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l. Zusammenfassunq

Bakterielle Dormanz ist einer der am weitesten verbreiteten Uberlebensmechanismen.
Sie reicht von einer kurzen Phase, wie dem Nachtschlaf, bis hin zu einer langfristigen
Phase, wie der Sporenbildung. Parallel zum streng regulierten Eintritt in die Dormanz
ist ein ebenso regulierter Wiedererweckungsprozess, wie die Keimung, erforderlich.
Cyanobakterien, eines der ursprunglichsten und am weitesten verbreiteten bakteriellen
Phyla, nutzen Dormanz ebenfalls, um unterschiedliche Stresssituationen zu
Uberstehen. Ein Mitglied dieses Phylum, Synechocystis sp. PCC 6803, ist nicht in der
Lage, Stickstoff zu fixieren und reagiert auf den Mangel an kombinierten
Stickstoffquellen mit metabolischer Ruhe. Dieser gut strukturierte Prozess fuhrt zum
Abbau von Phycobilisomen und Thylakoidmembranen, zur Ansammlung von
Glykogen, zur Proteinsynthese als Vorbereitung auf das Erwachen und zur
Verringerung der Energie, sodass die Zellen langere Hungerperioden uberleben
konnen. Um in Gegenwart von kombiniertem Stickstoff wieder zu erwachen, wird
Glykogen abgebaut, um den Zellstoffwechsel wieder aufzubauen. In dieser Arbeit
untersuchten wir die Bedeutung von Natrium und c-di-AMP bei der Regulierung des

Eintritts in und des Austritts aus dem Ruhezustand.

Vegetative Zellen erzeugen ihre Energie mithilfe eines durch Photosynthese
erzeugten, elektrochemischen H*-Gradienten an den Thylakoidmembranen. Ruhende
Zellen verfugen nur Uber eine reduzierte Menge an Thylakoidmembranen, was die
Fahigkeit zur Energiegewinnung verringert. In dieser Arbeit beschreiben wir den
elektrochemischen Na*-Gradienten an der Cytoplasmamembran, der die
Energiesynthese sicherstellt. Wahrend der Wiederbelebung wird Natrium dann fur die

pH-Kontrolle und die Abschwachung von osmotischem Stress bendtigt.

Der Sekundarbotenstoff c-di-AMP beeinflusst in Cyanobakterien die Nachtruhe und die
Reaktion auf osmotischen Stress. Diese Studie ergab, dass der Einfluss von c-di-AMP
auf die Glykogensynthese ein entscheidender Faktor fiir das néchtliche Uberleben ist.
Daruber hinaus ist c-di-AMP auch fur die durch Stickstoffmangel induzierte Dormanz
wichtig. Die beobachteten Auswirkungen sind global und beeinflussen erneut die
Glykogenakkumulation, wenn auch Uber einen anderen Mechanismus als fur die
Nachtruhe. Die zugrundeliegenden Mechanismen und Anforderungen an c-di-AMP fur

die metabolische Dormanz sind Gegenstand weiterer Forschung.



1. Summary

Bacterial dormancy is one of the most widespread survival mechanisms, ranging from
short, like nocturnal sleep, to long term, like spores. Concomitant to a tightly regulated
entry into dormancy, a just as regulated resuscitation process, like germination, is
necessary. Dormancy is a ubiquitous response also present in the ubiquitous phylum
of cyanobacteria. One member thereof, Synechocystis sp. PCC 6803, is unable to fix
nitrogen and responds to deprivation of combined nitrogen sources with metabolic
quiescence. This well-structured process leads to a degradation of phycobilisomes and
thylakoid membranes, accumulation of glycogen, protein synthesis in preparation for
recovery and reduction of energy, enabling cells to survive prolonged periods of
starvation. To resuscitate in presence of combined nitrogen, glycogen is degraded to
fuel re-establishment of the cell metabolism. In this work, we studied the significance

of sodium and c-di-AMP in regulation of entry into and exit out of metabolic dormancy.

Vegetative cells produce their energy through a photosynthesis-based,
electrochemical H* gradient at the thylakoid membranes. Dormant cells only keep
reduced amounts of thylakoid membranes, reducing the capability of energy
production. In this study, we describe the electrochemical Na* gradient established on
the cytoplasmic membrane, which secures energy synthesis. During resuscitation,

sodium is then required for pH control and mitigation of osmotic stress.

The second messenger c-di-AMP has been previously reported to influence night-time
survival and osmotic stress response in cyanobacteria. This study revealed the
influence of c-di-AMP on glycogen synthesis to be the pivotal factor in night-time
survival. Furthermore, c-di-AMP is also essential for nitrogen starvation induced
dormancy. The observed effects are global, once more influencing the accumulation of
glycogen, though through a different mechanism than in diurnal rhythm. the underlying
mechanisms and requirements for c-di-AMP in dormancy are subject of ongoing

research.
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IV. Introduction

1. Cyanobacteria

Cyanobacteria are one of the most primordial groups of bacteria known today [1]. They
are gram negative and evolved oxygenic photosynthesis, giving them a unique niche
in the primordial biosphere and giving rise to the great oxidation event [2,3]. This
highlights the role of cyanobacteria in the foundation of modern life. Photosynthesis
enabled cyanobacteria to settle all over the planet, from the phototrophic layer of the
ocean to arctic and arid deserts [4-6]. The ability to inhabit almost all illuminated
habitats gave rise to the radiation of cyanobacteria, resulting in unprecedented
morphological diversity of cyanobacteria. Based on their appearance, they have been
classified into five sections [7]. Sections | and Il are unicellular, with members of section
| dividing by binary fission, like Synechocystis sp. PCC 6803 or Synechococcus
elongatus PCC 7942, while members of section Il, like Pleurocapsa sp., perform
reductive division in baeocytes [8], large gelatinous membranes which bloat with cells
until they rupture. Section Il to V are filamentous [7], with section Il lacking and section
IV and V having developed cell differentiation [9], making members of section IV and
V multicellular organisms. Typical specialised cells are heterocysts, to fix nitrogen from
the surrounding air [7,10], akinetes, spore-like cells to endure environmental stress
[7,10,11], and hormogonia, short motile filaments to spread and colonise new areas
[7,10]. Section 1V, like Anabaena variabilis ATCC 29413, grow in one plane, while
members of Section V, like Nostoc punctiforme, can branch out and grow in multiple
planes [7]. A major distinction to be made is whether the culture is diazotrophic (gr. di
= two, azo = nitrogen, troph = pertaining to food or nourishment) or not. Diazotrophs
synthesise the enzyme nitrogenase to fix nitrogen from the surrounding air [12], but
the enzyme is oxygen-sensitive and requires special protection, especially in
photosynthetic organisms. Unicellular and some filamentous cyanobacteria protect the
nitrogenase by temporal separation of nitrogen fixation and photosynthetic activity [13],
evolving oxygen in the day and fixing nitrogen in the night. Filamentous diazotrophic
cyanobacteria of sections IV and V perform spatial separation, fixing nitrogen using
heterocysts and performing oxygenic photosynthesis in vegetative cells [14]. Non-
diazotrophs, on the other hand, are dependent on fixed nitrogen sources like nitrate,

ammonium and urea [15].



1.1. Synechocystis sp. PCC 6803
Synechocystis sp. PCC 6803 (hereafter Synechocystis) is a section | cyanobacterium.

It has been isolated in 1968 from a freshwater lake in Berkeley, CA, USA[16]. It gained
a status as model organism because it was the first completely sequenced
phototrophic organism and it is naturally competent, being able to import exogenous
DNA [17]. This enabled the development of different mutagenic tools, yielding
Synechocystis mutant strains with relative ease. Many cyanobacterial species are
obligate phototrophs, but Synechocystis is able to survive mixotrophically [18]. Though
it was found in a freshwater lake, it is also able to survive in brackish water [19],
indicating the ability to survive in a rapidly changing saline environment. Synechocystis
is a non-diazotrophic strain, dependent on fixed nitrogen sources. Nitrogen is a
macronutrient in high demand, thus, Synechocystis developed an adaptation process
to nitrogen starvation by turning metabolically quiescent [15,20,21]. These properties
of Synechocystis made it a promising target to investigate photosynthesis, CO:2
fixation, bacterial dormancy and persistence. It is also of interest to biotechnology, due
to its ease in genetic engineering and because Synechocystis produces different types
of carbon polymers from COz2, namely glycogen [20,22] polyhydroxybutyrate (PHB)
[23]. The different aspects of metabolism and stress responses of Synechocystis will

be explained in more detail in the following chapters.

1.2.1.2 Carbon Metabolism of Synechocystis
Synechocystis is able to assimilate most of the required carbon in the form of CO2 or

bicarbonate (HCO3") [24]. Using the energy and reduction equivalents produced in the
photosynthetic light-reaction, these carbon sources are fixed by the following dark
reaction. Excess fixed carbohydrates can be stored in different polymers, as mentioned

above.

1.3.Carbon assimilation
Carbon fixation is a major part of phototrophic life, as the so-called dark reaction of

photosynthesis is solely committed to it. The reactions thereof are mostly found in the
Calvin-Benson-Basham (CBB) cycle. The key member of the CBB is the enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) which carboxylates
ribulose-1,5-phosphate to glycerate-3-phosphate (3PG) or, in the presence of Og,
forms the toxic glycolate-2-phosphate (G2P) [25]. 3PG can be immediately
incorporated into the cell metabolism while G2P needs to be converted first through

photorespiration [26]. Thus, the carboxylase reaction is preferable for cells and to
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ensure it consistently, cyanobacteria evolved the carbon concentrating mechanism
(CCM) [27,28]. Carbon import can happen through diffusion in the case of CO2 or
through active import. Synechocystis contains several inorganic carbon (Ci) uptake
systems. The bulk of HCOs™ import is done by SbtA and BicA, Na*/HCO3s" symporters
[24,29,30], while the high affinity BCT1 system is only expressed under carbon
limitation [31]. Inside the cell, COz is converted to HCO3™ by the thylakoid membrane
bound NDH-1 complex and then enters the carboxysome, a special microcompartment
encapsulating the RuBisCo [28]. There, carbonic anhydrases convert it to CO2 which
will then be used by the RuBisCO in its carboxylase reaction to produce 3PG [25]. 3PG
is then exported into the cytoplasm. There the majority of 3PG is used to regenerate
ribulose-1,3-bisphosphate while small amounts can be either processed by
phosphoglycerate mutase (PGAM) to reach the Krebs cycle or be used in

gluconeogenesis and further, to produce the carbon storage polymer glycogen [32].



Carboxysome

Acetyl-CoA - 3PG:/ \ Glucose-6-phosphate

ED »

\OPP /

sih /\ Glykogen

GS-GOGAT

TCA cycle

Figure 1: schematic overview of carbon fixation in Synechocystis.

1.4.Carbon sensing signal transduction Protein SbtB
Genetically co-localised to sbtA is the slr1513 gene in the same transcriptional unit.

Due to the proximity to sbtA, the encoded protein was termed SbtB. Structural analysis
identified it as a PlI-like protein, similar in structure and also forming homo-trimers, and
biochemical studies revealed interaction with adenosine monophosphate (AMP),

adenosine diphosphate (ADP), adenosine triphosphate (ATP) and cyclic AMP (cAMP).
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The binding of cAMP allows SbtB to sense the carbon levels and regulate SbtA activity
accordingly [33].

1.5.Carbon Storage
In excess of carbon, Synechocystis will diverge fructose-6-phosphate from the CBB for

gluconeogenesis, transform it to glucose-1-phosphate using the phosphoglucomutase
PGM [34] and synthesises glycogen thereof [32]. The first step is the reaction of
glucose-1-phosphate and ATP to pyrophosphate and ADP-Glucose catalysed by the
glucose-1-phosphate adenylyltransferase GIgC [35]. These are then chained together
by the glycogen synthase isoforms GIgA1 and GIgA2, forming long a (1-4) glucan
chains. These are subsequently branched by the glycogen branching enzyme GIgB.
GlIgB will cleave a growing a (1-4) glucan chain and attach it at the 1-6 position via an
a bond. The new branch can then be built upon by GIgA1/2 [36].

When glycogen is degraded, it starts with the activity of the glycogen phosphorylases
GIgP1 and GIgP2 cleaving off glucose-1-phosphate molecules until only 3 — 6 remain
in the glucan chain. Then, the glycogen debranching enzymes, GlgX1/2 cut the branch
of at the a (1-6) glycosidic bond and transform the remaining small chain into several
molecules of glucose-1-phosphate. Glucose-1-phosphate will then be transformed to
glucose-6-phosphate by the PGM and thus made available for the different degradation
pathways found in Synechocystis [22].

1.6.Carbon Catabolism
The degradation of glucose is generally regarded to start with glucose-6-phosphate.

When glucose is imported from the environment, it is phosphorylated to remove it from
the concentration gradient and the three glycolytic pathways of Synechocystis start
with glucose-6-phosphate [32]. All three produce energy and reduction equivalents and
combine at glyceraldehyde-3-phosphate into the uniform, lower glycolysis. The
Embden-Meyerhoff-Parnas (EMP) pathway produces the most ATP of the three
pathways and recovers NADH*+H*, but does not provide pentose sugars, central

carbon structures in cellular metabolism.

The Entner-Duodoroff (ED) pathway, produces lesser energy levels, but requires less
proteins and is independent of the CBB cycle, which shares enzymes with the EMP
and the oxidative pentose phosphate (OPP) pathway. The OPP produces ribulose-5-
phosphate, a precursor to ribulose-1,5-bisphosphate, which is required for CO:2

fixation. Additionally, the OPP generates NADPH and pentose sugars, required for

9



DNA synthesis [32]. All three pathways congregate at glyceraldehyde-3-phosphate,
finishing the upper glycolysis involving 6-carbon sugars, and transitioning to the lower

glycolysis, involving 3-carbon sugars.

Lower glycolysis will generate further ATP and reduction equivalents, as well as,
phosphoenolpyruvate (PEP) and acetyl-CoA, which then can be fed into the
tricarboxylic acid cycle (TCA), also known as Krebs cycle, via the PEP carboxylase
PepC or the citrate synthase GItA. The TCA cycle then yields reduction equivalents
and precursors for amino acid synthesis and the carbon status sensor metabolite 2-
oxoglutarate (2-OG) [32].

2. Energy metabolism of Synechocystis

ATP is the universal energy carrier. Synechocystis is a facultative mixotroph, being
able to grow mostly photoautotrophically but also able to import and use sugars from
the environment. Due to the absence of photosynthesis in the dark, cyanobacteria
depend on respiration when deprived of light. The adaption to the daily night-time
survival caused them to generate the first diurnal rhythm of nature. Interestingly, in
most cyanobacteria, the proteins used in the electron transport chain of photosynthesis

can also be used for respiration [38].

2.1.Oxygenic photosynthesis
Oxygenic photosynthesis evolved in cyanobacteria and later gave rise to the entire

plant kingdom, according to the endosymbiotic theory [39]. It can be divided into the
light, oxygen evolving reaction and the dark, CO: fixing reaction, which was described
above. The light reaction begins by harvesting of light energy in the phycobilisomes
(PBS). PBS are membrane attached protein complexes with a hemidiscoidal,
tricylindrical core of allophycocyanin and six peripheral rods of allophycocyanin,
phycocyanin, phycoerythrin or phycoerythrocyanin [40]. The energy is then transferred
to P680 in the reaction centre of photosystem 2 (PSIl), exciting an electron to a higher
energy level [41]. The excited electron will be transferred to plastoquinone (PQ),
reducing it to plastosemiquinone and with a second electron to plastoquinole (PQH2)
[42]. To return to the reduced state, the oxidised P680 then oxidises a nearby tyrosine,
which consequently takes an electron from the manganese cluster of the oxygen
evolving complex. This complex will regain its electrons, after 4 cylces, by splitting 2
water molecules into di-oxygen gas (O2) and 4 protons (H*). Meanwhile, 2 PQH:2
transfer 4 electrons into the cytochrome-bsf complex. The Q cycle, a number of redox

10



reactions, pumps 4 protons into the thylakoid lumen, 2 electrons are allocated to
plastocyanin or the cytochrome cs and one PQH:2 is restored [43]. In most
cyanobacteria, including Synechocystis, plastocyanin is the main redox carrier, which
will then reduce an oxidised photosystem | (PSI). Cytochrome cs is only expressed in
a low copper environment. The transferred electron will substitute one in the P700 of
PSI and will be transferred to ferredoxin via an iron-sulfur cluster. Lastly, the electron
will be transferred from ferredoxin to NADP* by the ferredoxin-NADP* reductase. In
total, two electrons are required to generate NADPH, a major reduction equivalent in
Synechocystis with a large role in carbon fixation [41—43]. Overall, through the electron
transport chain in oxygenic photosynthesis, one water molecule is split, one molecule
of NADPH produced, and 6 protons are translocated, which can then be used for ATP

synthesis.

