacteria and archaea (Klipp et al., 2005).

Because of their short generation times and small modifiable genome sizes, some
cyanobacterial species are implemented as suitable and promising model organisms
for biotechnological platforms for the production of biofuels and chemicals, such as
bio-hydrogen (Hz) (Kosourov et al., 2014), butanol (Lan and Liao, 2011), sunscreens
(Derikvand et al., 2016), and additives for cosmetics (Morone et al., 2019) and food
(Panjiar et al.,, 2017). Therefore, genetic tools have been under strong investigation,
of which promoters, riboswitches, CRISPR/Cas, small ribonucleic acid (sRNA) tools
and genome modelling tools are the most promising to investigate cyanobacterial
metabolism (Al-Haj et al., 2016; Sengupta et al., 2018; Sun et al., 2018).
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1.1.1 Classification of cyanobacteria

Cyanobacteria inhabit both aquatic and terrestrial ecosystems, including
environments with extremely harsh conditions, such as hot springs, deserts, ice or
hypersaline and alkaline lakes (Rampelotto, 2013). Due to the pleiomorphic nature
of their morphological features, it is rather difficult to determine taxonomic relations
between species. Based on the type of carboxysomes (intracellular compartment for
CO; fixation) and the phylogeny of the enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), cyanobacteria can be grouped into a- and (-
cyanobacteria (Price et al., 1998). The two types of carboxysomes differ in their
assembly, as well as in the components they enclose. While a-carboxysomes contain
RuBisCO in the 1A form, -carboxysomes enclose 1B RuBisCO and are generally
larger than the a-form (Kerfeld and Melnicki, 2016).

Another morphological taxonomy was determined by Rippka et al. (1979), in which
178 strains of cyanobacteria were categorised into five sections. While Sections [ and
II consist of unicellular cyanobacteria, which divide through binary fission (Section
I) or multiple fission (Section II), Sections Il to V comprise multicellular, filamentous
strains, which are further subdivided into groups based on their ability to
differentiate vegetative cells into N»-fixing heterocysts. Section III cyanobacteria
have filaments that only comprise photosynthetic vegetative cells, whereas strains
from Sections IV and V are heterocystous. Among the heterocyst-forming
cyanobacteria, Section IV strains grow unbranched filaments in one plane, but
Section V strains grow branched filaments in multiple planes (Rippka et al., 1979).

With technological advances, cyanobacterial genome sequencing has become
available in the past two decades, allowing the phylogenetic comparison of
ribosomal RNA and protein sequences. In a study by Shih et al. (2013), 126
sequenced cyanobacterial strains were classified into seven subclades (A-G), with
subclade A being highly evolved and subclade G including basal lineages, according
to sequence similarities of 31 conserved proteins and 16S ribosomal RNA. Their
phylogeny demonstrated that no unique protein for the morphology of a subclade
was present and that the phenotypical filamentous trait has evolved several times

independently within the phylum of cyanobacteria (Shih et al., 2013).
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Attempts to determine the most recent common ancestor between cyanobacteria
and plastids have yielded controversial results in the origin of the cyanobacterial
endosymbiont (Shih et al., 2013; Ochoa de Alda et al., 2014). While Shih et al. (2013)
claimed that the plastid ancestor belonged to a basal lineage from the subclade F of
their phylogenetic tree, Ochoa de Alda et al. (2014) showed that plastids are rather
more closely related to evolved extant cyanobacterial species than to descendants
from extinct basal lineages. According to their study, plastids evolved during the
diversification of the subclades A (non-heterocystous) and B1 (heterocystous) of
filamentous cyanobacteria, which are more highly developed than unicellular
species and only arose 0.5 - 1 billion years after the GOE (Schirrmeister et al., 2013).
Several other studies have also stated that a heterocystous cyanobacterium was
involved in the endosymbiotic event, giving rise to photosynthetic plastids in extant
Archaeplastida (Deusch et al., 2008; Criscuolo and Gribaldo, 2011).

1.1.2 Cell physiology of filamentous cyanobacteria

Cyanobacteria are gram-negative bacteria due to the composition of the cell
envelope (Hoiczyk and Hansel, 2000). In filamentous strains, a filament comprises
individual vegetative cells (Figure 1) that contain two plasma membranes, of which
the outer is continuous along the filament. Many cyanobacteria species secrete
extracellular polymeric substances (EPS), mostly consisting of polysaccharides,
through the membranes (Pereira et al., 2015). The space between both membranes
is called the periplasm and contains several peptidoglycan layers. Between two
consecutive cells the peptidoglycan layer is called the septum and contains pores
and protein complexes for cell-cell communication through the exchange of
nutrients and signalling molecules (Flores et al., 2006). Inside the cells, a complex
thylakoid membrane system containing the photosynthetic and respiratory
machinery (Mullineaux, 2014) fills most of the cytoplasm apart from the middle of
the cell where ribosomes, lipid droplets, polyphosphate or cyanophycin granules
and carboxysomes, for instance, are located (Gonzalez-Esquer et al, 2016).
Carboxysomes are special compartments consisting of a polyhedral protein shell for
CO; fixation by the enzyme RuBisCO (Kerfeld and Melnicki, 2016). Under N limiting
conditions, vegetative cells in some filamentous strains can differentiate into N»-

fixing heterocyst cells (Figure 1), whose physiology is described in Section 1.3.1.
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Figure 1: Structure of a cyanobacterial vegetative cell (A) and a nitrogen-fixing heterocyst (B) from the
filamentous cyanobacterium Anabaena sp. PCC 7120. Abbreviations: carboxysome (C), heterocyst
envelope polysaccharides (HEP), heterocyst glycolipid layer (HGL), outer plasma membrane (OM),
inner plasma membrane (PM), thylakoid membranes (TM). Image B exhibits nutrient exchange
between a heterocystand the adjacent vegetative cell as indicated by arrows. The scale bar shows 1 pm.
Images by J. Walter (2018).

1.2 Cyanobacterial photosynthesis

Oxygenic photosynthesis provides organic matter and releases O; as a by-product
by converting sunlight energy into chemical energy in two processes - the
photosynthetic light reactions in the thylakoid membranes and CO; fixation in the
Calvin-Benson-Bassham (CBB) cycle. In the photosynthetic light reactions,
absorption of photons and transfer of excitation energy drive the extraction of
electrons from water. Subsequent electron transfer towards electron acceptors and
relocation of protons (H+) across the thylakoid membrane produce the reducing
agent nicotinamide adenine dinucleotide phosphate (NADPH) and energy carrier
adenosine triphosphate (ATP), respectively, which are required in the CBB cycle.

The CBB cycle (for reviews see Price et al, 1998; Raines, 2003) comprises three
stages, of which the first one - CO; fixation - takes place within the carboxysome in
cyanobacteria. COz and its soluble derivative bicarbonate (HCOs3-) diffuse across the
proteinaceous shell into the carboxysome, where the enzyme carbonic anhydrase
converts HCO3 into CO2, and CO; accumulates around the enzyme RuBisCO, which
catalyses the carboxylation of ribulose-1,5-bisphosphate (RuBP) into 3-
phosphoglycerate (3-PGA). This triose phosphate is then transferred into the
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cytoplasm and reduced to glyceraldehyde-3-phosphate in the second stage of the
CBB cycle, being the precursor for the hexose sugar glucose. During the third stage,
the RuBisCO substrate RuBP is regenerated from glyceraldehyde-3-phosphate

through several energy-consuming reactions.