Synechocystis is also able to perform cyclic electron flow around the PSI. One of the
NADPH dehydrogenase complexes, NDH-1 or NDH-2, accepts electrons from the
reduced ferredoxin, channelling them into the PQ pool, generating new PQH2. These
will then transfer available electrons to the PSI, completing a cyclic electron flow
[44,45].
2.2.Respiration

Cyanobacterial respiration shares several structures with the photosynthetic electron
transport chain, namely the PQ pool, the cytochrome bsf complex, and
plastocyanin/cytochrome cs, as respiration also occurs in large parts in the thylakoid
membrane [38]. There are respiratory electron transport chains (ETC) also found in the
plasma membrane though, as the energy and gradients can be used for the activity of
nutrient uptake systems and ion pumps [46]. It was long thought that the electrons are
derived from the reduction of NADPH or oxidation of ferredoxin by NDH-1 and NDH-2
or by the oxidation of succinate to fumarate by the succinate dehydrogenase (SDH)
[47]. However, recent research into NDH-1 revealed not only 4 different variants, their
respective significance [48], but also how NDH-1 takes relevance in photosynthetic
and cyclic electron transfer while an NDH-like complex containing a NADH DH-domain

supplying electrons to respiration [45].

The electrons are then transferred to the PQ pool and further to cytochrome bef.
Instead of PSI, the electron reaches a respiratory terminal oxidase (RTO). They

facilitate ATP synthesis through proton pumping by reducing oxygen to water coupled
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with electron transfer [46]. Synechocystis has three different types of RTOs: an aa3-
type cytochrome x oxidase (COX), a cytochrome bd-type oxidase (Cyd) and an
alternative RTO (ARTO), also belonging to the heme-copper oxidase superfamily [49].
The function of ARTO and Cyd is unclear to date. The respiratory chain can work in
parallel, as the initialising electron can be obtained from NDH-1, NDH-2 or SDH and
Cyd and ARTO can receive electrons directly from the PQ pool, while COX is
dependent on the cytochrome cs complex. Thus, COX is mostly found in the thylakoid
membrane. How no futile cycles occur due to these parallel reactions or the use of
those cycles are also unknown. In Synechocystis, three NDH2 are known, NdbA, NdbB

and NdbC [50], though their significance is still cryptic.

2.3.ATP synthesis
ATP is the universal energy carrier. It is commonly synthesised by FoF1-ATP synthases

using an electrochemical proton gradient or, less often described, a sodium gradient
[51,52]. The energy of this gradient is used to form ATP from adenosine diphosphate
(ADP) and inorganic phosphate. The Fo complex is a membrane bound channel
whereas the F1 complex is a soluble protein where the ATP synthesis occurs [53].
Concomitantly to the proton gradient producing ETCs, ATP synthases in Synechocystis

are mostly found in the thylakoid membranes, but also in the plasma membrane [54].

The specificity for protons or sodium ions is determined by the c-ring of the Fo complex.
Within the c-ring, the cations are bound by the negative residue of glutamate and the
surrounding amino acids determine the specificity. Proton specific c-rings surround the
glutamate residues with hydrophobic amino acid residues, while sodium specificity
comes with polar groups [51,52,55,56]. Since protons are highly reactive and sodium
is the most abundant cation in the environment, this selectivity is significant to prevent
salt stress. Though proton ATP synthases are found ubiquitously in modern organisms,
the sodium dependent ATP synthases appear to be the evolutionary predecessor, as
ancestrous membranes were proton permeable but tight enough for a sodium gradient
[57].

3. Nitrogen metabolism of Synechocystis

3.1.Nitrogen acquisition
Synechocystis is a non-diazotrophic strain, dependent on combined nitrogen sources.

Thus, it has transport systems for ammonium, nitrate, nitrite, urea and different amino

acids [32]. In laboratory conditions, cells are typically supplied with ammonium or
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nitrate. Ammonium can be imported by three different transporters: Amt 1, Amt 2, and
Amt 3 [32,58]. It was recently discovered for the ammonium transporter AmtB of
Escherichia coli that ammonium is co-transported as ammonia and a proton [59]. It is
so far unknown though, whether ammonium is reconstituted after import. When fed
with nitrate, cells import it via the NrtABCD uptake system. Nitrate is imported and
reduced to nitrite and water by oxidising 2 ferredoxins via the nitrate reductase NarB.
Nitrite is then reduced to ammonium by the nitrite reductase NirA using 6 reduced
ferredoxins. Urea will be imported by the UtABCDE uptake system and converted to
ammonium by the UreABCDEFG system. Ammonium or ammonia is then integrated
into the cell metabolism via the glutamine-synthetase-glutamate-synthase (GS-
GOGAT) cycle. The GS reaction aminates glutamate to glutamine while consuming
ATP. The GOGAT reaction then transfers the amine residue of glutamine to 2-OG
yielding 2 glutamate molecules. Deriving from the carbon metabolism and being a key
substrate of the nitrogen metabolism, 2-OG is the key sensor of the C/N homeostasis.
The glutamate dehydrogenase (GDH) can directly incorporate ammonium into 2-OG,
circumventing the GS reaction, if necessary [60]. If cells have an excess of nitrogen,
they can store it in the form of cyanophycin (CP). CP consists of a poly-L-aspartate
backbone with arginine sidechains. It is synthesised by the CP synthase CphA, a large,

non-ribosomal peptide synthase [61].
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Figure 2: schematic overview of nitrogen assimilation in Synechocystis.

3.2.Nitrogen Starvation induced Chlorosis
Nitrogen is one of the most limiting macronutrients in the environment, thus

Synechocystis requires mechanisms to survive nitrogen starvation. The acclimation to
nitrogen starvation is a pre-determined, highly structured program. The immediate
consequence of nitrogen starvation is an increase in 2-OG. This then activates
transcription dependent on the global nitrogen regulatory protein NtcA, initiating the
first phase of chlorosis. The immediate arrest of anabolic pathways requiring nitrogen
causes intracellular accumulation of ATP and reduction equivalents. To prevent
damage, the photosynthetic apparatus is degraded. This starts with the NtcA
dependent increased expression of nblA, encoding the PBS degradation protein NblA.
The PBS will then be detached from the thylakoid membranes and degraded, reducing
photostress and providing resources [62—-64]. This degradation leads to a colour

change from blue-green to orange-yellow, terming the process chlorosis [64—66].

The accumulation of 2-OG also causes the Pi-interacting regulator of carbon
metabolism PirC to bind and inhibit the phosphoglycerate mutase PGAM. PGAM

catalyses the conversion of 3PG to 2-phosphoglycerate. The 3PG kinase can
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otherwise convert 3PG to 1,3-bisphosphoglycerate and begin gluconeogenesis. The
binding of PirC to PGAM shifts the carbon flux away from lower glycolysis and towards
glycogen synthesis, causing a large accumulation of glycogen [67], peaking at about
60 % of cell dry weight [68]. Glycogen synthesis is essential for survival in chlorosis,
due to respiration of the storage providing carbon skeleton and energy for resuscitation

and the polymer reducing osmotic stress [22,68].

While the initial steps of chlorosis occur, cells will divide one last time and synthesize

the proteins required for resuscitation [15,64,65].

In the second phase of chlorosis, cells reduce their metabolic activity and further
degrade the photosynthetic machinery, until only a residual amount of photosynthetic
activity remains [15,21]. At that stage, cells have entered the third phase and remain
therein, until a new source of fixed nitrogen becomes available. No major metabolic
activity is occurring anymore, except for PHB synthesis, but the physiological role of
PHB is unknown to date [23].

3.3.Resuscitation from Nitrogen Starvation Chlorosis
Recovery from chlorosis is a multi-levelled process that is as controlled and organised

as the entry therein is. When chlorotic cells of Synechocystis encounter a fresh source
of combined nitrogen, the immediate responses are uptake of this nitrogen compound
and an increase in ATP. The levels of ATP almost double in the first 20 minutes after
encountering a nitrogen source [22]. It was unclear how this happens. According to
one assumption, the remaining thylakoid membranes could become more active with
a nitrogen source in the environment, though this would hinder resuscitation in the
dark. The first steps of resuscitation are a heterotrophic-like process, depending on the
catabolism of glycogen. All remaining photosynthetic activity is stopped, and the
residual thylakoid membranes degraded [15,20]. The main energy supply at this point
and the carbon skeleton to rebuild the cell metabolism are derived from the respiration
of glycogen [22]. In vegetative growth, glycogen degradation is inhibited in the light
(Kok effect), but in resuscitation, no such limitation exists. The proteins required for
glycogen degradation are synthesised at the start of chlorosis and kept stable, but
mostly inactive, until the time resuscitation begins. Then, the glycogen is degraded
through the ED and OPP pathway, yielding less ATP than through the EMP pathway,
but producing carbon structures essential in rebuilding the cellular metabolism. During

this early phase of resuscitation, genes encoding central anabolic proteins, such as
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the ribosomes or proteins of nitrogen assimilation, show an increased expression [68].
The photosynthetic activity first vanishes before the expression of the proteins of the
photosynthetic machinery proteins increases [20,69]. Thus, for the first day of

resuscitation, only respiration occurs [20,22].

After the re-establishment of the central cellular synthesis processes, the metabolically
and energetically expensive task of rebuilding the photosynthetic machinery can begin.
Expression of the respective genes increases between 12 and 24 hours after start of
resuscitation and during this time, photosynthetic parameters, like the amount of
chlorophyll, the quantum yield of PSIl and an increasing oxygen evolution, are
observable [68]. The glycogen storages are still degrading at this stage, rendering the
cells in a mixotrophic metabolic state [20,22]. After 48 hours of resuscitation, most cells
will have reconstituted their thylakoid membranes and associated proteins and
degraded their glycogen storages. At this point in time, they re-enter vegetative growth

by a first binary, reductive cell division [20].

4. Bacterial Stress Response and Second Messengers

Nitrogen starvation is a frequent, but not the only environmental stress bacteria must
be able to face. Most bacteria are heterotrophs and can frequently face starvation
conditions because of the competition for carbohydrates. Desiccation is also an ever-
present threat for unicellular organisms outside of water and osmotic homeostasis and
stress mitigation is a Sisyphean task. The bacterial responses towards these stress
conditions hinges on the efficient signal transmission for which so called second

messengers are employed.

4.1.Second messengers
Second messengers are small molecules and ions that transmit environmental and

intracellular signals, the so called “first message”, to receptor and effector proteins to
tune cellular responses [70]. The receptor receives the signal, altering the receptors
confirmation and thus increases the production or acquisition of second messengers.
These will then diffuse to the target proteins and adapt their activity to the cellular
requirement. The homeostasis of second messengers is tightly controlled, as
dysregulation can obstruct the stress response or even lead to cell death. Most
bacterial second messengers have been studied in pathogenic bacteria and so their

role in cyanobacteria was mostly unknown to date.
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Second messengers are separated into 4 different groups: gases and free radicals,
which can signal intracellularly and to neighbouring cells, lipid messengers that signal
within membranes, and ions and cyclic nucleotides, which both transmit signals

intracellularly [70].

lons regarded as second messengers in bacteria are mostly magnesium and calcium,
with the latter being the more researched. It was found that Ca?* signalling modulates
motility [71,72], oxygen stress response [72,73], and cell division [72,74]. In
cyanobacteria, Ca?* ions have been found to influence the response to low nitrogen in
filamentous [75,76] and unicellular [77] strains. In filamentous strains, Ca?* not only
influences the cell differentiation for heterocysts, but also for hormogonia [78], thus

influencing motility as in heterotrophic bacteria.

Another second messenger strongly associated with nutrient deficiency and starvation
is the alarmone guanosin-tetraphosphate ((p)ppGpp). It is involved in the stringent
response, a well-studied bacterial stress response to amino acid starvation. Guanosin
pentaphopshate is synthesised by pppGpp synthase RelA and converted to ppGpp by
the pppGpp phosphohydrolase. Increasing levels of ppGpp will then inhibit protein
synthesis and DNA replication, arresting cell growth [79]. In cyanobacteria (p)ppGpp
has also been shown to influence the starvation response. Its predominant role is in
regulation of the response to changing light conditions in most cyanobacteria [80—82],
while also, for example, influencing the response to differing nitrogen supply in

filamentous cyanobacteria [83—85].

The most studied class of second messengers in prokaryotes are cyclic nucleotides.
They are synthesised by nucleotide cyclases and degraded by phosphodiesterases
(PDE) [70]. The most investigated second messenger is 3’, 5’-cyclic adenosine
monophosphate (cCAMP). Cell metabolism is regulated by cAMP largely through the
cAMP receptor protein, which is a transcription regulator influencing carbon utilisation
genes to achieve catabolite repression [86] in different heterotrophic bacteria. The role
of CAMP in cyanobacteria pertains to light-respondent motility [87], nutrient deficiency

[88] and rehydration after desiccation [89].

A to date comparably poorly studied sub-group of cyclic nucleotides are the cyclic di-
nucleotides. They are synthesised by di-nucleotide cyclases and degraded by PDEs.

The major known types of cyclic di-nucleotides are 3’, 5’ cyclic di-guanosine 5’-
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monophosphate, 3’, 5 cyclic di-adenosine 5’-monophosphate (c-di-AMP) and 2’, 5’

cyclic guanosine adenosine monophosphate.

4.2.C-di-AMP
In this work, we focused on the second messenger c-di-AMP. It has been discovered
in 2008 in Bacillus subtilis as part of the DNA integrity scanning protein A (DisA) taking part
in the sporulation process [90]. It has since been an interesting target for investigation, as c-
di-AMP is essential in organisms synthesising it and genes encoding c-di-AMP synthesising
proteins have been found in a wide range of bacteria and archea, though not in the model
organism Escherichia coli and neither in eukaryotes [91,92]. Synthesis is catalysed by
diadenylate cyclases from 2 ATP, yielding c-di-AMP and 2 pyrophosphates [93,94], and 2
structurally different types of cyclases are known so far: Cda and Dis [90,95]. The degradation
to 5’-phosphadenylyl adenosine is catalysed by PDEs. So far, the significance of c-di-AMP has
been mostly studied in firmicutes and a large influence of c-di-AMP on ion and osmolyte
homeostasis has been discovered [96]. Osmotic stress increases the intracellular c-di-AMP
production and higher levels of c-di-AMP will then inhibit the synthesis or activity of K* ions
importing proteins and increase the export of K* [97,98]. At the same time, high concentrations
of c-di-AMP will also block the import of osmolytes [96,99]. A Pll-like signal transduction protein
DarA has also been found to bind c-di-AMP and is assumed to influence the nitrogen
metabolism of L.monocytogenes [100]. All these data suggest c-di-AMP in a central and global

regulatory position.

4.3.c-di-AMP in cyanobacteria
First investigations on the role of c-di-AMP in cyanobacteria yielded interesting results.

In Synechococcus elongatus PCC 7942, a mutant unable to produce c-di-AMP has
shown a severe growth disadvantage in a diurnal rhythm [101]. This mutant produced
more than twice as much reactive oxygen species than the WT during the switch from
light to dark. Concomitantly, the levels of c-di-AMP start to rise towards dusk in the WT

with a significant increase immediately after loss of light.

Investigation of abiotic salt and osmo stress in different cyanobacteria yielded
interesting results there as well [102]. While salt stress induced mainly an increase in
c-di-GMP levels, though also in c-di-AMP levels, solely osmotic stress through the
addition of sorbitol increased the levels of c-di-AMP. Additionally, in Synehcocystis,
overexpression of the diadenylate cyclase DacA or the PDE SIr0104 yielded mutants

sensitive to both salt and osmotic stress.
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5. Aim of Research

Bacterial dormancy and persistence came increasingly into the focus of research. The
appearance of antibiotic resistances associated with bacterial dormancy is a large
medical issue. On the other hand, some quiescent states, like chlorosis in
Synechocystis, can be used to synthesise products of interest, like PHB. Both entering
and recovering from different types of metabolic quiescence have been intensively

researched but are not understood completely to date.

lons are well known to influence the activity of life, as they are omnipresent and used
as co-factors in a multitude of different enzymatic reactions. The influence of many an
ion has been investigated and documented, but these were focused on rarer ions,
whose absence could occur, like Ca?* or Mg?*. In this work, we chose to focus on the
ubiquitous cation Na* and investigated, what its primary requirements in the cell

metabolism of Synechocystis are and how it influences dormancy and resuscitation.

Second messengers are equally well studied, with some ions even being regarded as
second messengers. These molecules can cause global responses to whatever stress
condition they signal. Dormancy is such a global response and the role of c-di-AMP in
this process is unknown. Since this molecule was found in Bacillus subtilis in the
sporulation process, an active significance for chlorosis can be hypothesised. In this
work, the groundwork for future research of c-di-AMP in cyanobacteria, especially

regarding quiescence, was laid.
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V. Results

1. Vegetative growth

As ubiquitously encountered photoautotrophic organisms, cyanobacteria must be able
to survive drastically changing environmental conditions. Changing illumination,
macronutrient starvation, changing osmotic and saline conditions, predators, and
competitors, just to name a few. The model cyanobacterium Synechocystis developed
different survival strategies, the knowledge and understanding of which we attempted

to deepen in this work.

1.1. Significance of sodium for carbon assimilation
Sodium is the most abundant cation in the environment and ubiquitously present. It

has been found to influence different physiological properties in bacteria, like pH
control, osmotic stress or acting as a co-factor [103,104]. Synechocystis has 6 different
sodium-proton antiporter systems, summarised in the NhaS family [105-107].
Additionally, there are two sodium dependent bicarbonate uptake systems, SbtA and
BicA, present [24]. We found that cells of Synechocystis were unable to survive
vegetative growth at ambient air in absence of sodium (Publication 1, figure 5, C). This
was reversable by placing the cells in a 2 % CO2 environment. This seemed to
completely alleviate the phenotype, indicating high affinity bicarbonate uptake as the
primary requirement for sodium during vegetative growth. An influence on ATP
synthesis has been ruled out, as cells treated with the sodium ionophore monensin

kept their ATP level constant (Publication 1, figure 5, A).

1.2. Significance of c-di-AMP in diurnal rhythm
The second messenger c-di-AMP has been reported to influence survival in a diurnal

rhythm in Synechococcus elongatus PCC 7842 [101]. To investigate the significance
of c-di-AMP in Synechocystis, we performed a pulldown with crude cell extract of
Synechocystis using c-di-AMP as bait. Several different ion transporter systems were
found, but the most abundant protein was the PlI-like signal transduction protein SbtB
(Publication 2, figure 1, B). This interaction was confirmed and characterised using
isothermal titration calorimetry (Publication 2, figure 1, A). Similar to the negative
cooperative binding of ATP to the subunits of the PII protein [108], the monomers of
SbtB, which forms a trimer as well, bind c-di-AMP. The SbtB protein can bind c-di-AMP
with a dissociation constant (Ka) of Kda1 2,3 uM for the first, Ka2 12,2 uM for the second
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and Kas 35,9 uM for the third binding site, comparable to the binding of cAMP to SbtB.
The T-loop of SbtB changes conformation upon binding of c-di-AMP, which has been
shown through crystallography studies (Publication 2, figure, 1, C to F).

To further investigate the physiological role of c-di-AMP in Synechocystis, we created
a mutant strain, unable to produce c-di-AMP. This was achieved by inserting a
kanamycin resistance cassette into the active center encoding sequence of the gene
dacA (sll0505), which encodes the only diadenylate cyclase of Synechocystis. This
was done to avoid downstream effects on the following gene (s//0506), encoding an
undecaprenyl phosphate synthase. The promoter and start sequence of s/l0506
overlap with the 3’-region of dacA. To prove the activity of DacA as a diadenylate
cyclase, a plasmid expressing a dacA-green fluorescent protein (GFP) fusion under
control of the T7-promoter was transformed into E.coli, as it does not naturally
synthesise c-di-AMP. Measurement of the intracellular concentrations of c-di-AMP in
these cells after induction of DacA-GFP expression using isopropyl-p-D-
thiogalactopyranoside (IPTG) revealed high levels of c-di-AMP, proving DacA activity
(Publication 2, supplementary figure S3). Also, the AdacA mutant synthesised no

measurable amount of c-di-AMP (Publication 2, figure 2, A).

To investigate the link between c-di-AMP and SbtB, the AdacA strain and a previously
engineered AsbtB knockout strain [33] were compared under different physiological
conditions. The group of Montgomery previously reported in Synechocystis a
significance of c-di-AMP on osmotic stress response [109]. Accordingly, when
presented with increasing levels of sorbitol, the AdacA strain grew increasingly slower
until it completely arrested growth at 300 mM sorbitol. In comparison, the AsbtB strain
was not affected (Publication 2, supplementary figure S4). Thus, the significance of c-
di-AMP for osmotic stress is proven again and shown to be independent of its

interaction with SbtB.

Since SbtB plays a large role in the carbon concentrating mechanism [33], the strains
were observed under different carbon conditions. The AdacA mutant was able to adapt
to high carbon like the WT (Publication 2, figure 2, B), by lowering the affinity to HCO3"
in contrast to the AsbtB strain [33]. When faced with night-time survival, cells need to
accumulate glycogen, which will be respired during the night to acquire the energy to
survive. The accumulation of glycogen is dependent on succesful on carbon
assimilation. The group of Susan Golden previously reported on the significance of c-
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di-AMP in the diurnal survival of Synechococcus elongatus PCC 7842 [101] and we
were able to show this for Synechocystis as well. Both, the AdacA and the AsbtB strain
displayed severe growth impairment in a 12 h light/12 h dark rhythm (Publication 2,
figure 2, C and D).

SbtB is a Pll-like protein and PII is reported to regulate cell metabolism through direct
protein-protein interactions, so we performed SbtB-bait pulldown assays searching for
hits relevant in a diurnal rhythm. In coimmunoprecipitation experiments with crude cell
extract, several different glycogen metabolism related proteins were identified: a
glycogen synthase GlgA2, a glycogen phosphorylase GIgP2, the glycogen branching
enzyme GIgB, and a glycogen debranching enzyme GIlgX1. To investigate whether
these interactions are dependent on c-di-AMP, pulldowns with immobilized, c-terminal
Hiss- or Strep-tagged SbtB on magnetic Ni?* or streptavidin beads, respectively, were
incubated with crude Synechocystis cell extract in either presence or absence of c-di-
AMP. With both different tags, in the presence of c-di-AMP, GIgB was enriched
(Publication 2, figure 3,A; supplementary figure S9B), while incubation with cAMP
failed to enrich GIgB (Publication 2, supplementary figure S9, C and D). To prove this
interaction, a bacterial two-hybrid assay was performed. Interaction was observable
between SbtB and GlgB when GIgB was N-terminally tagged (Publication 2, figure 3,
B), while not with C-terminally tagged GIgB or any other identified glycogen metabolism
related protein (Publication 2, supplementary figure S10). The interaction between
SbtB and GIgB was also proven by microscale thermophoresis, though the addition of

c-di-AMP did not alter the binding constant significantly (Publication 2, figure 3, C).

A previously generated AglgB mutant [110] was checked for survival in a diurnal
rhythm. It displayed a comparable phenotype to the AdacA and AsbiB strains
(Publication 2, figure 3, D). To solidify the involvement of SbtB and c-di-AMP in the
glycogen metabolism, the glycogen concentration was measured at midday phase in
all three mutants. All of them had significantly lower lewels than the WT (Publication 2,
figure 3, E). A complementation of the AsbtB mutant under control of the psbA2
promoter had WT-like levels of glycogen in diurnal growth (Publication 2,
supplementary figure S11, C). Since glycogen respiration is vital in the night, oxygen
consumption was observed in the AdacA and AsbiB strains throughout several days
of diurnal growth. Both mutants showed significantly lower levels of oxygen and oxygen
evolution rate during the light phase, and both immediately dropped at the onset of
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dark, while in the WT a gradual decline throughout the dark phase was observable
(Publication 2, figure 3. F and G). The lower oxygen evolution during the day indicated
a reduced rate of photosynthesis, which indicates a lower carbon fixation through the

CBB cycle (Publication 2, supplementary figure S6, B, C).

Lastly, we measured the intracellular concentration of c-di-AMP throughout 24 hours
of diurnal growth in the WT. The levels decreased throughout the night but rapidly
increased to almost 3 times as much at the start of the light phase (Publication 2, figure
2, E). This is contradictory to the quantification in Synechococcus elongatus PCC 7842,
in which the levels increased throughout the night, peaking shortly before dawn, and

dropped during the day [101].

Overall, we could show that c-di-AMP in cooperation with SbtB regulates GIgB and
thus, the levels of glycogen for night-time survival, emphasising its essentiality in

diurnal rhythm.

2. Chlorosis

Synechocystis, being non-diazotrophic, must be able to survive times of nitrogen
starvation and does so by entering the metabolic dormancy termed chlorosis. We
investigated the significance of sodium and c-di-AMP in this well-established quiescent

state.

2.1. Significance of sodium for bioenergetics
During vegetative growth, the primary requirement for sodium is the HCO3s uptake

through BicA and SbtA (Publication 1, figure 5, C). This could be the main requirement
in early chlorosis as well, as the cells accumulate large storages of glycogen in the first
days. There could be additional requirements for sodium afterwards, as chlorotic cells
have only a residual carbon fixation as sink for the residual photosynthesis. In absence
of sodium, cells can’t survive chlorosis. They are unable to accumulate large glycogen
storages (Publication 1, figure 5, E), as was expected. Still, even when starved of
sodium after accumulation of glycogen, these storages begun to be degraded and cells
were unable to survive (Publication 1, figure 5, E, blue bars). Keeping the cells in a 2
% CO2 environment, enabling survival in vegetative growth in absence of sodium,
failed to mitigate the lack of Na* (Publication 1, figure 5, D). Recovering cells will
consume glycogen for energy generation, leading us to believe that sodium could be
required during chlorosis for ATP synthesis. This hypothesis was proven, as an
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increase in environmental sodium led to an increase of ATP in the cells (Publication 1,
figure 2, E). Since chlorotic cells are dormant, they have a reduced requirement of ATP.
Recovering cells of Synechocystis, on the other hand, begin their process of
resuscitation with a significant increase in ATP [22]. Thus, we decided to investigate

the influence of sodium on bioenergetics in early resuscitation.

2.2. Significance of c-di-AMP for survival in chlorosis
Since the retarded accumulation of glycogen appears to be the reason why the AdacA

and the AsbtB mutants fail to maintain diurnal growth (Publication 2, figure 2, C,D),
death during nitrogen starvation due to the same reason was expected. In fact, the
AdacA strain was unable to survive chlorosis, while the AsbtB mutant did not display a
phenotype (Pubilcation 2, supplementary figure S5, B, C). Thus, the missing interaction
between the SbtB-c-di-AMP complex and GIgB is not responsible for death of the
AdacA strain in chlorosis. Consequently, the acclimation of the c-di-AMP deficient

strain to nitrogen starvation was investigated in more detail.

Intracellular c-di-AMP measurements throughout 14 days of chlorosis revealed
increased levels in early chlorosis (Publication 4, figure 1, A), before reducing towards
the later stages of chlorosis again. Thus, the part of c-di-AMP in the recalibration of the
cellular metabolism in response to nitrogen starvation is significant, for without it, the
cells die.. Fitting to this assumption, when the cells were stained with the fluorescent
dye Bis-(1,3-Dibutylbarbituric Acid)-trimethine axonol (DiBAC), which enters
depolarized cells, around 40 % of AdacA cells appeared fluorescent after one day
(Publication 4, figure 1, D). Fluorescence indicates cell death and after 14 days, the
culture was visibly white, another indication, and approximately 60 % of cells appeared
stained, further increasing towards day 21 (Publication 4, figure 1, B — D). The cells
appeared dead, but the cell density, measured via the optical density at 750 nm, did
not decrease. Furthermore, the mutant cells were unable to perform the last cell
division at the start of chlorosis (Publication 4, figure 1, E). The degradation of the
photosynthetic machinery occurs as in the WT though (Publication 4, figure 1, F and
G), even if the mutant has already a lower quantum yield of PSII in vegetative growth.
A large difference between mutant and WT was visible in the levels of ATP and
glycogen (Publication 4, figure 1, H, I). The levels of ATP reduced significantly at the

start of chlorosis in the WT, while in the mutant, they increased to approximately 150
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% of vegetative level in the first 2 days before dropping down again. The levels of
glycogen increased rapidly in early chlorosis in the WT, as expected. Meanwhile, the
mutant failed to accumulate large amounts of glycogen and remained at about 50 %
of the WT level. This resembles to the phenotype in diurnal rhythm, but since the AsbtB
mutant did not display this phenotype, indicating that the reduced glycogen synthesis
in the AdacA strain is not mediated by c-di-AMP sensing of SbtB. Concerning the
influence of c-di-AMP on osmotic stress response, transmission electron microscope
pictures of cells after 21 days of chlorosis showed a heterogenous AdacA culture with

cells displaying different stages of plasmolysis (Publication 4, figure 1, J).

Since we were unable to clearly pinpoint the role of c-di-AMP in chlorosis, we
performed untargeted metabolomic analysis (Publication 4, figure 2). In the WT,
different profiles of amino acid level changes were observed. They either peaked in
early chlorosis, visible in case of lysine (Publication 4, figure 2, B), remained constant,
visible for glutamine (Publication 4, figure 2, A), or declined gradually, as visible for
glutamate (Publication 4, figure 2, A). In the AdacA strain, various amino acids showed
either increased or decreased levels as compared to the WT. Glutamate, the primary
pivot point of nitrogen metabolism dropped rapidly in the WT while in the mutant, it did
increase. This was highly unexpected, as the cells were starved of fixed nitrogen, so
the supply should have dropped. Levels of proline (Publication 4, figure 2, A),
aspartate, methionine (Publication 4, figure 2, B) and tryptophane (Publication 4, figure
2, C) increased within early chlorosis in the mutant. The levels of proline stayed high,
which could be due to its function as osmolyte, attempting to mitigate osmotic stress.
Another interesting increase is that of methionine (Publication 4, figure 2, B), As it is
the initiating amino acid of protein translation and precursor of the methyl-group donor
S-adenosine-L-methionine, this could indicate a disturbance in protein synthesis and

possibly also in DNA-methylation.

3. Resuscitation

When faced with a new source of fixed nitrogen, cells will start a multi-levelled, highly
organised resuscitation process. During this process, the entire cellular metabolism is
restructured and rebuilt.

3.1. Significance of sodium for pH control, bioenergetics, and GS activity
When chlorotic cells are supplied with a new nitrogen source, the ATP levels increase

very rapidly, but the mechanism behind this response was unknown [22]. The energy
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could derive from the two known energy producing systems in Synechocystis,
respiration or photosynthesis. To investigate this, cells of the AglgP1/2 mutant, which
is unable to degrade glycogen, were recovered and their ATP content measured. The
cells were still able to increase their ATP levels like WT (Publication 1, figure 1, A).
Next, we attempted to recover chlorotic cells in the dark, so they are incapable of
photosynthesis, or in presence of the inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea,
which blocks the electron transfer from PSIl to PQ. Cells were still able to rapidly
synthesise new ATP (Publication 1, figure 1, B and C). Lastly, we added either
dibromthymochinon or antimycin A to inhibit the electron flow to cytochrome bef, neither
inhibited ATP synthesis. Thus, neither respiration nor photosynthesis are required for

the immediate ATP increase in the first minutes of resuscitation.

Sodium has been suggested to influence the ATP synthesis in chlorosis and possibly
also resuscitation earlier in this work (see 2.2.1 sodium in chlorosis). First, it had to be
proven that protons are not necessary for ATP synthesis. To achieve this, we recovered
cells in presence of the protonophores carbonyl cyanide m-chlorophenyl and 2,3-
dinitrophenol. In both conditions, ATP synthesis upon addition of NaNOs was
unhindered (Publication 1, figure 2 A, B). When recovering cells with KNO3 in presence
of 5 mM sodium, a reduced increase in ATP was observable (Publication 1, figure 2,
C) and when recovering in absence of sodium, no increase was detectable at all
(Publication 1, figure 2, D). This clearly indicated the importance of sodium for
bioenergetics. However, it was unclear whether this was a combined effect of sodium
and the supplied nitrogen source. To investigate this, we sequentially added first NaCl
and second KNOs3 to chlorotic cultures. Both caused separate increases in ATP and
when the experiment was repeated in presence of the GS inhibitor L-methionine
sulfoximine, only the sodium increase was measurable (Publication 1, figure 2, E). On
the other hand, when cells were incubated with the sodium ionophore monensin and
recovered, only a small increase was observable (Publication 1, figure 2, F). Strikingly,
when recovered in presence of ethyl-isopropyl amiloride, which blocks sodium
channels and proton-sodium antiporters, no increase in ATP was measurable. All these

results consolidate the role of sodium in bioenergetics.