1.2.1 Linear electron transport across the thylakoid membrane

Light reactions and linear electron transport (LET) of oxygenic photosynthesis in
cyanobacteria occur in the thylakoid membrane system with the help of membrane-
embedded protein complexes, namely the two photosystems PSI and PSII, the
cytochrome bef (cytbsf) complex and the ATP synthase complex (see a review by
Nagarajan and Pakrasi, 2016) (Figure 2). Cyanobacteria harvestlight energy through
a pigment-protein complex called phycobilisome (PBS) (further described below)
that is attached to the outer surface of the photosystems and channels absorbed
energy to the chlorophyll (chl) a-containing reaction centres of PSI and PSII (P700
and P680, respectively) (MacColl, 1998). Thus, electrons reach a higher energy level
and are transferred to respective electron acceptors in a process referred to as
charge separation (Cardona et al., 2012). In PSII, P680 becomes oxidised (P680+) by
reducing the first electron acceptor pheophytin (Klimov et al, 1977), which
immediately transfers the electron to the first stable plastoquinone (PQ), Qa (Diner
et al, 1991). The electron gap in P680+ is filled by an electron deriving from the
splitting of water into H* and O at the manganese-calcium cluster (Mn4OsCa) in the
02-evolving complex (OEC) of PSII (Barber, 2012). Qa passes on the electron to a
second PQ, Qs, which accepts two electrons and two H* from the stroma. The
protonated PQH: (plastoquinol) is a mobile electron carrier transmitting both
electrons to cytbef, one of which is re-directed to the PQ pool, in what is known as
the Q cycle (Mitchell, 1975), and the other one is transferred to another lumenal
mobile electron carrier, plastocyanin (or cyt cs). Cytbsf also accepts the two H* and
releases them into the thylakoid lumen (Kurisu et al, 2003). The electron in
plastocyanin is then passed on to the PSI reaction centre, filling the electron gap of
P700+ that is generated through charge separation in P700 induced by light-
harvesting. Further in PSI, the excited electron from P700 is transferred via
phylloquinone and three iron-sulfur (Fe-S) clusters towards ferredoxin (Fd) (Nelson
and Yocum, 2006), and flavodoxin (Fld) (Nogués et al., 2005) and the ferredoxin-
NADP+-reductase (FNR), reducing nicotinamide adenine dinucleotide phosphate
(NADP+) to NADPH and providing reducing power needed in the CBB cycle for the

production of sugars. The H* derived from the water splitting in PSII and also those
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released from cytbef trigger a H* gradient across the thylakoid membrane, which
contributes to the electrochemical membrane H+-motive force (pmf) that is used as
driving force for the production of ATP from adenosine diphosphate (ADP) and
inorganic phosphate (P;) via the ATP synthase complex (Allen, 2002). ATP is the
ultimate energy carrier needed in many metabolic processes including the CBB cycle.
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Figure 2: Schematic overview of electron transfer routes across the thylakoid membrane in vegetative
cells of Anabaena sp. PCC 7120. Blue arrows indicate linear electron transport (full lines) and cyclic
electron transport (dashed lines), whereas pink dashed arrows show alternative electron transport.
Red arrows in the photosystems (PS) demonstrate the transfer of excitation energy. The purple
allophycocyanin (APC) disc in the phycobilisome (PBS) (also the modified PBS at PSI) represents the
terminal emitter. Orange arrows display proton translocation. See the text for further details (Sections
1.2.1 and 1.2.2). Abbreviations: adenosine diphosphate (ADP), adenosine triphosphate (ATP), carbonic
anhydrase (CA), Calvin-Benson-Bassham (CBB), carbon dioxide (CO2), cytochrome c oxidase (Cox),
cytochrome bd quinol oxidase (Cyd), cytochrome (Cyt), iron cluster (F), ferredoxin (Fd), flavodoxin
(F1d), flavodiiron protein (Flv), ferredoxin-NADP+-reductase (FNR), proton (H*), water (H20),
bicarbonate (HCOs3-), bidirectional hydrogenase (Hox), nicotinamide adenine dinucleotide phosphate
(NADP(*)H), nicotinamide adenine dinucleotide dehydrogenase (NDH), molecular oxygen (02), orange
carotenoid protein (OCP), oxygen-evolving complex (OEC), photosystem II reaction centre (P680),
photosystem [ reaction centre (P700), phycocyanin (PC), phycoerythrocyanin (PEC), 3-
phosphoglycerate (3-PGA), inorganic phosphate (Pi), plastoquinone (PQ), plastoquinol (PQHz2),
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), ribulose-1,5-bisphosphate (RuBP),
thylakoid membrane (TM).
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1.2.2 Regulation and photoprotection of the photosynthetic apparatus

The redox potential of the PQ pool under stress conditions is tightly controlled by
several photoprotective mechanisms, including 1) state transitions, 2) extra electron
valves defined as alternative electron transport (AET) routes, namely flavodiiron
proteins Flvs, respiratory terminal oxidases (RTO) and the bidirectional
hydrogenase (Hox), 3) non-photochemical quenching (NPQ) by the orange
carotenoid protein (OCP), and 4) cyclic electron transport (CET) around PSI (see
Figure 2). As far as state transitions are concerned, several theories exist. In the
mobile PBS model, PBS diffuse across the stromal side of the thylakoid membrane
between the photosystems, which is induced by excitation with light of different
wavelengths and changes in the redox state of the PQ pool (Joshua and Mullineaux,
2004). Blue or far-red (FR) light preferentially excite electrons in chl of the
photosystems, of which about 90% are located in PSI, leading to a PBS shift from PSI
towards PSII, thus inducing State 1. Light that is predominantly absorbed by PBS, or
incubation in darkness, however, initiate the even distribution of PBS between both
photosystems, known as State 2 (reviewed in Calzadilla et al., 2019). In the spillover
model, however, itis proposed that PBS are constantly attached to PSII in both states,
but transfer excess excitation energy to PSI in State 2 upon membrane
rearrangement and movement of the photosystems rather than movement of the
PBS (Federman et al., 2000). Under stress conditions, such as low CO; and high light,
electrons accumulate in the electron transport chain (ETC) due to the lack of
terminal electron acceptors (CO2) or enhanced charge separation, both of which lead
to damage of the D1 protein in the PSII core. To prevent costly damage,
cyanobacteria employ different mechanisms acting as extra electron valves. RTOs,
namely cytochrome bd quinol oxidase (Cyd) and cytochrome c oxidase (Cox), accept
electrons for the reduction of O, into water mainly in darkness, but also to a small
extent in light (Ermakova et al., 2016; for a review see Lea-Smith et al., 2016). The
main electron valves in cyanobacteria, however, are the Flv proteins (see
Allahverdiyeva et al.,, 2015 for a review). In cyanobacteria, Flvl/3 and Flv2/4 form
dimers and are involved in photoprotection of the photosystems. Flvl/3 is
associated with the photoprotection of PSI under fluctuating light conditions by
accepting electrons after PSI and reducing O into water in a process referred to as

“Mehler-like” reaction (Allahverdiyeva et al., 2013). Hence, the production of the

harmful reactive oxygen species (ROS) superoxide O, and subsequent
photoinhibition of PSI is prevented by Flvl/3 activity, and excess electrons,
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stemming from the water-splitting in PSII, are re-directed towards the production of
water downstream of PSI (water-water cycle). For Flv2/4, however, the exact
function and mechanism are still unclear, but it is known that they work in
photoprotection of PSII by accepting excess electrons, preventing the overreduction
of the PQ pool (Zhang et al., 2009, 2012; Bersanini et al., 2014). Besides Flv2/4, the
OCP protein is connected to the PBS core, quenching excess excitation energy
absorbed by the PBS and releasing it as heat, known as NPQ (Wilson et al., 2006; see
Kirilovsky, 2015 for a review). A last photoprotective mechanism involves CET
through the NADPH dehydrogenase complex-1 (NDH-1), which accepts electrons
after PSI via Fd and recycles it back to the PQ pool, thus increasing pmf and
stimulating the production of ATP (Mi et al., 1995; see a review by Battchikova et al.,
2011).

1.2.3 Cyanobacterial light-harvesting - the phycobilisome complex

Cyanobacteria are considered the plant chloroplast ancestors, and many of the main
components of photosynthesis have remained highly conserved in plants
throughout evolution (Nelson and Yocum, 2006). The key difference, however, lies
in the development of a different type of light-harvesting antennae. In plants, light-
harvesting complexes are embedded in the thylakoid membrane in close proximity
to the photosystems, whereas in cyanobacteria, light-harvesting PBS are connected
to the photosystems on the stromal surface of the thylakoid membrane. Collected
light energy is transferred to chl of the photosystems’ reaction centres, initiating
photosynthetic electron transport (PET) as described above (for a review see
Stadnichuk etal., 2015). PBS are pigment-protein complexes, about 3000 - 7000 kDa
in size, and are composed of phycobiliproteins (PBP), which bind 200 - 500
phycobilin pigments (linear tetrapyrroles: phycocyanobilin, phycoerythrobilin,
phycourobilin and phycoviolobilin), and colourless linker proteins (Figure 3). These
PBS components can vary in number and type between cyanobacterial species and
growth conditions, however, the basic PBS structure comprises a core consisting of
PBP allophycocyanin (APC) cylinders from which PBS rods radiate. Core cylinders
and the rods consist of discs of trimeric a- and S-polypeptides of the respective PBPs,
which are stacked into hexamers forming a hollow cylinder (for a review see
Stadnichuk et al., 2015). In Anabaena (Nostoc) sp. PCC 7120 (hereafter referred to as
Anabaena), the APC core comprises three complete cylinders made of two hexamers
(A1, A2 and B) and two half-cylinders made of one hexamer (C1 and C2) (Chang et
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al., 2015). Attached to the cylinders are eight rods normally consisting of one to four
stacked hexamers of the PBP phycocyanin (PC) and one hexamer of
phycoerythrocyanin (PEC) (or phycoerythrin in some other cyanobacteria). All three
PBPs bind the chromophore phycocyanobilin, which absorbs light energy of
different wavelengths depending on the PBP it is connected to. PEC is located at the
distal part of the rod structure and absorbs short wavelengths first (absorption
maximum at 570 nm). The captured energy is then transferred via PC discs in the
rods towards the APC core cylinders, which absorb light of long wavelengths
(absorption maximum at 650 nm) (Bryant, 1982). The PBS core is connected to PSII
in close vicinity to the CP43 protein via the terminal emitter ApcE, which is a
pigmented core-membrane linker protein (Lc¢m) that channels excitation energy to
the PSII reaction centre P680 (Liu et al., 2013; Chang et al., 2015; Tang et al., 2015).

PBS are assembled via different types of linker proteins that connect the discs within
the rods (Lr, CpcC), the terminal rod caps with the rod (Lrr, CpcD), the rods with the
core (Lrc, CpcG), the discs within the core cylinders (Lc, ApcC) and the core with the
membrane (Lcum, terminal emitter ApcE) (Liu et al., 2005). Lem is a large polypeptide
that occurs in two copies per PBS and contains repetitions of the conserved protein
domain PFAM00427, of which the number of repetitions determines the type of PBS
(bicylindrical, tricylindrical or pentacylindrical) in different cyanobacterial species.
In Anabaena, the L¢um protein has four PFAM00427 domains and, therefore, the APC
core is pentacylindrical. Furthermore, Anabaena has four genes (cpcG1/2/3/4)
encoding Lgrc in contrast to the unicellular cyanobacterium Synechocystis sp. PCC
6803 (Synechocystis), which has tricylindrical PBS and two Lgc genes. Anabaena
CpcG1/G2 Lrc connect two pairs of side rods (Rs) to the core, while CpcG#4 is the main
Lrc, linking top and bottom rods (Rt and Rb) to the core. CpcG3 is a specific Lgc for
PSI (named CpcL), attaching one to three rods to a PSI-specific core cylinder
consisting of ApcD, which is connected to PSI at the interface of two monomers via
hydrophobic interactions (Bryant et al., 1991; Dong et al., 2009; Watanabe et al.,
2014; Chang et al., 2015).

Light-harvesting by PBS is regulated by three processes: 1) NPQ through excess
energy dissipation as heat by OCP (described above in Section 1.2.2), 2) re-
adjustment of the rod length/composition according to the prevailing light
conditions, known as chromatic acclimation, which involves cyanobacteriochromes,

two-component systems and transcriptional regulation of PBS rod genes (Gutu and
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Kehoe, 2011; Wiltbank and Kehoe, 2018), and 3) degradation mediated by the NblA
protein, which intercalates into the PBS discs, causes disassembly and marks
proteins for degradation by the Clp protease complex (see Forchhammer and

Schwarz, 2018 for a recent review).
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Figure 3: Structure of an Anabaena sp. PCC 7120 phycobilisome (PBS) complex connected to a
photosystem II (PSII) dimer. From the pentacylindrical allophycocyanin (APC) core, eight PBS rods
radiate, with two bottom rods (Rb and Rb’), shorter side rods (Rs1, Rs1’, Rs2 and Rs2’) connected to
the half-cylinders, and two top rods (Rt and Rt"). The rods typically comprise one to four phycocyanin
(PC) discs and one terminal phycoerythrocyanin (PEC) disc as rod caps. PBS subunits are connected by
non-pigmented linker proteins (rod terminating linkers Lgr, rod linkers Lg, rod-core linkers Lgc, core
linkers Lc and core-membrane linkers Lem) which contain either, or both, the conserved protein
domains Pfam00427 (dark grey box) and Pfam01383 (light grey box) (see Figure inset). Lcum is the
terminal emitter ApcE, which is present in two copies, connecting the core cylinders to the PSII core
(red arrows) via the a-subunitin the third trimer of A1 and A2. Figure modified from Chang et al. (2015)
with adjustments according to Ducret et al. (1996). See the text for further details (Section 1.2.3).
Abbreviations: carboxy-terminal domain (CTD), amino-terminal domain (NTD).
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1.3 Anabaena as a model for the development of multicellularity