To identify whether there are additional requirements for sodium in resuscitation,
further investigation was carried out. To observe the significance of sodium for carbon

fixation in resuscitation, recovery in a 2 % CO2 environment was performed. Cells were
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unable to recover (Publication 3, figure 1). As the increase in ATP could be seperated
in a sodium dependent and nitrogen dependent, we investigated whether sodium is
also influencing the nitrogen acquisition. When cells were recovered in absence of
sodium, ammonium was imported at a rate comparable to standard conditions
(Publication 3, figure 2, B). In contrast, nitrate was imported in absence of sodium only
transiently while the levels of nitrite in the medium increased (Publication 3, figure 2,
C, D). This indicates a requirement for sodium in the assimilation of nitrate. The
reduction of nitrate to nitrite requires 2 protons and the further reduction to ammonia
requires 6 additional protons. Apparently, the cells imported some nitrate, reduced it to
nitrite but failed to reduce it further. Likely, they were lacking protons, which would be
provided by the activity of H*/Na* antiporters, like the members of the NhaS-family.
Cells recovering with nitrate and sodium turned the media more alkaline, indicating
proton uptake, while the pH remained constant in the absence of sodium (Publication
3, figure 2, E). The intracellular pH was measured using the fluorescent indicator 2, 7'-
bis-(2carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) and became more alkaline
in early recovery with nitrate and acidic with ammonium. Throughout resuscitation,
when recovered with ammonium or in presence of sodium with nitrate, the pH returned
to approximately 7,5, whereas when recovered with nitrate in the absence of sodium,
the intracellular pH stayed alkaline at approximately 8,25 (Publication 3, figure 2, F).
This shows that there are additional effects to the sodium dependent ATP synthesis,

here, pH control and nitrogen acquisition.

Since sodium starvation has a global effect, we also investigated the metabolome of
cells resuscitating with nitrate in presence and absence of sodium. We investigated
the first 12 hours, when photosynthesis is yet inactive, excluding secondary effects due
to incapability of carbon fixation. Under standard resuscitation conditions, many amino
acids remained constant (Publication 3, figure 3). The levels of glutamate increased
rapidly and consistently (Publication 3, figure 3, A). This was expected, as it is the
primary entry point of new nitrogen into the cell metabolism. In the absence of sodium,
there was a smaller increase and only to approximately 50 % of the standard condition
level. In contrast to glutamate, the levels of glutamine remained almost constant. This
indicates that the newly synthesised glutamine molecules are immediately turned over
by the GOGAT reaction. In the absence of sodium, the glutamine levels were lower
than during recovery in presence of sodium, indicating a delay and dysregulation of

the GS-GOGAT cycle (Publication 3, figure 3, A). Arginine shows a similar pattern to
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glutamine, as the levels remained almost constant in the presence of sodium, while
sinking in absence of sodium (Publication 3, figure 3, A). This could be caused by the
high demand for the limited amount of glutamate, which can serve as a substrate in
arginine synthesis [111,112]. Proline showed a unique pattern, as the levels increased
significantly in absence of sodium, in contrast to the constant levels in presence thereof
(Publication 3, figure 3, A). Proline can function as an osmolyte [113], so increasing
levels could compensate for missing protein and molecule biosynthesis in absence of

sodium.

Another interesting pattern was observed for two of the aromatic amino acids, tyrosine
and phenylalanine. Tyrosine showed decreasing levels in standard resuscitation, fitting
to the observation that increased levels are found in chlorosis [63]. Both aromatic
amino acids showed an intermediary increase in absence of sodium (Publication 3,

figure 3, C).A possible reason except missing protein synthesis is not known.

Lastly, some intermediates of the TCA cycle were observable. Increased levels of
succinate were observed during recovery in absence of sodium (Publication 3, figure
2, E). Succinate is produced in the modified TCA cycle of cyanobacteria from 2-OG
and is reduced by the SDH to fumarate. As the GS-GOGAT cycle seems impaired in

the absence of sodium, further processing of 2-OG to succinate could serve as a sink.

As the levels of ammonium in the medium decreased even in the absence of sodium,
we questioned whether cells accumulate more of the nitrogen storage molecule
cyanophycin in absence of sodium. It has been reported that recovering cells
accumulate some CP as safeguard to reoccurring chlorosis [114]. Staining with the
Sakaguchi method and observation of the cells revealed a missing or reduced CP
production in absence of sodium with either nitrate or ammonium as nitrogen source,
respectively (Publication 3, figure 4). This indicates an alternative, yet to be identified

sink of ammonium in absence of sodium.

As to gain further insights why cells need sodium for proper resuscitation , transmission
electron microscopic pictures of recovering cells in presence and absence of sodium
were made. During recovery in the absence of sodium, the intracellular structures

degrade over time until cells appeared ghost like (Publication 3, figure 5).
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3.2. Significance of c-di-AMP due to changing metabolism and appearance of
adapted strains
The expression and protein levels of DacA peak in early resuscitation [68,69]. To

investigate whether the protein is also active, we measured the intracellular
concentrations of c-di-AMP throughout two days of resuscitation. The levels peaked
within 8 hours after addition of fixed nitrogen before dropping again (Publication 4,
figure 3, A). When AdacA cells were recovered, the ATP levels increased less than in
the WT and dropped back to chlorotic levels after 48 hours (Publication 4, figure 3, B).
Additionally, the switch to mixotrophic and photoautotrophic growth appeared delayed,
as PSIl quantum yield was only measurable after 48 hours, a day later than in the WT
(Publication 4, figure 3, C). In a drop plate recovery assay, the mutant lacked behind
the WT by 2 orders of magnitude (Publication 4, figure 3, D). This appears reasonable,
as only a quarter of cells survived chlorosis, as shown earlier (Publication 4, figure 1,
C and D). As c-di-AMP deficient mutants have been reported to develop suppressor
mutations in different organisms [115-120], we investigated whether the severe stress
conditions of chlorosis and resuscitation would cause similar effects in Synechocystis.
A colony PCR of the recovered mutant cells revealed a restored dacA gene
(Publication 4, figure 3, E) and an intracellular c-di-AMP measurement showed that the
revertant produced even more of the second messenger than the WT (Publication 4,
figure 3, F). This indicates that the surviving cells have undergone genomic adaptions
and therefore could survive chlorosis and resuscitation. To investigate this, we starved
the adapted strain of nitrogen a second time. The c-di-AMP deficient phenotype was
completely alleviated (Publication 4, figure 3, G — H). It appears that the cells removed
the kanamycin resistance cassette from the intended location and inserted it into the

chromosome somewhere else. This new location has not been found in this work.
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VI. Discussion

1. Requirement for sodium in Synechocystis

Sodium is as ubiquitous as cyanobacteria are and the latter have learned to live with
the former. As life likely originated in a potassium rich environment [57], sodium is

typically more bane than boon, but still, cells find use for it.

1.1. Carbon fixation and bioenergetics in vegetative growth
During vegetative growth, an absence of sodium can be compensated by increased

levels of CO2 (Publication 1, figure 5, C). This clearly signifies that the primary
requirement for sodium in vegetative growth is the import of HCO3™ through the sodium
dependent HCOs  transporters SbtA and BicA. Almost all ATP synthesis during
vegetative growth occurs at the thylakoid membranes, powered by photosynthesis.

Thus, bioenergetics are largely independent of sodium.

1.2. Sodium bioenergetics in chlorosis
With the onset of nitrogen starvation chlorosis, the levels of ATP drop significantly [22].

There are multiple possible reasons for this, for example glycogen synthesis is ATP
consuming [121]. Additionally, ATP has been reported to act as a hydrotrope [122],
meaning reduction of the ATP levels will turn the cytoplasm more crystalline, slowing
molecule movement speed in the cytoplasm and thus, slowing the speed in metabolic

networks.

As the thylakoid membranes degrade largely during chlorosis, an additional energy
source is required. The results presented in this work suggest that sodium motive force
is used to synthesise ATP at the plasma membrane. The proposed mechanism is a
reduction of NAD(P)H to NAD(P), likely by the NAD-reductase NDH-II, as it was found
in the plasmamembrane. The electrons will then be transported to the alternative
respiratory terminal oxidase (ARTO), which will export protons. These would be
immediately reimported through a Na*/H* antiporter, likely of the NhaS-family. The Na*
ions would then, following the concentration gradient, try to re-enter the cells, which is
channelled through the ATPase, synthesising new ATP. Cyanobacteria can turn their
environment more alkaline when feeding on nitrate or nitrite sources. This

compromises the proton motif force, while a sodium motif can easily be maintained.
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1.3.Sodium bioenergetics, pH control and nitrogen incorporation in resuscitation
In resuscitation, the first measurable response to a new source of fixed nitrogen is an

immediate and drastic increase in ATP. This is required to fuel the anabolic reactions
to rebuild the cell metabolism. The GS-GOGAT cycle is pivotal, as through its nitrogen
assimilation activity, cells sense the availability of a new nitrogen source.. This has
been proven by blocking the GS-GOGAT cycle with inhibitors and the concomitant lack
of ATP increase [22]. The earlier postulated mechanism for sodium bioenergetics still
applies here. To compensate the incorporation of free protons, Na*/H* antiporter
activity is essential for nitrogen assimilation and buffering of the cytoplasmic pH.
Typically, the cytoplasm is buffered by K* ions and glutamate [123], but in the absence
of sodium, GS activity is likely compromised due to lower levels of ATP and inhibited
nitrite reduction. Due to sodium depletion, missing sodium-proton antiport causes the
cytoplasm to become more alkaline and the pH of the medium to remain constant
(Publication 3, figure 2, E).

Proline can act as an osmolyte and it can also derive from arginine catabolism [112].
The N-terminal domain of ArgZ has an arginine dihydrolase activity, splitting arginine
into ornithine, ammonia and COz2. Ornithine, as an arginine substrate, can then re-enter
arginine synthesis or be converted to proline by an ornithine cyclodeaminase. The C-
terminal part of ArgZ is presumed to have such an activity [112]. Because the absence
of sodium hinders the nitrogen assimilation, the nitrogen-containing substrates for
arginine synthesis (carbamoyl-phosphate) are lacking and therefore, ornithine could
preferentially be converted into proline. The subsequent osmoprotection could be a
secondary effect, though a necessary one, as cells recovering without sodium appear
to degrade all their cellular structures (Publication 3, figure 5). The expression of argZ
and protein levels of ArgZ increase in early resuscitation [68,69], which also indicates
the turnover of ornithine to proline. The drop in tyrosine in standard resuscitation is
likely caused by de-novo protein synthesis. The increase in absence of sodium remains
enigmatic. It has been reported to act as radical quencher in specific enzymes

[124,125], but whether free tyrosine can function the same way is so far unknown.

2. Requirement for c-di-AMP in Synechocystis

The second messenger c-di-AMP has been the focus of much research since its
discovery in 2008 [90]. It has been reported to be of significance in cyanobacteria for

survival in diurnal growth [101] and for osmotic stress response [102]. In this work, we
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further investigated the significance of c-di-AMP for night-time and metabolic

dormancy.

2.1.Osmoregqulation through c-di-AMP in Synechocystis
In firmicutes, c-di-AMP is mainly involved in osmoregulation and ion homeostasis, the

latter largely focused on K* [100,115,118,119]. For Synechocystis, it has also been
reported though without description of a mechanism [102]. In different c-di-AMP based
pulldown assays, we identified several different cation transporters as interaction
partners, mainly of Na*, K*, and Mg?* ions. The interaction of c-di-AMP with any of
these transporters has still to be confirmed. In follow-up work in our laboratory, an
interaction between c-di-AMP and the Na*/H* antiporter NhaS5 has been observable

and indicates a significance of c-di-AMP for Na* homeostasis.

2.2.Glycogen accumulation for night-time survival
Night-time survival is essential for photoautotrophic organisms, like cyanobacteria. The

metabolism switches from the purely phototrophic to a heterotrophic-like mode, for
which tight control is required. We have discovered here an interaction between c-di-
AMP and the signal transduction protein SbtB. This complex will then increase the
activity of GIgB and enable branched glycogen molecules. The branching of glycogen
is pivotal for its subsequent rapid degradation, which is necessary to survive in a

diurnal rhythm.

2.3.Global requirement for chlorosis and resuscitation
As shown in this work, c-di-AMP is essential in chlorosis. Cells lacking c-di-AMP appear

to be unable to enter chlorosis. Levels of c-di-AMP peak in early chlorosis (Publication
4, figure 1, A) and deficient cells fail to divide or accumulate glycogen (Publication 4,
figure 1 E, I) and within the first 2 days, already approximately 40 % of AdacA cells
show a signal, dependent on a lack of membrane potential (Publication 4, figure 1, C
— D), a clear indication of cell death. The mutant cells which do not emit a fluorescent
signal when stained with DIBAC are still viable. Among these, adapted cells were able

to recover.

Throughout chlorosis, a constant requirement for c-di-AMP is also osmotic regulation,
observable in the cytoplasmic shrinkage of deficient cells in late chlorosis (Publication
4, figure 1, J). The phenomenon of cytoplasmic reduction has been previously reported
as an answer to starvation conditions [126]. This is an unobserved behaviour in

Synechocystis and thus, likely occurring due to the absence of c-di-AMP.
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The metabolome is greatly disturbed in absence of c-di-AMP (Publication 4, figure 2),

which implements it further, as a central second messenger.

2.4. Adaptation process
Mutants deficient in c-di-AMP production have been established in different bacteria

as well as suppressor mutations reported in those mutants. These suppressor
mutations have been largely focused on proteins connected to osmoregulation
[96,100,117,119]. In this work, the adapted mutant removed the antibiotic resistance
cassette from the gene locus (Publication 4, figure 3). This was possible, because the
mutant was generated via insertion mutation of the antibiotic resistance cassette into
the active centre encoding region of sll0505. This was necessary to circumvent
downstream effects on s//0506, an undecaprenyl phosphate synthase encoding gene,
whose 5’-end is overlapping with the 3’-end of s//l0505. Still, there are likely additional
suppressor mutations, whose discovery could further the understanding of the

significance of c-di-AMP.
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3. Conclusion

This work helps elucidating the global mechanisms of entry into metabolic quiescence
and awakening thereof in Synechocystis. The ubiquitous cation Na* is used for
maintaining an energised membrane during bacterial dormancy, a subject of interest
regarding biodiversity, pathogenic persistence, and generation of antibiotic
resistances. For the awakening process, it is also employed for nitrogen acquisition,
pH control and osmoregulation, signifying the central role of this ubiquitous ion can
have. However, it is still unclear how widespread these properties are in the bacterial
world. Another small molecule with a global impact on Synechocystis is c-di-AMP,
which we have shown to be essential in glycogen synthesis to survive nocturnal
dormancy. Additionally, c-di-AMP is of great importance for entry and exit of metabolic
quiescence, thought the underlying mechanisms are so far unknown, necessitating

further research.
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SUMMARY

The ability to resume growth aftera dormant penod is an important strategy for the survival and spreading of
bacteral populations. Energy homeostasis i critical in the transition into and out of a quiescent state. Syn-
echocysts sp. PCC 6803, a non-diazofrophic cyanobacterium, enters metabolic dormancy as aresponse to
nitrogen starvation. We used Synechocystis as a model o investigate the regulation of ATP homeostasis dur-
ing dormancy, and we unraveled a critical role for sodium bioenergetics in dormant cells. During nitrogen
starvation, cells reduce their ATP levels and engage sodium bicenergetics to mantan the minimum ATP
content required for viability. When nitrogen becomes available, engrgy reguirements rise, and cells imme-
diately increase ATF levels, employing sodium bioenergetics and glycogen catabolism. These processes
allow them to restore the photosynthetic machinery and resume photoautotrophic growth. Ourwork reveals
a precise regulation of the energy metabolism essenftial for bactenal survival durnng penods of nutnent

deprivation.

INTRODUCTION

Comant micro-organisms ara vastly represanted in natural an-
vironments.” Domancy highly contributes to the survival of
bacterial populstions, the spreading uf pathogens, and tha
dawlopmant of antibiotic resistances.” The molacular pro-
cassas that lead bactaral calls into a domant state are divarsa
but ganarally characterized by growth amest and residual meata-
balic azll::1:i1.r'rl'_|.r.3 Dezpite having a reduced matabolism, domant
calls still requira anargy for maintananca.’ In fact, anargy ho-
meostasis is crtical for the =urvival of dommant caells.® How-
avar, how tha anargy matabolism is egulated whan bactarial
calls antar and axit pariods of dormancy is to date poordy
undarstood.