Anabaena is a filamentous, heterocystous cyanobacterium representing f-
cyanobacteria and Section IV cyanobacteria with unbranched filaments, and its
genome sequence has been available since 2001 (Kaneko et al., 2001). Under optimal
growth conditions, the filaments mostly consist of photosynthetic vegetative cells,
which can undergo morphological and physiological changes under nutrient-
limiting conditions in order to cope with drastic changes in the environment. In
many filamentous cyanobacteria, three cell differentiation processes are known to
lead to the formation of N»-fixing heterocysts, resting akinetes or motile hormogonia

in some species (Herrero et al., 2016).
1.3.1 Heterocysts

The best-studied cell differentiation process in Anabaena is the irreversible
formation of N-fixing heterocysts (Figure 1) (see reviews by Kumar et al., 2010 and
Herrero et al., 2016). They are easily distinguishable from vegetative cells by their
increased cell size due to a thick cell wall, an oval cell shape and a pale green colour,
and they are unable to undergo cell division (Mitchison and Wilcox, 1972). Fully
developed heterocysts contain the nitrogenase complex for the fixation of N, under
N limitation. This complex is highly O;-sensitive and therefore heterocysts comprise
a variety of mechanisms to maintain intracellular anaerobiosis. As a protection
barrier against O diffusion through the cell membranes, the heterocyst cell envelope
is composed of two additional outer layers in contrast to vegetative cells. During the
first steps of cell differentiation, an O2-impermeable heterocyst-specific glycolipid
layer (HGL) develops on top of the outer vegetative cell membrane which is
protected by a thick outer layer of heterocyst envelope polysaccharides (HEP). At
this stage, the developing heterocyst is referred to as pro-heterocyst. For the
determination of the heterocyst frequency as a physiological parameter, Alcian Blue
dye, that stains polysaccharides blue, is used to detect pro-heterocysts and
heterocysts. Furthermore, during heterocyst differentiation, the cell reorganises
inner photosynthetic thylakoid membranes and complexes to provide anoxic
conditions. Thus, the OEC in PSII is inactivated and heterocyst-specific respiratory
complexes, such as Flv proteins and RTOs are employed to consume O: (Valladares
etal,2007; Ermakova et al,, 2013, 2014; reviewed in Magnuson and Cardona, 2016).

The PSI compley, in contrast, is still fully active for CET in heterocysts and provides
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ATP for N; fixation. Furthermore, PBS amounts are significantly decreased in
heterocysts compared to vegetative cells, but are still detectable (Magnuson and
Cardona, 2016). In particular, the presence of the PBS rod-core linker protein CpcL,
which is specific for PBS connected to PSI, indicates the presence of active PBS at PSI
in heterocysts (Watanabe et al., 2014). Membrane reorganisation also leads to the
formation of a special membrane system called the “honeycomb”, with respiratory
function in close proximity to the heterocyst poles, where heterocysts are connected
to adjacent vegetative cells for the exchange of nutrients. Diffusion of O, into the
heterocysts through these channels is prevented by a plug consisting of cyanophycin
granules, a N storage material. However, if O, still manages to enter via the
heterocyst poles, the surrounding honeycomb reduces it by oxidation of
diaminobenzidine (Murry et al., 1981). All of these mechanisms help to keep 0; ata
very low level inside the heterocyst to support full activity of the nitrogenase
complex in light and darkness (Bothe et al., 2010), which is in contrast to some non-
heterocystous diazotrophs that separate photosynthesis and N; fixation temporally
(Bergman et al., 1997). The nitrogenase complex is assembled from amino acids
provided through degradation of PBS proteins during cell differentiation. As
forementioned, nutrient exchange occurs between vegetative cells and heterocysts,
making them highly dependent on each other. While photosynthetic vegetative cells
provide C-based energy storage compounds (sugars), such as sucrose, the
heterocysts supply N compounds, such as the amino acids glutamate and alanine
(Thomas et al., 1977; Curatti et al.,, 2002; Pernil et al., 2010).

1.3.2 Akinetes

Akinetes are enlarged spore-like resting cells that are particularly resistant against
long-term exposure to unfavourable conditions (Zhou and Wolk, 2002; Flores and
Herrero, 2010), such as cold, drought and nutrient deficiencies (Adams and Duggan,
1999, Singh and Montgomery, 2011). Akinetes have previously been reported to
share common regulation mechanisms of cell differentiation with heterocysts, and
therefore might be evolutionary related through a common ancestor (Wolk et al.,
1994). Indeed, both cell types possess the same type of outer envelope (Cardemil
and Wolk, 1979; Leganés, 1994), and their differentiation is dependent on the
expression of the heterocyst differentiation genes hepA and hetR (Leganés et al.,
1994; Leganés, 1994; Campbell et al., 2007). In addition, earlier research has shown
that akinete differentiation is further regulated by the availability of Caz+ (Wolk,
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1965). Nonetheless, akinete formation has mostly been studied in other filamentous
heterocystous cyanobacteria strains (Cardemil and Wolk, 1979; Leganés, 1994;
Adams and Duggan, 1999; Zhou and Wolk, 2002; Argueta et al, 2006), but is
reported to be absent in the strain Anabaena. Although a marker gene for akinete
differentiation (all4050 - anaK) is present in Anabaena, the gene might be inactive
due to a spontaneous mutation (Zhou and Wolk, 2002, Argueta et al., 2006). In
contrast, Prasanna and co-workers analysed 20 Anabaena species according to their
morphology (and other factors) in 2006, presenting an akinete frequency of 4.8% in
Anabaena sp. PCC 7120.

1.3.3 Hormogonia

Hormogonia are short motile filaments consisting of small vegetative cells with gas
vesicles and are well-known to occur in some filamentous cyanobacterial species,
such as Nostoc sp., Scytonema sp. and Calothrix sp. (Rippka et al.,, 1979). Vegetative
filaments differentiate into hormogonia during nutrient limitations or symbiotic
plant infection, in order to inhabit new environments, or to move towards the plant
roots, respectively. After receiving the environmental stimulus, cell division is
induced simultaneously in all cells of the filament, whereas deoxyribonucleic acid
(DNA) replication and protein biosynthesis are ceased to a great extent. Therefore,
the cells of the hormogonia remain small in size, but still photosynthetically active
and can accumulate gas vacuoles for buoyancy (for a review see Meeks and Elhai,
2002). In 1962, Lazaroff and Vishniac described the developmental cycles of Nostoc
muscorum (former description of Anabaena, Rippka et al, 1979) in dark-to-light
transitions. In continuous light, heterocystous filaments break at the heterocysts,
forming gliding hormogonia and releasing free heterocysts. Thus, hormogonia are

non-heterocystous and unable to survive in N-deprived conditions.

1.4 C and N balance in cyanobacteria

Cyanobacteria constantly encounter changes in the environment, i.e. in nutrient
availability, light intensity, temperature or pH, which have an effect on metabolic
processes (Agostoni and Montgomery, 2014). To cope with these alterations, the
balance in nutrient distribution between the primary metabolic pathways needs to
be tightly regulated. In this regard, C and N are the most vital chemical elements

which account for the survival of the cell. Their ratio (C/N) is an important indicator
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of the metabolic status of the cell, which regulates the performance of primary

metabolic processes (see a recent review by Zhang, C.C. et al., 2018) (Figure 4).
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Figure 4: Schematic overview of the metabolic and transcriptional regulation of the carbon (C) and
nitrogen (N) balance in cyanobacteria during N limitation (A) and C limitation (B) (Zhang, C.C. et al.,
2018). Abbreviations: C-concentrating mechanisms (CCM), 2-oxoglutarate (2-0G), 2-phosphoglycolate
(2-PG).

Inorganic C (C;) is present in the form of CO; and its soluble derivative HCO3- (both
referred to as C;) and is an essential building block for all organic compounds, such
as sugars, lipids, amino acids and pigments. The latter two compounds additionally
require N as a main structural component, which is also crucial for the synthesis of
the energy carrier ATP and the nucleic acids DNA and RNA. The ultimate regulator
for the C/N balance is 2-oxoglutarate (2-0G), which is the intermediate molecule that
connects C metabolism with N metabolism (Muro-Pastor et al., 2001). In the CBB
cycle, C; is fixed into glucose, which is catabolised to pyruvate in a process called
glycolysis. Pyruvate then enters the tricarboxylic acid cycle (TCA; also known as
citric acid cycle or Krebs cycle) as its derivative acetyl-CoA to produce the reducing
agents nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
hydroquinone (FADH>), and the key intermediate compound 2-0G. Therefore, the 2-
OG level is directly correlated to the rate of C; uptake and fixation. 2-OG then
undergoes transamination by accepting an amino group from the a-amino acid
glutamine derived from N metabolism, resulting in the formation of the a-amino acid
glutamate in the glutamine synthetase-glutamine oxoglutarate aminotransferase
(GS-GOGAT) cycle. Hence, relatively low levels of 2-0G indicate a balanced C/N ratio
in non-stressed conditions (Figure 4), which is perceived by another signalling
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molecule, the Py protein, a sensor for the metabolic status of the cell (Espinosa et al.,
2006). Trimeric Py protein binds three monomers of the co-activator PipX, thus
inhibiting and regulating nitrate and nitrite uptake in N-sufficient conditions. In N-
depleted conditions, however, 2-0G is not transaminated and instead accumulates
in the cell. Higher levels of 2-0G induce the release of the PipX proteins from Py, two
of which are transferred to the N control protein NtcA (Vega-Palas et al., 1992;
Valladares et al., 2008). This transcription factor (TF) is the master regulator of N
metabolism, activating or inhibiting the transcription of many N metabolism-related
genes, and initiating fixation of N, to maintain the C/N balance (further described

below).
1.4.1 Heterocyst formation and N: fixation

As described above, N starvation triggers a series of events to cope with this stress
condition. In non-diazotrophic (non-N»-fixing) cyanobacteria, N step-down induces
the degradation of PBS subunits mediated by the NblA protein to release N-rich
phycobilin pigments, which results in bleaching of the cells known as chlorosis
(Baier et al, 2004; Forchhammer and Schwarz, 2018). Diazotrophic strains,
however, are capable of synthesising the nitrogenase complex for fixing N2. They can
be divided into heterocystous and non-heterocystous N fixers, of which the latter
can usually only fix N2 under micro- or anoxic conditions because the nitrogenase
complex is highly O,-sensitive (see Bergman et al., 1997 for a review). In the case of
heterocystous cyanobacteria, the nitrogenase complex is spatially separated from
02-evolving photosynthetic processes by the formation of heterocysts, as described

in the previous section.

Heterocyst differentiation is initiated in vegetative cells by the activity of the master
TF NtcA upon N step-down. NtcA stimulates the expression of the second master
regulator of heterocyst formation, HetR, as one of the first targets. HetR is reported
to have a dual function as TF as well as a Ca2*-dependent protease, that supposedly
degrades the only cyanobacterial Ca2*-binding protein (CcbP) characterised so far,
even though the location of the active site of the protease domain is still
controversial (Zhou et al., 1998; Dong et al.,, 2000; Risser and Callahan, 2007).
Nevertheless, it is proposed that CcbP degradation releases a Ca?+ signal in the
differentiating vegetative cell about four hours after N step-down that, in turn,
upregulates HetR protein levels and is required for heterocyst development (Zhao
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et al,, 2005; Shi et al., 2006). The HetR protein also contains a DNA-binding domain
and binds in vitro to the promoters of several heterocyst differentiation genes, such
as hetR itself, hetZ, hetP, hetC, patS, hepA and pknE (Flaherty et al., 2014). While HetP
is important for the commitment of a vegetative cell to differentiation into a pro-
heterocyst about nine hours after N step-down (Videau et al., 2016), HetC then
induces the inhibition of cell division and the expression of genes for the
biosynthesis of the heterocyst envelope, composed of an inner gas-impermeable
HGL layer and an outer HEP layer (Wang and Xu, 2005). Interaction of HetC with
PatB (the TF of the nitrogenase complex), CoxBII, NblA, RbcL and others further
leads to cytoplasmic maturation of the heterocyst by downregulating
photosynthesis (degradation of PBS) and expressing N fixation-related protein
complexes, such as the nitrogenase or RTO complexes (Tsujimoto et al., 2014). This
developmental process occurs in about every 10t cell in a filament under N-
deprived conditions, due to the action of heterocyst pattern formation proteins. The
best studied inhibition protein is the small peptide PatS (Yoon and Golden, 1998),
which is mainly expressed in heterocysts (Yoon and Golden, 2001). PatS diffuses in
a processed form along adjacent cells, in which it inhibits the activity of HetR, leading
to the regression of heterocyst differentiation before commitment (Corrales-
Guerrero et al., 2013).

With heterocyst maturation, the major protein complex for the fixation of N; is
synthesised from the main nif operon, the nifHDK operon. The nitrogenase complex
is composed of two protein components, namely the dinitrogenase (MoFe protein)
and the dinitrogenase reductase (Fe protein). The dinitrogenase reductase accepts
electrons from an electron donor, Fd or Fld, deriving from CET around PSI in
heterocysts, and transfers this electron (e-) to the dinitrogenase subunit, where N>
is thus reduced to nitrate. Concomitantly, H* are reduced to H,, which is
subsequently consumed by two different hydrogenases in Anabaena, the uptake
hydrogenase and Hox (Tamagnini et al, 2007). The overall equation for the
reduction of N is (Saeki, 2004):

N, +8H*+8e” +16 ATP = 2NH; + H, + 16 ADP + 16 P;

[t is visible from the equation that the N; fixation process is highly costly for the cell,
as itrequires energy in the form of 16 ATP, whose production relies on LET between
the photosystems, CET around PSI, and respiration. Reductants such as NADPH are
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generated in the oxidative pentose phosphate pathway by metabolising

carbohydrates supplied from vegetative cells (B6hme, 1998).

In contrast to Anabaena, some cyanobacterial species, such as Anabaena variabilis,
contain two additional sets of nitrogenases. In case of molybdate limitation, a
vanadium (V)-type nitrogenase compensates the lack of the Mo-type nitrogenase
inside the heterocysts. In addition, a second Mo-type nitrogenase is present in

vegetative cells, but is only active under strict anaerobiosis (Thiel, 2004).
1.4.2 Carbon concentrating mechanisms