Cyanobactana rmpresant a divarsa group of prokaryotes an-
dowad with the ability to adapt to changing environmantal con-
ditions, which has allowsad them to colonize a wide mnge of eco-
systams.” One of the most common hurdes cyanobactana face
in natural environmeants is limitation of combined nitrogan.” Syn-
achocystis sp. PCC 6803 (Synechocystis) is a non-diazotrophic
cyanobacterial strain that survives perods of nitrogan staration
by entering metabolic guisscencea, thus representing a good
modal to study fundamental azpects of bactarial ll:h:lrrlElm::g.r.5
Synechocystis can survive prolonged pariods of nitrogan starva-
tion by undergoing nitrogen-chlorosis, a process charactarnzed
by tha degradation of most of the thylakoid membranes. Cells
anter call cycle amast and shut down their metabolism. Most
of tha photosynthatic apparatus is degaded, leaving calls with
rasidual photosynthatic capacity, and enemgetically costly

1606 Cument Biology 37, 1606-1615,
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processes, like anabolic reactions, am halted.® In this resting
stata, the intracallular ATP concentration is about 4 of the keval
during vegstative growth.” In addition, as cells degrade maost of
thair cellular components, they synthesize reserve polymers,
which are essantial for exiting dormancy and resuming growth.
Glycogan is the main storage maolecule during nitrogan starva-
tion: its synthasis and degradation are crucial for call survival un-
dar thesa conditions *#

Whan nitrogen becomes available to dommant calls, thay
immediately initiate a highly arganized resuscitation program. =
Dwring tha first stages of the resuscitation process, calls catab-
oliza the accumulatad ghycogen to obtain anangy and matabolic
intarmadiatas to restora the previously degraded cellular com-
ponants. Whan the photosynthetic machinary is restored, calls
switch back to phototrophic metabolism.® Upon nitrogen addi-
tion, the amargy requirement of chloratic cells suddanly in-
craasas due to the intiation of anabolic mactions, such as tha
glutamine synthetasa/glutamate synthasa (G5E0GAT) reaction
cycha. Concomitantly with the increased enargy demand, tha kow
ATP contant of dormant cells rapidly increases to an intermedi-
ata leval, which rapresants approximatsly 50% of the ATP con-
tant of a vegatativa growing cell.” Sa far, how dormant calls pro-
duca this ATF haz remainad unknown. Intriguingly, we cbsarved
a rapid increasa in ATP kwals also in mutant calls unable to
degrada ghycogan.” This obsarvation prompted us toinvestigate
tha sourca of tha risa in ATP contant in resuscitating calls. Tha
aim of this study was to reveal how dormant cells maintain
tha required ATP lewls to keep viability and how thay obtain
tha necessary anargy to awakan from dormancy.

This iz an open access article under the CC BY-NC-ND license {http:/Voreativecommans orglicen ses/by-ne-nd 4.0,
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RESULTS

The rapid ATP increase in response fo nitrogen

aw ailability is indep endent of glycogen degradation and
photosynthesis

tpon nitrogan addition, calls start the resuscitation program and
thaeir anargy demands increasa. Calls must then produce ATP to
support nitrogen assimilation and biosynthetic processes. We
measured the intracallular ATP levals within tha first hour of
resuscitation and obsarved an increase of ~100% in the ATP
content 20 min after the addition of NaMOs, and thesa levels
wara maintained for tha first hour of recovery (Figure 14). This
ATPincraasa constitutas the fastest measured responsa of chlo-
rotic calls to the presence of nitrogen,® but how it is produced is
not yat understood.

A risainthe ATP levals might seam an obwvious consaquanca of
activating adomant matabolism and aentaring a transiant phase
of hatarotrophy. It is tempting to assuma that the increasad ATP
values at the stat of resuscitation coma from the onset of
ghycogen catabolism, which is induced soon aftar the addition
of MaMNO; to domant cells.® Previously, we obserad that a
mutant lacking the ghycogen phosphorylases [AgigP1/2) dis-
played slevated ATP levals 3 h after MaMNOy addition, but these
calls did not furthar recovar. Hara, wa compared the short-
temm responsa in ATP levals betwean AgigP1/2 and wild type
{WT) in more datail and found that MalQy triggared a similar
rapid ATP incraase in the AglgP7/2 mutant as it did in tha WT,
implying that tha onzat of ATP synthesis doaes not dapand on
ghycogan catabolism (Figure 14). Raspiration of othar matabo-
lite= can be excluded, because AglgF1/2 does not show
any oxygen consumption upon addition of MaMOs. In fact,
tha rnsa in ATP levals happanad bafora calls parform respiration
at full capacity. Durng nitrogen-chlorosis, cells display

20

Time of resuscitation (min}

[ Light [ Dark

Time of resuscitation (min)

AL 25 phl
B Soniral [ DBMIB a

¢? CellPress
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Figure 1. The rapid increase in ATP levels
upon NaMO, addition iz independent of
ghycogen cataboliam and pho tosynthess
) ATP conterd normalized o 1 0 10" oalls of
WT and AglgP1/2 chibrolic calls afler addiion of
17 mikd MaNDy

{H WT chiorofic calls afler noubafion far 1 hin
darkrnass and addiion of 17 mid NakiO,

G and D) WT chiomin calk veaied with (D)
20 phd DCMU and (D) 100 ub DEMIB and 25 uM
an'fimypcn A Callsweara mabed for S min beloms T
fired rrvisd Surerrsand. §0 min).. Resuscitalion was then
induced by addion of 17 mbd MaMO,. Al basci
fires biobgioal replcaies were meaasumd, amar
bars mprasant ta S0, asedsis represeni the
wta st ol sigrific anos.

Sas aken Figures 51and 52

4 B

residual photosynthetic activity, which is
complataly rapressed after a few hours
of resuscitation, when degradation of
glycogan is fully operating.” Pulse-ampii-
tuda modulation (PAM) fluorometry mes-
suramants revealad that, 1 h after nitrate
addition, much aftar an ATP incraasa is
measurabla, glycogen catabolism has
not yet supprassad PSI activity (Figure 51). Aftar 2 h of resusci-
tation, when calls amm fully respirating, thea PEIl activity disap-
paars and only resumes whan calls have partially restored thair
photosynthetic machinary {~12 h after nitrate addition). Thus,
the increasa in ATP lewls durng eardy resuscitation could
dapand on photosynthesis instead of respiration. To test this
possibility, wa measurad the ATP content of dark-incubated
calls Figure 18). Atthough ATP levals wara ovarall lowar in the
dark than in the light, addition of MaMNO; caused a similar in-
creasa undar both conditions. To completaly excluda the role
of photosynt hesis on the nse of ATP leveals, we treated chlomatic
calls with diffarant photosynthatic inhibitors. Exposure to di-
chlorophanyl dimathylurea {DCMU), which blocks tha elactron
transfar from PSll to tha plastoquinona (PQ) {Figure 1C), dibrom-
thymochinan (DBMIB), which inhibits tha alectron flow from PO
to tha cytochrome bef (Cyt befl, and antimycin A, which disrupts
the Q cycle in Cyt bef (Figura 104, did not affect the call's ability
to produca ATP after addition of MaMOg, atthough treated
calls showed impaired resuscitation from nitrogan starvation

{Figura 52).

40 i

Artirmgcin &

The ATP increase relies on a sodium motive force

Respiration and photosynthasiz ae the two main bicanargstic
processas that genarate an slectrochemical proton gradient
that can ba used by the ATP synthasa to power ATP production.
Whan both processes ware blocked, nitrogan-starved cells
could still incraasa ATP leveals upon addition of MaM{0s. To aluci-
date tha contribution of proton motive forca PAF) to tha ATP in-
craasa, chlomotic calls wame teated with the protonophores
carbomyl cyanida m-chlorophanyl hydmazone (CCCF) and 2,3-
dinitrophanal (DMP). Protonophores make mambranes parmea-
abla to protons, dest roying proton gradiants. Although treatmant
with CCCP and DNP prevantad resuscitation {Figura 52], it did

Cument Biology 27, 1606-1815, April 28, 2021 1607

48




¢ CelPress

Current Biology

Figure 2 The des of celular ATP upon
NaNQ, addition doss not rely on a proton
gradient and is a response to both increased
i Lim Concen ratio s and nibtro gen assimi-
lation

P andB)ATP cantert nosmalizedio 1 % 10 cals of
WT chiomii: cals inasbed with (&) 100 ubd OOCP
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Time of resuscitation (min)
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tation with 17 mM Nad {dark gmy), and afier
addifionalsupgiarmantaion with 17 mb KNO, gt
gray). Caurmn b unrasisd WT chiomSic calls sup-
plarmanfad with 17 mbd NaQ and 17 mb KNO, are
shiown. Column |k WT chiom$c oslls imated with
200 pkd MSX and supplamaniad with 17 mil MaCl
andd 17 mibd KMNO, ara shown.

{F) Chibrotic calls imated wilh 200 b rmonensn.
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not abolish tha nse in ATP levals (Figures 2A and 28). In fact,
traatmant with CCCP led to ahighar ATP production in chlorotic
calls after addition of MaMOs, indicating that ATP synthesis does
not dapand on an slactrochamical proton gradiant. Howsawar,
protons ara not the only jons that can be usad for ATP synthesis,
as somea ATP synthases can also usa a sodium motive force
{SMF) to powar ATP prndmtiun."':' Sodium jons ara mara
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Time of resuscitation {min)
O 200 uM maonensin

across the plasma mambrans that can be
utilized by sodium-binding ATP synthases
to produce ATP. Besides tha thylakoidal
ATP synthases, which translocate proton
from the thylakoid luman to the cytoplasm
to produce ATP, Synechocystis also
pomsassas ATP synthasas in the plasma
membrana,’’ which might usa an SMF.
The above exparments wara par-
formad by adding 17 mM MaMNO; to chio-
rotic calls in nitrogan-frea BG4y medium,
incraasing the sodium concantration
4fold. Thi= raised the question whathar
tha rapid increase of intracellular ATP
is connectad to the suddan e in sodium
lewals. To test this, mcovary axpan-
meants wara parformed by the addition of
17 mMKNO to calls in BG; 4.4 (Figure 2C).
In this casa, tha concantration of sodium remained constant.
Ramarkably, the ATP increase was significantly lowar than in
the pravious exparimants with the addition of 17 mM NaMNO,.
The rapid nsa in ATP lewels could be rastored whan 17 mM
MaClwas added togathar with KMNO 5 to dormant calls{Fgure 2C).
Whan sodium was complataly mmmowad from the madium by
washing with BGyi.0ma (in which sodium salts have bean
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substituted by potassium salts), addition of KMNOs triggerad
dimost no incresse of ATP levels (Figure 204, Thesa rasults
demonstrated that sodium plays an important rola in ATP syn-
thesis in chioratic cells. Howevar, whather or nat the addition
of anitrogan sourcea also contributas to tha fsa in ATP levals ra-
mained unclear. To addrass this guastion, sodium and nitrogan
wara addad to dormant calls saquentially (Figura 2E). Tha sola
addition of 17 mM MNaCl to chlorotic calls in BG4, causad a par-
tial increasa of tha ATP lavals within 20 min, comparad to tha
standand resuscitation exparimeant. Whan 20 min after suppla-
mantation with MaCl a nitrogan source was added to tha calls
in tha form of KMO; (Figure 2E, column 1), a furthar rza in ATP
levals was obsarvad after 1 h. This indicates that the risa in
ATP laveals after addition of MaMOs to chloratic calls has two
componants: one due to tha increasa in tha sodium concantra-
tion and anothear ona dusa to the presance of nitrogan. To distin-
guish whather cells sansa tha presence of nitrogan or datact it
through initiating assimilation via the GS5-GOGAT cycle, cells
wara treated with the G5 inhibitor L-mathionina sulfoximina
(MEX). This treatment completaly abolished the nitrogan-
depandant componant of tha ATP increase (Figura 2E, column
Il}, indicating that activation of nitrogan assimilation is reguinad
for tha nitrogan-dapandent ATP incraasa.

To comoborate tha role of sodium in ATP synthesis during chio-
rasis, nitrogan-starved calls wara treated with monansin, a so-
diumionophora, and athyldsopropyl amilonida [EIPA), an inhibitor
of sodium channals and sodium/proton antiport. To exclude any
indiract effects caused by possble intarferanca of the inhibitors
with nitrata transport, the affect of monansin and EIFA on tha
ATP contant was measurad after adding a combination of MHCl
and MaClto chlomotic callz. Treatment with monansinled to lower
ATP leveals than the untreated control (Figura 2F). Strakingly, axpo-
sura to EIPA complataly abdlished the ATP incraasa (Figura 20,
proving tha keay rola of sodium bicaenangatics in chlonotic calls.

An ncreasse in the sodium motive force provides a
source of free energy for dormant cells
The results above showed that ATP synthesis was stimulated in
domant calls by incraasing tha concantration of sodium, which
contributes to arnsain tha SMF. Tha ion motive forca JAMF) is tha
glactrochamical gradiant of an ion across the mambrana and
depands on the membrana potential and the concantration of
tha ion at both sides of thea membrana. For an ion with charga
z, its IMF iz

AT  Cou

IMF(mV) = WV —?n T

whara ¥, is the meambrane potential, A tha gas constant, F tha
Faraday constant, G, tha concantration of ion insde the call,
and Cawe the concantration of ion outside tha call. ™ Raising tha
extracallular sodium concantration from 5.5 mM to 17 mM con-
tributas to tha SMF with approximataly —30 mV, which suggask
that, for incraasing ATP synthass, thara should almady ba suffi-
ciant ¥, in chloratic calls. To astimata this residual vV, we usad
tha fluorescant voltage reporter bis-(1 3-dibuty barbituric acid)-
trimathine oxonal {DNBACA (3]). Di BACH 3) penatrates dapolar zad
calls, axhibiting enhanced fluorescance in the cytoplasm, but
does not antar calls with an intact V,,. A= a contral, wa usad
callz killed by heat inactivation and vegetative cells. Killed calls
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showed high permeability to DiBACH3), whareas no signs of
fluorescence were detected in wegetative cells (Figura 3A).
1-month-chlorofic calls showad a more heteroganeous popula-
tion: although most cells showad no fluorescence, soma warn
stained by DIBAC4{3). This hetaroganaity agreas with tha fact
that, after amonth of nitrogan staration, not all calls kee pviability.
Howsawvear, most chlorotic calls did not show fluorescance, indi-
cating thay maint ain a similar mambrana potantial than vegatativa
calls, which, in addition to tha aextra woltags obtainad after addition
of 177 mMMadl, constitutes sufficient SMF to drive ATP synthass

To confirn that the ATP incraasa depands on a nse of tha
SMF, wa provided calls with diffarant concentrations of NalCl
{Figura 3H). Supplementation with 17 mM MNaCl triggared an
~100% increase in ATP levels, wheraeas addition of 50 mM
Mallled to an ~ 150 % increasa, which agreas with tha proposad
modals for ATP vield as a function of the MIF."*"* To ascertain
wheathar tha ATP synthaszes are responsible for this change in
ATP lavals, wa traated chionotic cells with N,N'-dicycl chexylcar-
bodiimida {MCCD), an F-ATPasa inhibitor. DECD-traated calls
showed a reduced response to Mall as comparad to untreatad
calls (Figure 3C), confirming that the non-nitrogan-depandant
componant of tha ATP increasa is a purely physico-chamical af-
fact of incre asing tha concentration of sodium and that it ralies on
tha activity of tha ATP synthazes.