Over the course of evolution, cyanobacteria have developed specific mechanisms to
improve their photosynthetic capacity when the GOE led to an oxidised atmosphere
with low levels of available CO,. The so-called C; concentrating mechanisms (CCMs)
raise the level of CO, within the cells and concentrate it around the enzyme RuBisCO
(see Price et al., 2008 for a review), which, in cyanobacteria, has lower specificity for
CO; over O; but higher CO,-fixation rates per active site compared to plant-type
RuBisCO (Whitney et al., 2011). Without CCMs, this would result in higher rates of
energy-consuming photorespiration and lower rates of CO; fixation in
cyanobacteria. Therefore, cyanobacterial RuBisCO is encapsulated in specialised cell
compartments, called the carboxysomes, which consist of a proteinaceous shell that
is only permeable to small polar molecules, such as the predominant water-soluble
Ci species HCO3. In addition to RuBisCO, carboxysomes also contain the enzyme
carbonic anhydrase, which catalyses the conversion of HCO3  into CO; in close
proximity to the active site of RuBisCO. The carboxysome protein shell constitutes a
gas-impermeable barrier, thus preventing O; influx into the carboxysome to a great
extent, as well as preventing CO; leakage from the carboxysome (Kerfeld and
Melnicki, 2016). The substrate for the carboxylation process, RuBP and the resulting
fixed three-C-sugar 3-PGA enter and leave the carboxysome, respectively, through
small pores in the protein shell, and are further processed into bigger sugar
molecules in the CBB cycle in the cytoplasm. Recently, carboxysomes have been
intensively studied for their great potential for biotechnological applications and
improving CO; fixation in plants (Hanson et al., 2016; Long et al., 2018; Plegaria and
Kerfeld, 2018).
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Furthermore, CCMs actively take up C; into the cell via several HCO3 and CO; uptake
transporter systems both in the plasma membrane and thylakoid membrane
(Badger and Price, 2003). BCT1 (encoded by cmpABCD), SbtAB and BicA are high,
medium and low affinity HCO3- transporters in the plasma membrane, respectively,
requiring the binding of ATP (BCT1) or sodium (Na+*) (SbtAB and BicA). In the
thylakoid and plasma membranes, special NDH-1 complexes (NDH-1MS containing
NdhD3/F3 and NDH-1MS' containing NdhD4/F4; Battchikova et al, 2011),
summarised as NDH-13/4, are involved in CO; uptake and its subsequent conversion
into HCO3-. The expression of all C; uptake transporters is highly induced under C;-
limiting conditions as a consequence of the regulation by the TFs CmpR (promoting
expression of the cmp operon; Takahashi et al.,, 2004) and NhdR (also known as
CcmR; repressing expression of sbt, bic and ndh-13 genes; Wang et al., 2004) and the
signalling molecules 2-0OG from the TCA cycle and 2-phosphoglycolate (2-PG) from
oxygenation of RuBP by RuBisCO. As described above, under high C; conditions, the
imbalanced C/N ratio represents N starvation. In this condition, 2-OG accumulates
in the cell and stimulates alternative N uptake and assimilation systems through
binding to NtcA and Py (Muro-Pastor et al., 2001). Simultaneously, 2-0G binds to the
repressor NdhR and promotes its interaction with DNA, thus inhibiting the
expression of the C; transporters and re-balancing the C/N ratio (Jiang et al., 2018).
Under low C; conditions, RuBisCO is more likely to catalyse the oxygenation reaction
of RuBP into the toxic compound 2-PG, which also binds to NdhR, however,
preventing its interaction with DNA (Haimovich-Dayan et al., 2015). Hence, the
expression of C; transporters is not inhibited, promoting active C; uptake in order to
maintain the C/N balance (summarised in Zhang, C.C. et al., 2018; Figure 4).

1.5 Caz?+ as a signalling molecule and second messenger in biological systems

The calcium ion (Ca?+) plays a pivotal role in a variety of cellular processes, due to
its low solubility in water, its binding capacity to 4-12 oxygen atoms of carboxyl and
carbonyl groups and its capability to change the function of proteins by altering their
shape and charge as well as precipitating phosphate ions (Clapham, 2007). In the
latter case, a high intracellular Ca?* concentration ([Ca%*];) is toxic because free
phosphate ions are required for metabolic processes, such as RNA and DNA
biosynthesis. Therefore, [Ca2*]; has to be tightly regulated by Ca2* channels and
pumps and Ca?*-binding proteins (Bagur and Hajnéczky, 2017). A typical Ca?*-
binding protein binds Ca?* via a highly conserved domain called the EF-hand, which
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is a helix-loop-helix structure with at least four conserved acidic amino acid
residues. The 12 amino acid loop has the consensus sequence D-x-D-x-D-G-x-V/I-
T/S-x-x-E and is flanked by nine amino acids forming a-helices (Michiels et al.,
2002).

The basic Ca?* signalling cascade constitutes four steps. Firstly, an external stimulus,
such as changes in temperature, light, pH or nutrient starvation, induces a Ca2* signal
with a distinct signature, usually a transient or oscillation with specific
spatiotemporal features (duration, amplitude, period, frequency) (McAinsh and
Pittman, 2009). Ca2+ is either taken up externally through ion channels or released
from internal storages such as Ca?+-binding proteins or cellular compartments. The
wave of free Ca2+ is then perceived by Ca?* sensors, or binds directly to DNA, RNA or
protein complexes, triggering a stress response, such as ion homeostasis, hormone
signalling, cell division, ROS scavenging and pathogen defence (DeFalco et al., 2009).
Therefore, [Ca2+]; is kept at very low levels, making this system highly sensitive and

effective (Agostoni and Montgomery, 2014).

1.5.1 Effect of Ca?* on plant photosynthesis

In the past few decades, investigation of Ca2* signalling events in plants has gained
attention with the discovery of a complex network of Ca2*-binding proteins, such as
calmodulins and Ca?*-dependent protein kinases, as well as the development of
highly sensitive Ca2+ detection systems, including the bioluminescent Ca%+ sensors
aequorin and a vast range of green fluorescent protein (GFP)-based “cameleon”
proteins. [CaZ*]; is maintained at around 100 nM, but transiently increases during a
wide range of responses to environmental stimuli, such as temperature shock, wind,
drought, salinity and touch (summarised in White and Broadley, 2003). More recent
attention has been focussed on the contribution of plant chloroplasts in Ca2+
sequestration and signalling events. The negatively charged surface of the thylakoid
membrane can sequester up to 15 mM Ca?*, whereas the stromal [Ca?*] is kept at
150 nm in non-stressed conditions (Rocha and Vothknecht, 2012; Stael et al.,, 2012a;
Nomura and Shiina, 2014; Sello et al., 2018). Chloroplasts are of particular interest
in Ca2* signalling as they accommodate the machinery for photosynthesis, which is
also subject to Ca?* regulation (Hochmal et al., 2015). Ca?+ is a structural component
of the photosystems in the thylakoid membranes, with one Caz* in the OEC and Ca?+*-
binding PsbO in PSII and two identified Ca2* in monomeric plant PSI (Heredia and
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De Las Rivas, 2003; Caspy and Nelson, 2018). Additionally, Ca2* transients measured
in chloroplasts have implicated Ca2* signalling in light-to-dark transitions within the
chloroplast. Ca2* is taken up into the chloroplast and bound to the negatively charged
thylakoid membrane during illumination, leaving a free Ca2* level of about 150 nM,
while shortly after the offset of light (~ 30 min), a strong increase in free Ca2+ levels
from internal storages was detected that led to the inactivation of CBB cycle enzymes
for CO; fixation, such as fructose-1,6-bisphosphatase (Sai and Johnson, 2002).

1.5.2 Involvement of Ca?+ on cellular and metabolic processes in cyanobacteria

In cyanobacteria, Ca2+ is involved in phototactic orientation and gliding motility via
Ca?*-binding surface proteins (oscillins), heterocyst and hormogonia differentiation
(see above), PBS degradation via NblA (Agostoni and Montgomery, 2014) and in the
composition of the photosynthetic photosystems. In trimeric PSI crystal structures
of Synechocystis, six Caz* were found, two of which were detected in the structures
of the PSI subunits PsaL and PsaB, which are possibly involved in the formation of
oligomeric PSI or of a docking site for a yet unidentified Ca?*-binding protein
(Malavath et al, 2018). Additionally, monomeric PSII crystal structures of
Thermosynechococcus elongatus and T. vulgaris included four Ca?+, one of which was
located to the OEC and others to the subunits CP43 and PsbK (Miih et al., 2008;
Umena et al, 2011).

For a long time, Ca?* signalling was not considered to exist in cyanobacteria due to
the lack of molecular evidence for Ca?+ channels and Ca2*-binding proteins. In the
past 20 years, the role of Ca2+ in abiotic stress response in Anabaena, specifically, has
been identified by the recombinant expression of bioluminescent Ca2+ sensors that
showed a transient increase in [Ca2+]; from a resting level of about 0.2 uM up to 4 uM
free Ca2+ (Torrecilla et al., 2000, 2001, 2004a). It has been reported that Ca2+ plays a
role in growth behaviour (Singh and Mishra, 2014), the regulation of ROS (Singh and
Mishra, 2016), acclimation to heat stress (Tiwari et al., 2016), the production of
exopolysaccharides (Singh et al, 2016) and the composition of fatty acids and
hydrocarbons (Singh et al., 2017). The most prominent role of Ca?* in Anabaena is
the regulation of heterocyst formation early after N deprivation (Torrecilla et al.,
2004b) through the activity of CcbP, which binds Ca2+ via negative surface charges
(Zhao et al., 2005; Hu et al,, 2011).
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2. AIMS OF THE STUDY

Cyanobacteria inhabit different terrestrial and marine environments and constantly
encounter changes in their growth conditions, which requires tight metabolic
regulation in order to acclimate to and cope with abiotic stresses. Such abiotic
stresses include variations in temperature, light, pH and nutrient availability. One of
the important macronutrients is Ca2+, which is known to be an essential secondary
messenger molecule in eukaryotes. In prokaryotes, particularly in cyanobacteria,
Ca?+ signalling was long thought not to exist, and related research was scarce.
However, with increasing knowledge about Ca?* signalling components in plants and
especially in the chloroplast, the effect of Ca2* on cyanobacterial metabolism has
begun to gain attention during the past 40 years (Piccioni and Mauzerall, 1978),
because cyanobacteria are considered the progenitors of photosynthetic
chloroplasts and are promising platforms for future biotechnological applications.
Therefore, it has been crucial to understand basic metabolic pathways, such as

photosynthesis and Ny fixation, and to identify their regulators and key players.

In this thesis, the four main objectives are the following:

1. Investigation of Ca2*-dependent transcription regulation and the effect of
Ca?+ on the C/N balance and cell physiology in Anabaena

2. ldentification of novel Ca2*-binding proteins in Anabaena

3. In vitro characterisation of the Anabaena gene asr11311 encoding a novel
Ca?*-binding protein (CSE)

4. Study the crosstalk between Ca?* signalling and primary metabolic pathways

involving the CSE protein in Anabaena



3. METHODOLOGY

3.1 Cyanobacterial strains and growth conditions

3.1.1 Generation of modified Anabaena strains

Genetically modified Anabaena strains (Table 1) were obtained through triparental
conjugation (Elhai and Wolk, 1988) of Anabaena wild-type (WT) with respective
vectors. An asr1131 overexpression (cse-oex) construct (pBG2089) was generated
by inserting the gene and its native promoter and terminator sequences into the
RSF1010-based low-copy number plasmid pRL1342, which contained an
erythromycin (Em) resistance cassette for selection of transformants (Paper II).
Knockout of the asr1131 gene (Acse) was achieved through homologous
recombination of asr1131 flanking regions, replacing the whole gene with a
neomycin (Nm) resistance cassette. To select double recombinants, the Acse vector
contained the pRL448-derived sacB gene. The resulting Acse mutant was
complemented by introduction of the overexpression vector pBG2089 (Paper III).

Table 1: Anabaena sp. PCC 7120 strains used in this thesis

Strain Modified/introduced genes Paper Reference ‘
WT (sp. PCC 7120) L 11, 11
cse-0ex asr1131::EmR (pBG2089) 11 This study
Acse asr1131::NmR 111 This study
Acse::pBG2089 asr1131::NmR 11 This study
asr1131::EmR (pBG2089)

3.1.2 Culture conditions

In Papers I and 1Il, Anabaena strains were grown in BG11 medium, which contains
0.25 mM CaCl; and was designated as “low Ca2* BG11 medium” in Paper I (Rippka et
al., 1979). Additionally, in Paper I, cells were grown in “high Ca2* BG11 medium” with
4-fold higher CaCl; concentration (1 mM CaClz), and in Paper IlI, cells were also
grown in BG11o medium lacking any source of N. In Paper I, BG11y medium was
supplemented with 10 mM NaHCO3 (BG11,C), to which 6 mM NH4CI (BG114C) was
added when indicated. As a pH buffer, 10 mM TES-KOH (pH 8.0) was added to all
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media. Liquid cultures were cultivated at 30°C with gentle agitation (120 rpm) in
ambient air (low CO2: 0.04% CO>) or in air enriched with 3% CO; (high CO; standard
growth condition). Continuous illumination of 35 - 50 pmol photons m-2 s-1 was
provided by cool-white fluorescent lamps (L 30W /865 Osram). For the selection of
transformants, pre-experimental cultures were supplemented with the respective
antibiotics (see Table 1), which were omitted from cultures used for

physiological /biophysical/gene expression experiments.

For physiological measurements, cells were collected during the logarithmic growth
phase (optical density at 750 nm: OD7so = 0.6-1.0). Chl concentrations were
measured and calculated through absorbance at 665 nm (ODegs) in 90% methanol,
applying the extinction coefficient 78.74 L g1 cm! (Meeks and Castenholz, 1971).
Room temperature (RT) pigment absorption spectra and optical densities were
determined with a Shimadzu UV-1800 UV spectrophotometer (Berner) and a
Thermo Scientific Genesys 10S UV-Vis spectrophotometer. The dry biomass of
cultures was determined according to Huokko et al. (2017). Total hexoses were
measured by the colorimetric method described by DuBois et al. (1956). Total
proteins were detected according to a modified Lowry procedure (Markwell et al.,
1978). Nitrogenase activity was measured as described by Kosourov et al. (2014).

3.1.3 Ca?* shift experiments

Anabaena WT cultures were grown in low and high Ca?* BG11 medium (see Section
3.1.2). During the logarithmic growth phase, cells were resuspended to OD750 = 0.8
with the respective media (see Figure 5). After one-hour incubation, 2 ml samples
were taken for RNA isolation. Furthermore, samples were taken for the
determination of total proteins, carbohydrates and the dry biomass (methods
mentioned above), over a time course of 24 hours after the shift. In addition,
photosynthetic performance was determined through measurements of O
evolution (Clark-type O: electrode, Hansatech) and PSII maximum effective yield
Y(II) (Dual-PAM-100, Walz). After three days of incubation in different Ca2* media,
bright-field and fluorescence micrographs were taken to calculate the heterocyst

frequency in filaments.
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Figure 5: Schematic overview of the calcium (Ca2+)
shift experiment with Anabaena sp. PCC 7120. Six
cultures were grown in low Ca?* and six in high Ca2*
media to the exponential growth phase (“long-term”
cultures). Three experimental cultures of each initial
Ca%* concentration were refreshed with medium
containing the alternative Ca?* concentration, and
three control cultures were refreshed with medium
containing the same Ca?* concentration.

3.1.4 N and C; limitation experiments

Anabaena WT and the mutant strain Acse were pre-incubated in standard growth
conditions (BG11 and high CO;) for three days. During the logarithmic growth phase,
2 ml of samples were collected and stored at -20°C until RNA isolation (timepoint 0).
The remaining cultures were refreshed and resuspended to OD7so = 0.6 with BG11,
and BG11, respectively, and transferred to growth conditions reflecting N limitation
(BG11p in high CO3) or C; limitation (BG11 in low COz). Samples of 2 ml were taken
at the timepoints indicated and stored at -20°C until RNA isolation.