The nitrogen-dep endent componean tof the ATP increase
requires respiration

Tha metabolically induced ATP increasa required activation of
tha GS5-G0OGAT cycla, but how initiation of nitrogan azsimilation
lads to ATP synthasiz mmainad to be addressad. Our previous
data showed that addition of a nitrogan source to dommant cealls
inducead ghycogen degradation ."Gljmu«gm degradation supports
ATP synthesis by producing reduction equivalants to support
respiation andtoasmallar extant by substrate-laval phosphory-
lation. To revaal the contrbution of glycogen catabolism on
tha matabolically induced ATP4aval incraasa, wa testad tha af-
fact of MaCl and KMNOsz on AglgP7/2. As the MEX-traated calls,
AgigP1/2 only reacted to sodium and did not show tha
nitrogan-dapandant componant of tha ATP incraasa {Figure 4,
column By, corfirming that this second componant depands on
glycogen degradation. To slucidate whether respiration is
required to genarate ATP upon nitrate addition, we measurad
tha ATP contant of chlonotic calls after trestment with potassium
cyanida (KCHN), which pravants alactron transfar from the tarminal
oxidaszas tooxygen, inhibiting tha respiratony chain. KCHN-treatad
calls increasad thair ATP levals aftar addition of Mall, but not
after supplemant ation with KMy (Figure 4, column C). This indi-
cated thatrespiration is essentialfor tha matabolically induced in-
creasa of ATP lewls dunng aary resuscitation. Interestingly,
traatmant with DBMIB, which blocks tha aelactron transport chain
at tha Cyt bef, did nat inhibit the nitrogan-depandant componant
of tha ATP incraasa (Figura 4, column D), suggesting that rmspira-
tion takes placa on tha plasma mambrana, becausa cytochroma
b.f is a specific component of the thylakoid membranas '®

Sodium requirement depends on the cellular growth
stage

Hitharto, it remained unclear whethar calls angage sodium
bicenargetics axclusivaly durng nitrogan-chlorosis o whathar
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sodium-depandant ATP synthesis is a part of Synachocysiis
matabolism in ganaral. To answar this quastion, vagatative calls
wana treatad with moneansin and EIPA. The ATP contant of vege-
tative cells was not affacted aftar trestment with monensin for
30 min {Figure 54), although EIPA slightly reduced it by 25%
{Figure 5B). Howavar, traatmant with EIPA also complataly in-
hibited PSll activity (Figure 53, suggesting that tha lower ATP
lewals might be a consequance of inhibition of photosynthesis
rathar than a direct affect on sodium-depandant ATP synthasis.
This indicatas that, although sodium bicanargetics plays a kay
rode during nitrogan starvation, vegatativa calls do not raly on
sodium-depandant ATP synthesiz

To further elucidata the role of sodium on the metabolism of
Synechocystis, vegatative and nitrogan-starved calls wara culti-
vated in sodium-free madium. Undar atmospharnc gas condi-
tions in shaking flasks, wegsatative calls could not grow in the
absance of sodium. Howsawar, growth in sodium-free medium
could be restorad whan calls ware supplemantad with 2% CCe
{Figure 5C). This is dua to the mguremant of sodium for
bicarbonate uptake through the SbtA and BicA trangportars. %17
Thus, sodium-dapendent bicarbonate transport i= essential
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Figure 3 Chiorotic cells maintain a mem-
brane potential, and the amount ol AT P pro-
duced by the ATP symthases is pro portional
o the increase in the extracellul ar concen-
tration of sdodum

) Momeogpic poiures of dead, chiaroBc, and
vegalative colls staned with DIBACAE), wiech
panatales depaladired calls, showing enfanced
uorascance in the oloplasm.

(B and C) ATP content normalisd o 1 x 107 calls
ol {5 WT chiorolic cels befom and 30 min afler
addiion of 17 mbd and 50 rmbd Mall and &) WT
chioratic cels reated with 200 ubM DOCD bafoms
and 20 min afler addifion of 17 md NaCl Calls
wara tranted far 5 min bafom the first measum-
mart {0 min). A laast fima biclogicel mplicaies
wara measured; ador bars repesant tha S0 as-
sk mpmsani hhe slalisboal Sgnificance.

Owerlay

for growth wundar atmosphenc CO.
aipply, but calls do not reguire sodium
with slavated OGO concantrations.
Convarsaly, nitrogen-starved  calls
showad a decrasing optical dansity
whan cultivatad in sodium-frea madium,
avan whan they were supplamantad
with 2% CQ. (Figumm 5D}, indicating
= a requiramant for sodium bayond tha
nead for inorganic carbon tansport.

In the presanca of sodium, during tha
first 24 h of chlorosis, cells synthesiza
large amounts of glycogan. In sodium-
free medium and under atmospharic gas
conditions, calls accumulate only ~&0%
of tha amount of ghycogan after 2 days
of nitrogan starvation as compared to
tha standard medium, and upon furthar
incubation, ghycogan lewls decreasad
{Figura 5E). Whan calls wara nitrogan starved undar standard
condtions for 24 h, until thay machad the maximum glycogan
contant and wara than transfared to sodium-frea madium, tha
glycogen concentration progressivaly decreased after sodium
ramoaval (Figura 5E). This suggests that the absance of sodium
triggers glycogen catabolism. Whan resuscitation of chlorotic
calls in sodum<ree medium was initiated by the addtion
of KMO3 (conditions in which only a low ATP increasze was
obsarved), thayshowed highear respiration rates than calls resus-
citating undear standard conditions {Figure 5F). Howewvar, thasa
calls nevar re-graanad and avantually lost viability, as shown
by the complsta loss of photosynthatic activity (Figure 51).

20

O zo0pM DCCO

ATFP level are rapidly funed depending on the metabolic
requirements

So far, tha analysis of sodium reguiremant in vegatativwe and
chlomotic cells showad that vegetative cellsrequira sodium for bi-
carbonate transport, wharaas chlorotic calls require sodium for
ATP synthesis. Whan calls ara nitrogan starvad, they am initially
photosynthetically compstant. To alucidate how ATP lewals ara
affected after transfaming vegetative cells to nitrogan-daprived
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Figure 4. The nitrogen-dependent companent of the ATP increase
requires respiration of glycogen

ATP content normalized to1 x 107 cels of chiorolic cellsin BGy o fblack), alier
supplamentation with 17 m NaCl jdak gray), and after additional supple-
mentation with 17 mM KNOy Jight gray). Column 12 WT chibrotic cells are
o, Cobuminll: AqplgP 172 chilomtic cals are showa. Column H: WT dhiorobe
cells realed with 1 mM KON celk are shown Cdumn V. WT chiorolic cells
realed with 200 uM DEMIB am shown Al least thee biclogical replicaies
ware maasured, e bars mpresan he S0 asterisks reprasent (he stalistical
significance.

conditions at diffarent sodium concantrations, we analyzed the
ATP content of vegetative calls after they wara transfemead aither
into regular BG, 4 o (5.5mM sodium) o into BG4 o supplemantad
with 17 mM MaCl (225 mM). After 30 min shifting to nitrogen-
deficient medium, the ATP levals dropped to approximataly
173 of the initial value, regardless o the sodium concentration.
Subsequantly, the ATP content was maintained at this low
level during long-term chlorosis (Figure 64). To ensurne that the
decrease in ATP levels was caused by lowared enengy chame
and not by reduced levels of adenine nuclectides, we dater-
minad tha ATR/ADP ratio, which droppad in a similar manner
than ATP levels decreased (Figure GB). This indicates a reduced
energy charge rather than a decrease of nitrogan-containing
compounds after nitrogen removal and implies that cells adjust
ATP levals as a response to the metabolic imbalance caused
by nitregen daplation.

DISCUSSION

Synechocystis angages sodium bioe nergetics during
nitrogen starvation

During nitrogan-chiorosis, Synachocystis re-aranges its meta-
bolism to reach a domant state that allows call survival for a
prolonged time. This metabolic adaptation includes reduction
of energy consumption and production. Thus, chiorotic calls
keap ATP at the minimum level to ensure survival (~50-100
pmal/10® cells).” When a nitregen source is added to chiorotic
calls, the ATP demand dramatically increases due to the ammo-
nium-assimilating GS reaction, which consumes cne ATP per re-
action, and all the following anabolic processes that are induced
at the onset of resuscitation.™” Based on measurements of the
glutamine levals on vagetative and chiorotic calls, '-'¥ tha gluta-
mina content can easily increase arcund 10 mM upon addition of
MaMO; to domart calls, which implies that ap proximately 107
molecules of glutamine per cell considadng a cell volume of
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2 prn®) have to be syrthesized by the GS-GOGAT cyde, requiring
107 molecules of ATP. Calls respond accordingly and increase
ATP levals by about ~100% to power the anabolic reactions.

Most of the callular ATP is produced by the ATP synthases
from ADP and incrganic phosphate. In cyancbactena, this
reaction typically requires an electrochamical proton gradient
across the thylakoid membrane, which is generated by photo-
synthetic or respiratory electron transport. ™ However, chioratic
calls could still increase ATP levels within several minutes, evan
when the two main bicenengetic processes that genemate a
proton gradient wera inhibited. We could idertify the nature of
this increase in the ATP content and dissect it into two compo-
nants: one that is purely sodium dependent and a second one
that was triggered by armmonium assimilation and supported
by glycogen-dependent respiration.

Because chlomtic calls have largely degraded their thylakoids,
the space for thylakoidal ATP synthases and proton storage is
vary lirmited ® Previous stodies have reportad the presence of
ATP synthases in the plasma membrane of Synechocystis,”
which suggests that calls could use an extracellular elactro-
chemical gradiart to power ATP synthesis, Athough cyancbac-
teria prefarably grow under alkaline conditions, where protons
ara not abundant, PAMF is not the only IMF that can be coupled
to ATP synthesis. The fact that Synechocystis uses an SMF
for other bienargetic processes (.., bicarbonate uptake)'™
suggested that an electmehamical sodium gradient might be
irvalvaed in ATP synthesis in chiorotic calls.

The first component of the rise in intraceliular ATP that was
triggared by addition of NaNOs to chlorotic cells can be ex-
plained by an increasa in the SMF. This first componant was pra-
vanted by treatment with DOCD, suggesting that the ATP syn-
thases in the plasma membrane of Synechocysis can use an
alectrochamical sodium gradient to power ATP synthasis. The
ATP synthase is formed by a membrane complax (Fa), which
transports the lons across the membrana, and a cytoplasmic
comphax (F), where ATP is synthesized. lon spacificity is dater-
mined in the ¢c-fing in complax Fq. In Synachocystis, them is just
one gane that encodes for the ¢ subunit that forms the c-ring
{AtpH). Wheather the c-ing binds protons or sodium ions de-
pends on slight vadations in the amino acid saquence amund
the ion-binding site. Both protons and sodium ions bind a gluta-
mate residue, but sodium-ATPases have polar groups around
this giutamate residus, whemsas proton-ATPases hawe hydro-
phobic groups. '™ The balance batween hydrophobic and polar
groups makes the c-rings mone or less selactive toward one ion
or tha other. Proton-ATPasas must have high probon selectivity,
becauss usually the concentration of scdium is much higher than
the concartration of protons in physiclogical conditions. Somaea
organisms, like Methanosarcina acetivorans, possess proton-
specific c-Angs that can bind sodium physiclogically bacause
their proton specificity is not strong encugh to overcome the
excess of sodium.”'" Figure TA shows an alignment of the
sequence of Synechocysiis’ AtpH with those from lyobacier
tartaricus, M. acetivorans, and Arthrospia platensis, with weak,
medium, and strong proton selectivity, respactively, as well as
the AtpH from Synechococcus elongatis PCC 7942, a frash-
water cyanobactedal strain, and the 2 AtpH homologs from
Synachococous sp. PCC 7002, a marnine cyanobactarial strain.
Thera are 5 key amino acids arcund the main ion-binding residus
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Figure 5. Sodium is required for bic arbonate
uptake, but not for ATP synthesis, durdng

vegeta tive growth

s (A ATP content normaiized 1o 1 = 10% cells of
vapatlive cals traated with 200 pM monensin jor
30 min.

{B) ATP contend nonmalized 8 1 x 10° calls of
vagemtive calls raated with 100 uM EIPA for 30min
|=ee flso Fgure 53)
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{0 Optical density al 720 nm of chiomolic cells in
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Lainng 5.5 mM sodium (bick bars, standas] con-
ditions), sedum-Fes medum gray bars), and cells
thatl wes culfvatsd in standas conditins, ie.,

Time [days)

5.5 mM sodium, for 24 h and then translered to
& i free medium {blue bars).

{F) Oeygen evalulion of resuscilating WT cells in
madium contaning 22.5 mM sodium (bick bars,
standad condibons] and sodum-kes madum
(omy bBars), Al kst three Didegical rapicaies weare
measured, aror bars represent the SD; asiershs
regresent the sBlistical sgnlicance.

See fist Rgure 51.
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imarkead in rad) that favor sodium binding: 3 sodium-binding res-
idues (in orangs) and 2 residues that bind a stabilizing water
molaculs (in grean). [ fardancus possasses all 5 residues (Fig-
ure 7B), athough M. acefvorans lacks the residues that bind
the stabilizing water moleculs, which gives the c-ring a higher
proton salactivity than the one of 1. tarfaricus. A platensis has hy-
drophobic amino acids sumounding the gutamate residue,
which confars the ¢c-ring high proton selactivity, Synechocystis,
like M. acetivarans, also contains the polar residues thatineract
with the sodium on, but not the residoes that interact with thea
stabilizing water moleculs, presenting medium proton selec-
tivity. A& moderate proton specificity parmits the ATP synthases
in the thylakoid mambranes to bind protons, because the con-
cantration of protons in the thylakoid lumen is high. However,
thosa ATP synthases located in the plasma membrane of
domant calls that live in an alkaline anvircnment are more likely
to bind sodium. This enzyme promiscuity allows domant cells to
adapt and survive to an arvironment whena the classical ways to
obtain enangy ane limited. |nterestingly, in contrast to Synecho-
cystis, which is a brackish water micro-organism and is adapted
to high salt concentrations, the fresh-water cyanobactenum
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Time of resuscitation (h)
Bl 225 mM Ma+

ring cyanobacterum Synechococous sp.
PCC 7002 possassas two A pH homologs,
one with high and one with low proton
salectivity. This observation suggests
that the switch to sodiom bicenangetics
undar nutrient starvation is likely to be a survival stategy
developad only by micro-organisms adapted to high salt
concantrations.

The sacond component of the ATP increase was pravented
by treatment with MSX, a specific G5 inhibitor, and was ab-
sant in a mutant unable to degrade glycogen and when respi-
ration was inhibited by KCHMN. This suggests that initiation
of nitrogen assimilation triggers gycogen catabolism, which
contributes to ATP synthesis by supporting respiration. How-
evar, inhibition of Gyt byl wing DEBMIB did not prevent the ni-
trogen-dapendent componeant of the ATP increasa. Bacause
Cyt bgf is only presant in the thylakoid membranes, thesa re-
sults suggested that respiration occurs in the plasma mem-
brane during sarly resuscitation. Previous studies suggested
a simpler glectron transport chain for the plasma mambrane
in which alectrons are tansferad from NADIPIH dehydroge-
nases type Il (MDH I to the plastoquinone pool (PQ) and
further to an altemative respiratory terminal oxidase (BRTO),
without invelving Gyt bgl™ Pils and Schmetterer” could
show that ARTO is energatically active and can enargize the
plasma membrane in Synechocystis. We propose that the

4 8 2 4
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A B Figure 6. The ATP concentration i rapidly
4004 0.7 reduced after nitrogen step-down even in
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protons transported from the cytoplasm to the periplasmic
spaca by ARTO could be directly used by closaly located so-
dium/protons antiportars to extrude =odium ions from the
cytoplasm, immediataly comvarting PMF into SMF, which can
be usad for ATP synthasis (Figura 7C). Whan a proton is trans-
lacated across tha mambrana, its diffusion to the aguaous so-
lution is retarded, because the mambrana surfaca is separated
from the bulk agqueaous phase by an alectrostatic barner, and
proton diffusion betwsan neighboring enzymas accurs in milli-
seconds”® Close cooperation of ARTO and sodium/proton
antfiporters could avoid protons dissipating into the agusous
solution and would axplain the insansitivity of chlorotic calls
toward CCCP. In fact, not only did OCCP not pravant a risa
in ATP lewvals in chlorotic calls, but it led to a higher ATP in-
craasa than in untreated calls instead. Treatmeant with COCP
dizsipates the proton gradient and allows highear respimtion
rates, because the proton pumps do not have to work against
a gladiﬂﬂ,‘-':" which can laad to an incraased sodium-dapan-
dant ATP synthasis. In support to this modal, MOH Il and so-
dium/proton antiporters are upregulated in chlorotic cells.”
Interastingly, MdbA {slrlB851), ona of the three NDH 1l isoan-
Zymes in Synechocystis, is the thid most upregulated protein
in chlorotic calls. Moreovar, this modal is in accordance with
tha extrame sensitivity of chlorotic calls toward the inhibitor
of sodiumdproton antiport, EIPA. Thase mauilts show that bio-
anargeatics of chlorotic calls is largely based on sodium, which
agllows domant cells to keep the minimum intracellular ATP
concantration to maintain call viability during matabalic quies-
cance, ewan in an alkaline amironmant.

Energy homeo stasis in Sypechocystis

In contrast to chlomotic cells, wagetative calls do not rely on so-
dium-dapandant ATP synthesis but require sodium primarily
for sodum-dependant bicarbonate uptake. During wegetative
growth, tha major ATP synthesis machinary is located in the
thylakoid mambranas, whera photosynthetic and respiatory
complaxes generate a PMF to powar ATP synthesis.™ Upon ni-
trogan starvation, nitrogen assimilation and most anabolic pro-
cessasam hatted and ATP leveals would be expected toincraasa,
becaussa at this point, the ATP synthasis machinary is still intact
and the most enargy consuming reactions in the call stop
taking placa. Howewvear, whan calls wara transfarad to nitro-
gen-frea madium, ATP levals mpidly decreased, inde pandanthy
of the concantration of sodium in the medium, sugge=ting tha

axistanca of a powarful yat unaxplorad regulatory mechanism
of tuning ATP lavels.