3.2 Microscopy

3.2.1 Bright-field and fluorescence microscopy for the determination of
heterocyst frequencies and filament lengths

Bright-field and chl fluorescence images were taken with an AxioVert 200M inverted
fluorescence microscope (Zeiss) to detect heterocysts with x200 magnification
(Paper I). In Paper II, proheterocysts and heterocysts were stained with 0.5% Alcian
Blue dye. At least 1000 cells were counted from micrographs with x400
magnification, obtained with a Wetzlar light microscope (Leitz), and the heterocyst
frequency was estimated as the percentage of the total amount of counted cells. For
filament length counts, a minimum of 300 filaments was counted (Paper III).

3.2.2 Transmission and Scanning electron microscopy

Anabaena cells were collected and pre-fixed in 0.2 M S-collidin-HCl buffer (pH 7.4)
mixed with 25% glutaraldehyde in a ratio 4:1. The samples were then submitted to
the Laboratory of Electron Microscopy (University of Turku, Finland) for
Transmission and Scanning electron microscopy (TEM/SEM) specimen preparation.
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TEM was carried out in the same facilities with a JEM-1400 Plus Transmission
Electron Microscope, whereas SEM samples were further submitted to the Institute
of Dentistry (University of Turku, Finland), where they were coated with gold
particles, followed by SEM imaging.

3.3 Biophysical methods

Cultures were grown for two days and adjusted with fresh medium to a chl
concentration of 7.5 pg ml! for all biophysical methods except P700 measurements
with a pulse-amplitude modulated fluorometer/spectrometer (Dual-PAM-100;
Walz, Effeltrich, Germany), which were recorded independently from chl
fluorescence and for which the chl concentration was 15 pg ml-, and incubated in
the growth chamber for at least 30 min. Experiments were performed with whole
cell samples as described in Kdmardinen et al. (2016) and Huokko et al. (2017).

3.4 Transcript analyses

3.4.1 Total RNA isolation and next generation sequencing

Total RNA was isolated using a hot phenol method. Fresh or frozen cell pellets were
resuspended in 0.56 ml RNA buffer (0.3 M saccharose, 10 mM sodium acetate, pH
4.5,0.25 M EDTA and 2% SDS), and nucleic acids were extracted three times with an
equal volume of hot phenol:chloroform:iso-amyl-alcohol (25:24:1) (5 min 95°C) and
once with chloroform:iso-amyl-alcohol (24:1). Subsequently, RNA was precipitated
overnightin 2 M LiCl and 70% ice-cold ethanol at -20°C. Genomic DNA was removed
using the TURBO DNA-free™ kit (Invitrogen™) according to the manufacturer’s
manual. RNA concentration/purity and integrity were assessed with a NanoDrop
spectrophotometer (Thermo Scientific) and agarose gel electrophoresis. RNA
samples were submitted for RNA sequencing (RNAseq) to the Turku Centre for
Biotechnology (Turku, Finland) using Illumina-HiSeq 2000 (Paper I) and the Beijing
Genomics Institute (Shenzhen, China) using Illumina-HiSeq2500/4000 (Papers II
and III).

3.4.2 Reverse transcription-quantitative polymerase chain reaction

Purified RNA (500 ng) was transcribed into first strand complementary DNA (cDNA)

using the SuperScript® III First-Strand Synthesis System (Invitrogen™) according to
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the manufacturer’s protocol. Next, cDNA samples were diluted 5-fold and mixed with
gene-specific primers (Paper III) and the iQ™ SYBR® Green Supermix (Bio-Rad) to
amplify and detect transcripts with an iQ™5 Multicolor Real Time polymerase chain
reaction (PCR) Detection System and the iQ™5 Optical System software 2.0 (Bio-
Rad). Negative controls contained ultrapure water in place of the cDNA template.
The constitutively expressed rpoA gene (Mella-Herrera et al., 2011) was used as a
reference gene, and normalised expression ratios between target and reference
genes were calculated with the Pfaffl method (Pfaffl, 2001). Equal primer

amplification efficiencies were determined in template dilution series.
3.5 Protein analyses
3.5.1 Overexpression and purification of recombinant CSE protein

CSE protein was fused to a poly-histidine (His) affinity tag by cloning the PCR-
amplified asr1131 gene into the pET-28a(+) vector (Novagen). Expression of the CSE
protein in Escherichia coli BL21 cells was induced with 100 mM isopropyl -D-1-
thiogalactopyranoside (IPTG). CSE protein was purified by affinity chromatography
using a non-commercial Ni-NTA column and gradually increasing concentrations of
imidazole in the elution buffer (40-300 mM).

3.5.2 #5Ca?* autoradiography

A %5Ca?+ overlay assay was performed as described in Stael et al. (2011). Purified CSE
and control proteins were transferred onto a methanol-activated polyvinylidene
difluoride (PVDF) membrane in 10 pl drops. The membrane was washed three times
in one hour with a Ca?*-removing buffer (5 mM MgCl;, 60 mM KCl and 60 mM
imidazole-HCI, pH 6.8) and subsequently incubated in the same buffer with addition
of 0.1 uM 45CaCl; (13.90 mCi/mg; Perkin Elmer). Then, the membrane was rinsed
with 50% ethanol. After drying the membrane, it was exposed on a phospho-imaging
screen. The screen was then scanned for radioactive signals with a FUJI FLA-3000
(FUJIFILM), while the proteins on the membrane were stained with Coomassie
Brilliant Blue.
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3.5.3 Protein analyses of thylakoid membrane protein complexes

Thylakoid membrane protein complexes were extracted according to Zhang et al.
(2009) and analysed in blue native polyacrylamide gel electrophoresis (BN-PAGE)
as described by Zhang et al. (2004) with minor modifications. After solubilisation
with 1.5% n-dodecyl--D-maltoside (DM), the membrane fraction was loaded onto
a large pore (Ip)-BN gel with an acrylamide concentration gradient of 3.5-12.5%.
Protein complexes were further separated in two dimensional (2D)-sodium dodecyl
sulfate (SDS)-PAGE as described in Zhang et al. (2004) using a 12%-SDS gel (6 M
urea). Next, protein spots were visualised with SYPRO™ Ruby Protein Gel Stain
(Invitrogen™) for imaging and silver staining for mass spectrometry (MS) analysis,
according to the manufacturers’ instructions. MS analysis of selected protein spots

was performed as in Trotta et al. (2016).
3.6 Bioinformatics methods

RNAseq reads were aligned in the open source software Chipster (CSC Finland)
(Paper I) and in Strand NGS (Papers Il and III). Significantly differentially expressed
genes were identified using a false discovery rate (FDR) cutoff of 0.05 and testing the
means for variation (Analysis of variance - ANOVA). Gene descriptions were
acquired from the following databases: Kyoto Encyclopedia of Genes and Genomes
(KEGG), CyanoBase (Kazusa Genome Resources) and Joint Genome Institute
Integrated Microbial Genomes & Microbiomes (JGI IMG/M).

For a prediction of the CSE tertiary structure, the Asr1131 amino acid sequence was
submitted to I-TASSER (Yang et al., 2015). For a comparison, the predicted CSE
structure was aligned in PyMOL (Schrédinger) to the crystal structure of troponin C
(PDB: 2TN4). Furthermore, a search for Asr1131 homologs was performed using
Basic local alignment search tool (BLAST) in CyanoBase and JGI IMG/M. The
resulting hits from CyanoBase were aligned in MEGA6 using the multiple sequence

alignment tool Muscle.
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4. MAIN RESULTS

4.1 Ca?* regulates primary metabolic pathways

Primary metabolic pathways are subject to environmental changes and need to be
tightly regulated in all living organisms. In plants, it is well-known that Ca2+ 