Raduced ATP lkevals hava pravioudy been reported in bactenal
calls during matabolic dormancy. In Mycobactenum fubsancu-
lasiz, tha ATP contant in nutdant-starved calls is maintainad at
a constart level that is 5-fold lowar than in growing cells® How-
avar, whathar the decraasad ATP contant is a consequance of a
reduced meatabalic activity during bactarial dormancy or whathar
low ATP lavals are raquired to reach this metabolic stata has not
beenalucidated. In Synechaocysfis, mutants unabile to synthesiza
glycogean (Aglgd 1/2 and AglgC) presant highar ATP lavals than
the WT and fail to parform a propar acclimation response to ni-
trogen starvation, which laads to death™ ™ Howaver, this
phanotype is albwviated whan synthasis of glucosylglyocanol,
which is produced from ADP-glucosa undar conditions of high
salt stre=s, iz induced in the AglgAl/2 mutant, showing tha
importance of an anargy dissipation pathway for acclimation to
nitrogan starvation.™ Thesa findings, toget har with our obsarva-
tion that ATP levels rapidly drop after nitrogan stap-down, even
in tha prasancea of high sodium, strongly support tha idaa that a
dacraased ATP content is important for adaptation of tha meta-
bolizm to nitrogen starvation. Reduction of tha ATP levals may
play a role in re-dimcting the metabolism into domancy,
bacausa soma callular processas that am important for this tran-
sition, such astha formation of protain aggregates, are promoted
by decrassad cellular ATP concentrations.™ Alsa, ATP has
beean shown to act as a biological hydrotrope that influences
the fluidity of the cytoplasm.®' Adaptation of the cytoplasm
from a fluid to a glass-like state has important implications on
molacular diffusion insida tha cealls and plays a ralevant rolain
bacterial adaptation to durn.arn:.j.r.x' Low ATP lavals might be a
nacessary factor for the transition of the cytoplasm into a
glass-like state after prolonged exposure to nitrogan-deplated
conditions.

Wa obsarved that glycogen degradation iz induced in tha
ab=ance of sodium in chlomotic calls, probably in an attampt
to maintain the ATP content to a minimum. Similarly, during
resuscitation in sodium-free medium, csalls respired mara fi.e.,
dagraded mora glycogen) than in presence of high sodium,
maost likely to companszate for the lack of sodium-depandant
ATP zynthasis. These findings support tha previously proposed
idaa that glycogen meatabolism is controlled by the intracaliular
anargy charge and plays an important rala in enargy homeosta-
sis. Mevarthaless, the exact molecular maechanism that allows
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Figure 7. Proposed mechanism of sodium-dependent ATP synthesis in Synechocystis
A) Asgnment of fie secuence of he ion-bindng sie of AbH Fom Artivaspiva platersis, Snechooysts, Mathanosaraine acetvarans, Nyobacter txtaricus,
Snechococcus elongatus, and Snechococcus sp. POC 7002 (ApH | and AlpH ). Restdues nvolved in N ™ coordinaBon are indcated in colbrs.

(B) Na™ coardimafion in the oring from L Satavicus.
(C) Praposed machansm for mamtaining a Na™ gradent.

enargy dissipation upon nitrogen removal needs yet to be
elucidated.”®

This study sheds light on the regulation of the enargy meta-
bolism during bacterial dormancy, which plays a crucial role in
the survival and spread of bacteral populations. It remains to
be seen how common the phenomenon of engaging sodium
bioenergetics to adjust ATP levels to the specific metabolic re-
quirements of each phase of the life cycle is among bacterial
species that undergo similar developmental transitions than
Synechocystis.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

The cyanobactenal strainsusedin this study ara listad in tha K.ey resourc est abl. All strainsware grown inBG 44 supplemantad with 5 mM
MaHCO, for vegetative growth, as described previoush™, Tha concantration of sodium in standard BG;, medium is 22.5 mM. Nitrogean
starvation was induced as previously described by a 2-stap wash with BG4, medium supplemantad with 5 mM MaHCOs,, which con-
tains all BG4 componants exceptfor MaMO," = The concantration of sodium in standard BG; 4., medium is5.5 mM. Resuscitation was
induced by additionaf 17 mb MahO s to calls residing in BG14.0 {standard conditions). Whan indicated, 17 mM NaMOswassubstituted by
17 mh MO or 5 mM MHClin rec ovary expanmeants, with or with out supplamantation with 17mM NaCl, as specifiad Whan stated, calls
wara transfamed to sodium-frea (BG; s, o BG;4_gpe) medium, whars all sodium salts wera replaced by potassium salts. Whan spec-
ifiad, calls ware treatad with the inhibitors DSMU {20 pM), DBMIB (100 pM), Antimycin A(25 pM), CCCP (100 ph), DMP (100 pM), MSX
{200 M), monensin (200 pM), EIPA {100 ghM) and DECD 200 ) for 5 min befora the expanimantwas sarted unle= otherwisaindicated.
Cultivation was parfomad with con tinuous llumination {50 to60 pmal photonsm—2 5—1) and shaking (130 to 140 rpmj at 27°C. AgigF7/2
pra-cultures wara cul fivated with the appropriate concantration of antibiotics’. Biological replicateswana inoculat ed with tha sama pre-
cutturas, but propagated, nitrogan-starved and reauscitated indapandanthy in differant flasks undear identical conditions.

METHOD DETAILS

Grow th curves

Growth curves ware ganamated using a Multi-cultivator OD-1000 with a Gas Mixing Systam GMS 150 (Photosystems Instrumants,
Drasov, Czech Republic). Vegatative cells wara grown in BG4 or BG4y, madium with and without supplemeantation with 2%
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C0e. Mitrogan starvation was induced as described abowa, followed by cultivation in BG14 .0 of BG14.0-0e madium supplamantad with
2% GOy, The OD was monitored at 720 nm. Threa biclogical replicates per condition ware maasurad.

ATP determination

1 mL aliquats of bactarial cul tures wara taken and immediataly frazan in liguid nitrogan. ATP was axtracted by boiling and freezing sam-
plas 3 times consacuthely [boiling at 100°C, freeangin liguid nitrogan) and spinning tham down at 25,000 g for 1 minat 4°C. ATP intha
supematant was quantified with the “ATP determination kit" {Molacular Probes (A22066), Oregon, USA) following the manufacturar's
protocol. 50 W of a reaction mix containing reaction buffer, lucifarin, and firefly lucifera=ze wars mixed with 10 @ of the samples and
the luminescanca wasquantified ina luminometar {Sin us Luminometer, Barthold Detac tion Systams). AnATP standand curva was ganar-
ated and used tocalculate ATP contant in tha collected =amples. For evary condition, at least threa biological replicate s wara maasurad.

ADP determination

1 mL aliquots of bactarial cultures wars takan and immediataly frazen in liguid nitrogan. ATP was extractad by bailing and freazing
samplas 3 timeas consacutivaly (boiling at 100°C, freazingin liquid nitrogan) and spinning tham down at 25,000 g for 1minat 4°C. ATP
in the suparnatant was quantified with the "ADP Assay Kit" (MAK133, Sgma-Aldnch, Missour, USA) folowing the manufacturar's
pratocol. 90 pl of a maction mix containing reaction buffar, lucifarin, and firefly lucifarase wara mixed with 10 pl of the samples
and the luminescanca was quantified in a luminomeatar to detarmina the RLU . Subsequantly, “"ADP anzyma” was added to tha
samplas and tha luminescance was maasured again after a 2-min incubation to datarmine tha ALUspe. An ADP standard curva
was ganaratad. The luminescanca comasponding to ADP was calculated (RLU soe-RLU arel and tha ADP content in tha samplas
was daetarmined using the standard curve. For every condtion, at least three bidlogical raplic ates were measurad.

Membrane potential determination

Tha dye Bis41,3-Dibutylbarbituric Acid)-trimathine axonal {DiIBAC4 3)) was purchased from AAT Bioguest (Hamburg, Gamany; cat.
na. 21411). Vagetative, chloratic and dead cells {killed by boiling at 98°C for 20 min) wera stained with 10 pM DiBACH3) dissohed
in DMS0) for 30 min in the dark. 10 pl of stained calls were dropped on an agamse-coated microscopy slida. A Leica DMS500 B
(Watdar, Gammany] with an 100x /1.3 oil objective was used to image cells. A yellow fluorescent protain [YFP) filter (eecitation:
480-510 nm; amizssion 520-550 nm) was used to detact DIBACA23).

Gly cogen determination

Glycogen contant was detarmined as describad by Grilndal et al”” with modifications established by Klatz at a.®. 2 mL-samples
wara collected, span down, and washad with distilled watar. Calls wara lysed by incubsation in 30% KOH at95°C for 2h. Glycogan
was pracipitated byaddition of cold ethanal to a final concantration of 70% followed by an ovemight incubation at —20°C. Tha pracip-
itatad glycogen was pallated by cantrifugation at 15000 g for 10 min and washad with 70% athanol and 98% absdute athand,
consacutively. The precipitated glycogen was drad and digested with 35 U of amyloglucosidase (10115, Sigma-Aldnch) in 1 mL
aof 100 sodium acetate pH 4.5 for 2 h. 200 4 of the samples ware miked with 1 mL of §% O-toluidine in acatic acid and incubated
at 100°C for 10 min. Absorbanca was than raad at §35 nm. A glucosa calibration curve wasusad todatermine the amount of ghycogan
in tha samplas. For evary condition, at least three biological replicates ware measurad.

Oxygen evolufion measurement

Croygen evolution was measurad in vivo using a Clark-type cxygen alectrode W1 (Hansatech, King's Lynn, Morfolk, LK), Light was
provided from a high<ntansity white light sourca LS2 (Hanzsatech). Oxygen evolution of 2 mL recowerning cultures at an ODywsq of 0.5
was maasured at room temperature and 50 pmal photons m— s, Threa biological replicates per condition ware maasured.

Pulse amplification measurem ent (PAM)

PSll activity was analyzed in vivo with a WATER-PAM chiorophyll fluoromater (Walz GmbH, Effeltrich, Gamanny). All samples wara
dark-adapted for 5 min before measuremant. The maximal PS5l guantum yiald (FoFe) was detarmined with the saturation pulsa
method®®, Gultures wara diluted 1:20 before the measuramants in a final volume of 2 mL. Threa biological and threa technical rap-
licates warm maasurad {three measurameants of aach biological raplicats).

CQUANTIFICATION AND STATISTIC AL ANALY SIS

Statistical details for each expaimant can ba found in the figure legands. Forall exparimants, 3 biclogical raplicates wara analyzed.
Samples taken from culturas that wara inoculated with the samea pre-cultures, but propagated, nitrogan-starved and re=uscitated
indapandantly in differant flasks under idantical conditions wam considared diffarant biological replicates. Evary measured data
point, as well as the mean and S0 of the 3 raplicates are shown in tha graphs. GaphPad PRISM was used to parform pairad Stu-
dant's t tests to detarmine the statistical significance. Asterisks in the figures ware used to symbelize the p value: One astarisk rep-
resants p = 0.05, two asterisks p £ 0.01, three astarisks p < 0,001, and four astarisks p < 0.0001.
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Figure S1. Residual photosynthetic activity is still present during the first hour of
resuscitation and it is lost in the absence of sodium. Related to Figures 1 and 5.

Photosystem II quantum yield determuned by pulse-amplitude-modulation (PAM) fluorometry

of WT cells during recovery from chlorosis in the presence and absence of sodium. AF yield

represents the maximal PSTI quantum yield (Fw/Fm). 3 biological and 3 technical replicates were
measured.

Figure S2. Treatment with ionophores and inhibitors of F-ATPases activity and
photosynthetic and respiratory electron transport prevents efficient resuscitation from
nitrogen starvation Related to Figures 1 and 2. Effect of 100 uM CCCP. 200 uM monensin.
100 yM DBMIB. 100 pM 20 pM DCMU, 100 pM DNP, 25 uM Antimycin A, 200 uyM DCCD
and 100 uM EIPA on resuscitation from nitrogen starvation Chlorotic cells were treated with
the inhibitor for 5 min and were then supplemented with 17 mM NaNOj. Picture was taken 2
days after NaNO3 addition.
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Figure S3. Inhibition of sodium transport blocks photosynthetic activity in vegetative
cells. Related to Figure 5. Photosystem II quantum yield determined by pulse-amplitude-
modulation (PAM) fluorometry of WT vegetative cells treated with 100 uM EIPA. AF wield
represents the maximal PSII quantum yield (Fw/Fm). 3 biological and 3 technical replicates were
measured.

61



Publication 2 (Accepted)

Research Article

Selim, K, Haffner, M, Burkhardt, M, Mantovani, O, Neumann, N, Albrecht, R,
Seifert, R, Kruger, L, Stulke, J, Hartmann, M, Hagemann, M, Forchhammer, K
(2021). Diurnal metabolic control in cyanobacteria requires perception of second
messenger signaling molecule c-di-AMP by the carbon control protein SbtB. Sci.
Adv. 7, eabk0568

62



SCIENCE ADVANCES | RESEARCH ARTICLE

SIGNAL TRANSDUCTION

Diurnal metabolic control in cyanobacteria requires
perception of second messenger signaling molecule
c-di-AMP by the carbon control protein SbtB

Khaled A. Selim'2*t, Michael Haffner't, Markus Burkhardt', Oliver Mantovani®,
Niels Neumann', Reinhard Albrecht?, Roland Seifert®, Larissa Hrl'.iger&. Jorg Stiilke”,
Marcus D. Hartmann?, Martin Hagemann?, Karl Forchhammer'*

Copyright & 2021
The Authors, some

rights resenved;
exclusive llcenses
American Association
for the Advancament
of Sclance. Mo clalm to
ooiginal LS. Govamment
Wiorks. Distributed
under 3 Creative
Commans Attribution
NonCommencial
Lioense 4.0 [(0C BY-RCL.

Bacause of thelr photosynthasis-dependent lifestyle, cyanobacteria evolved sophisticated regulatory mechanisms
to adapt to osclllating day-night metabolic changes. How they coordinate the matabolic switch between autotrophic
and glycogen-catabollc metabolism In light and darknass s poorly understood. Recently, c-di-AMP has bean
Implicated In diurnal regulation, but its mode of action remains elusive. To unravel the signaling functions of c-di-AMP
In cyanobactera, we Isolated c-dI-AMP receptor protains. Thereby, the carbon-sensor proteln SbtB was identifled
as a major c-di-AMP recaptor, which we conflrmed blochemically and by x-ray crystallography. In search for the
c-di-AMP signaling function of SbtB, we found that both SbtB and c-di-AMP cyclase—deficient mutants showed
reduced diurnal growth and that c-di-AMP-bound SbtB interacts spacifically with the glycogen-branching enzyme
GlgB. Accordingly, both mutants displayed Impalred glycogen synthesis during the day and impalrad nighttime
survival. Thus, the pivotal rola of c-dI-AMP In day-night acclimation can be attributed to SbtB-mediated regula-

tion of glycogen meatabolism.

INTRODUCTION

Aerobic life on Earth evolved about 2.7 to 3.2 billion years ago with
the evolution of oxygenic photosynthesis by cyanobacteria. Because
photosynthesiz uses energy provided by sunlight. cyanobacteria
have evolved intricate circadian timing machinery to fine-tune
photosynthesis and other metabolic activity to successive day- mght
cycles of different length (). The recent discovery of a true circa-
dian clock in the nonphotozsynthetic bacterium Bacillus subtilis
sugpests that circadian rhythms may be widespread among other
prokaryotes as well (2). All eukaryotic organizsms independently
evolved a circadian dock to acclimate to different diurnal cycles.
In humans, the disruption of circadian timing correlates with
diverse health problems including cancer and cardiovascular
diseases {3).

Photoautotrophic organisms are constantly exposed to alternating
day-night light regimes, which requires a permanent metabolic
switch between autotrophic CO,; fixation via Calvin-Benson cycle
during the day and heterotrophic-like carbon catabolism during the
night. During the day, newly fixed C0; is used for anabolic reac-
tions, producing the building blocks for cell growth, and. in addi-
tion, for building up organic carbon reserves such as glycogen in
cyanobacteria or starch in plants. During the night, glycogen is
metabolized mainly using the oxidative pentose-phozphate (OFF)
pathway, to provide reduction equivalents for energy conserving
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respiration (4, 5). The constant switch between autotrophic and
heterotrophic metabolism is operated by a zophisticated network
of regulatory processes, which we only begin to understand. It
involves sensing of the redox, energy, carbon, and nitrogen status as
well as a specific timing machinery, the circadian clock (I, 3, 6).
Although it is clear that the diurnal rhythm affects central carbon
metabolism, mainly of glycogen anabolism and catabolism (3, 7, 8).
our understanding of the signaling cascades regulating central
carbon and nitrogen metabolisms under diurnal growth is still very
preliminary.

Recent investigations pointed toward additional regulatory
circuits, whose connection to the circadian clock is unclear. For
instance, these reports revealed a noncanonical role of the second
messengers cyclic di-adenosine monophosphate [3°5'-c-di-adenosine
5"-monophosphate; hereafter c-di-AMP] and of the alarmone guano-
sine penta- and tetraphosphate ppGpp(p) in the diurnal photo-
synthetic lifestyle of cyanobacteria (9-11). Since its discovery in
2008, the second messenger c-di- AMP came into focus of research,
owing to its essentiality in many organisms (12-14). This cyclic
nucleotide has been implicated in regulating several biological
processes, mainly related to cell wall and osmotic homeostasis in
Firmicutes and, to a lesser extent, in Actinobacteria. In these hetero-
trophic bacteria, the main c-di-AMFP targets are ion and osmolyte
transporters, including those of K*, Na®, and Mgh ionz, glycine
betaine, and amino acids (12-14). Binding of c-di-AMP has also
been demonstrated for a protein of the P11 superfamily, termed
Dard in B. subtilis (15) or PstA in Staphylococcus aureus (16);
however, the physiological role of those signaling proteins remains
unclear. In cyanobacteria, c-di-AMP has been recently described to
be required for nocturnal dormancy of Synechococcus elongatus,
because mutants of the c-di- AMP cyclase were impaired in nighttime
survival. However, the molecular mechanism underlying the func-
tion of c-di- AMP in nocturnal dormancy hazs remained unrezolved
(11). In addition, the analysis of Symechocystiz sp. mutants in which
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the c-di- AMP concentration was elevated or reduced implied a role
for c-di-AMP in acclimation to abiotic stress and osmotic homeo-
stasiz (17). These findings agreed with the prediction of c-di-
AMP-dependent riboswitches upstream of genes involved in ion
homeostasis and osmolyte transport (18). Furthermore, expression
of the sl0505 gene, encoding the Synechocystis di-adenylate cyclase,
showed a strong correlation with the acclimation to long-term
nitrogen starvation. Upon resuscitating the chlorotic Symechocysits
cells from nitrogen starvation, slH0S05 belonged to the strongest early
up-regulated genes, implying a role of c-di-AMP in the awakening
from dormancy (1%). Although several c-di- AMP receptor proteins
were identified in heterotrophic bacteria (12, [4), the c-di-AMP
targets and its signaling role in cyanobacteria remain elusive.

Another second messenger nucleotide that returned into the
focus of interest is cyclic AMP (3°.5"-cAMP; hereafter cAMP), as it
was revealed as effector molecule for the PII-like signaling protein
SbtB. We identified 5btB as a unique component of the cyancbacterial
carbon-concentrating mechanism (CCM), required for efficient
acclimation to varying inorganic carbon (i) regimes (20). HCOs (C0O;
metabolism is also strictly regulated by the diurnal metabolic status
of the cells, with active C; accumulation during the autotrophic
day mode and arrest of HCD: transport during nocturnal dor-
mancy (21). Recently, it has been shown that the dinrnal switch
of C; transport activity is regulated via phytochromes involving
5btB (21). The sbtB pene is located in an operon with the gene for
the sodium-dependent bicarbonate transporter SbtA. A similar genetic
arrangement is frequently found in proteins of the P11 family, which
cluster with the transport proteins they regulate. Accordingly, SbtB
was proven as a regulator of SbtA transport activity (20, 22, 23).
Similar to canonical PII proteins (24, 25), SbtB perceives energy
signals by binding adenosine 5'-triphosphate (5°-ATP) or adenosine
5"-diphosphate (5'-ADP), but unlike canonical PII proteins, ShtB
also senses 5'-AMP and preferentially binds the second messenger
cAMP (20). The cAMP concentration was correlated with the CO,
supply of the cells, implying an evolutionary conserved role of the
second messenger cAMP as an indicator of the cellular carbon
status via SbtB signaling (20, 26). Furthermore, structural analysis
of 5btB revealed a putative redox-sensitive motif at the C terminus
(200, suggesting that SbtB may play a role in controlling HCO;™
transport in response to light/dark-mediated redox stimuli.

The binding of a broad range of adenine nucleotides supgested
that 5btB may also bind c-di-AMP. Because our preliminary data
confirmed this assumption, we set out to verify the phyziological
relevance of c-di-AMP binding to 5btB in the cyanobacterial model
organism Synechocystis sp. POC 6803 (hereafter Symechocystis). The
c-di-AMP pull-down experiment to fizh in vivo c-di-AMP recep-
tors notably retrieved 5btB as the most enriched protein. The
SbtB-c-di-AMP complex could pull down another target of central
carbon metabolism, the glyoogen-branching enmyme GlgB. C-di-AMP
signaling via SbtB turned out to be pivotal for the diumnal lifestyle of
Symechocystiz through regulation of glycogen metabolism via GlgB.

RESULTS

SbtB is the major c-di-AMP receptor protein in Synechocystis
The 5btB signaling proteins are highly conserved in cyanobacteria
and act as Ci-sensing module using energy and carbon signal inputs
through binding of the adenine nudeotides ATP, ADP, and AMP as
well as cAMP (20, 23, 27). This unigue ability of SbtB to bind a wide

Salim et al, 5ci Adv. 7, eabled568 (2021) 8 December 2021

variety of adenine-bazed nucleotides made it likely that 5btB could
also bind the second messenger c-di-AMP. Using isothermal titra-
tion calorimetry (ITC), we tested the ability of recombinant 5btB
protein from Synechocystiz (ScSbtB) to bind c-di-AMP. The trimeric
Sc5btB was able to bind with high affinity to c-di-AMP (Fig. 14)
with dissociation constant { K) values (K of 2.3 pM, Kg of 122 uM,
and K4 of 35.9 pM for the first, second, and third binding site of
trimeric Sc5btB, respectively) comparable to that of cAMP but
stronger than that of ATP, ADP, and AMP {20). Moreover, the
binding enthalpy for c-di-AMP was almost equivalent or higher than
that of ATP, ADP, and AMP at a lower concentration of c-di-AMP
(fig. 51), which indicates preferential binding to c-di-AMP over
standard adenine nucleotides. To test whether binding to c-di-AMP
is a common trait among SbtB proteins in cyanobacteria, we exam-
ined the ability of the 5btB protein from the filamentous cyanobac-
terium Nostoc sp. PCC 7120 (Ns5btB) to bind c-di-AMP. Similar to
ScSbtB protein, ITC analysis revealed that Ns5biB is able to bind
c-di-AMP as well.

To reveal whether c-di-AMP binding to 5btB proteins is of physio-
logical relevance, we performed a pull-down experiment with a
crude cell extract from Symechocystis using immobilized c-di-AMP
as a bait and searched for protein preys that specifically bound to
c-di-AMP (Fig. 1B). The 5¢5btB protein, encoded by sirl513, was
the highest enriched protein in the pull-down fraction (Fig. 1B).
confirming that 5c5btB is a real target of c-di-AMP signaling. In
addition to Sc&btB, we identified several tranzporters, among them
the major potassium transporters in Synechocystiz KirA (s[I0453),
TrkaA (=lri773), and MthK (s[(9%3). Moreover, the magnesium
transporter MgtE (slrl216), the sodium/H" antiporters NhaS2 and
Mha55 (sll0273 and slr415, respectively), and the glLLr..a.rnsltn:-]"«]a+
symporter (siri625) were identified as c-di- AMP-binding proteins.
In addition to ShtE, the identification of these potential o-di-AMP-
dependent transporters implied that c-di-AMP may play a major
role in regulating fonic and osmotic homeostasis of Synechocystis.
EtrA, TrkA, and MgtE are also well-known c-di-AMP target
proteins in Gram-positive bacteria (12, 14, 28); their successful
identification here validated our pull-down assay. None of the
c-di-AMP target proteins was identified in the negative control
experiment.

Collectively. these results established SbtB as yet another PII-like
protein interacting with c-di-AMP. Because the function of c-di-AMP
sensing by this protein family remains obscure, we focused our
investigation on the detailed characterization of the SbtBc-di-AMP
molecular interaction and its physiological consequences.

Structural basis of c-di-AMP binding to SbtB

To gain deeper insight into the structural basis of c-di-AMP binding
by Sc5btB, we aimed to obtain the crystal structure of the 5¢5btBuc-di-
AMP complex. To this end, we used crystals that we previously
obtained in different ligandation states from several cocrystallization
trials of 5c5bt B (20). These crystals contain one Sc5btR trimer in the
asymmetric unit in space group P3;, such that the three monomers
and the three ligand binding sites, which are situated between the
subunits, are involved in different crystal contacts (20). We now
used apo crystals of this form in soaking experiments with c-di-AMP,
resulting in a 2.0 A crystal structure of the ScibtBuc-di-AMP com-
plex (Fig. 1. C to F). However, only two of the binding sites turned
out to be occupied by c-di-AMP (Fig. 1C), both with clear electron
density for c-di-AMP in full occupancy (Fig. 1D). In these two sites,
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Fig. 1. Identification of SbtB as a major c-dI-AMP receptor protein in cyanobacteria. (A) ITC analysis shows that Sbt8 binds c-di-AMP in an anticooperative manner
with Kz values as indicated. Top: The raw ITC data in the form of the heat produced during the titration of 33.3 M SbtB (timeric concentration) with 0.5 mM c-di-AMP. Bottom:
The binding isotherms and the best-fit curves according to the three sequential binding site model. (B) SDS-polyacrylamide gel electrophoresis analysis of c-di-AMP
pull-down elution fraction and Westem biot detection of SbtB, using «-SbtB antibodies. Samples were analyzed with quantitative MS-based proteomics analysis. ldentified
proteins are sorted by their scores. NAD, nicotinamide adenine dinucleotide; ATPase, adenosine triphosphatase; ABC, ATP-binding cassette; NUDIX hydrolases cleave
nucleoside diphosphates finked to any ("x") moiety. {C to F) Structural and binding properties of the ScSbtB protein. (C) Overall architecture of the trimeric SbtB:c-di-AMP
compiex with nucleotide-binding pockets located in the intersubunit defts and shown in nbbon representation with different color for each monomer. (D) The electron
density of c-di-AMP is shown as an F,-F. omit map contoured at 2.5 o. (E) Superposition of ScSbtB:c-di-AMP (brown) with ScSbtB:AAMP (pink; PD8: 503R), yielding an root
mean square daviation of 0.33 A and showing that the T-Joop in the SbtB:c-di-AMP complex is partially ordered and adopts a different conformation than in the SbtB:AMP
structure. (F) Close-up of the c-di-AMP binding site with relevant residues for nucleotide binding shown as sticks, and H bonds indicated by thin lines. (£) Inset: Highlighting
the superposition of the nucleotide binding sites, with residues spedfic for ¢-di-AMP binding labeled in blue and those for AMP in oranga.

as compared to the AMP- or cAMP-bound complexes, the base of  exclude that also the folding of the T-loop or other binding-induced
the T-loop was found in a different conformation (Fig. 1E), forming  conformational changes were possibly restrained by crystal contacts
additional interactions with the ligand (Fig. IF), while the third site  during the soaking experiment, we also performed cocrystallization
remained in apo-state due to limitations of the crystal packing. To  trials with c-di-AMP. Unexpectedly, these again yiclded the same

Selim et al,, Sci Adv. 7, eabk0568 (2021) 8 December 2021 30113

65

20T 00 Anf o §0'20ns sy Sy wosy pepeo[wy|



SCIENCE ADVANCES | RESEARCH ARTICLE

crystal form resulting in a dataset of similar resolution, with the
same two sites occupied and no noticeable structural differences.

All three subunits of the Sc5btBc-di-AMP complex are essen-
tially in the same conformation as in the apo-5c¢SbtB coordinates,
and the whole 5c5btHic-di-AMP complex superimposes with a
Ca-root mean square deviation value of 0.26 A on the apo-5cSbtB
trimer [Protein Data Bank (PDE): 503P] (fig. 52). While there were
no major differences between the 5c5btBic-di-AMP complex and
apo-5cibitB, a comparison with the AMP- or cAMP-bound com-
plexes revealed several additional unigue interactions between
c-di-AMP and the base of the T-loop (Fig. 1, E and F, and fig. 52),
which caused a partial ordering and restructuring of the loop
(Fig. 1, C to F). Structural alteration of the T-loop is a characteristic
mechanism by which effector molecules modulate the interaction
of canonical PII proteins with their receptors (25, 24). The effect of
c-di-AMP binding on the T-loop conformation strengthened the
abowve results on the specificity of c-di-AMP binding to 5btB and
sugpested that c-di- AMP signaling via SbtB is functionally relevant
and affects 5btB interaction with diverse interaction partners.

Physiological role of SbtB as a c-di-AMP receptor protein
Mext, to search for a functional link between SbtB as a c-di-AMP
receptor protein and c-di-AMP signaling cascade, we aimed to com-
pare the phenotype of a shtB-deficient mutant (encoded by slri513)
with a mutant deficient in dacd. which encodes for the only identified
di-adenylate cyclase A (DacA; encoded by slid505) in Synechocystiz.
To create a c-di-AMP free mutant, we first attempted the genera-
tion of 2 deletion or insertion Adacd mutant in a glucose-sensitive
background (G5-strain). The insertion attempt aimed to avoid a
polar effect on the expression of the downstream gene sl0506
(encoding for undecaprenyl phosphate symthetase), because the sI0505
gene overlaps with sI0506 and is predicted to contain a possible
promaoter region for s{I0506 (17). However, we only achieved partial
segregation by both attempts (fig. 53). In contrast, complete segrega-
tion was obtained in the background of glucose-tolerant Symechocystis
strain ((GT-strain}, as revealed by the absence of the wild-type (WT)
gene fragment through polymerase chain reaction (PCR) amplifica-
tion (fig. 53). This implies that DiacA is not essential for the viability
of the GT-Synechocystis under standard, glucoze-free conditions
but it is, for unknown reasons, essential for the lifestyle of G5-
Synechocystis. Unless mentioned otherwise, the following results
were generated using the fully segregated AdacA insertion mutant
in GT-Synechocystiz background. However, we were able to
reproduce all these resolts using the AdacAd deletion mutant in
GT-Synechocystis as well.

Measurements of the intracellular c-di-AMP concentration
confirmed that the completely segregated AdacA mutant was free of
c-di-AMP, while the WT cells contained around 4.6 pmol per cell of
c-di-AMP under photoautotrophic growth conditions (Fig. 24). To
further confirm that dacA gene (=l0505) encodes an active di-
adenylate cyclase able to synthesize c-di-AMP, Escherichia coli,
which does not synthesize c-di- AMP naturally. was transformed with
a plasmid expressing a sli#505-green fluorescent protein (GFF) fusion
protein under the control of the isopropyl-f-p-thiogalactopyranoside
(IPTG)-inducible T7 promaoter. High concentration of c-di-AMP
was detected in E. coli cells upon induction as compared to un-
induced cells (fiz. 53). confirming the annotation of DacA.

In cyanobacteria, c-di-AMP signaling was previously linked tao
osmoregulation, to the resuscitation from long-term chlorosis under
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nitrogen starvation condition, and to day-night rhythms (11, I7, 19),
whereas SbtB was shown to be important for C; acclimation (20). It
was therefore obvious to assume that c-di-AMP perception by SbtB
could be involved in one or more of those c-di-AMP-linked pro-
cesses by comparing the phenotypes of the mutants Adacd and
AshtB under different growth conditions.

First, Synechocystis WT, AdacA, and AsbtB mutants were sub-
jected to osmotic stress by treating them with increasing concentra-
tions of sorbitol (30 to 600 mM) (fig. 54). In agreement with a
previous study (17), the growth of AdacA was strongly impaired in
the presence of high osmaolyte concentrations, with 300 mM sorbitol
completely preventing growth. By contrast, the AshtB mutant was
not affected by osmotic stress (fig. 54), implying that c-di-AMP
sensing by 5btB is not involved in osmoregulation. This clear
phenotype of AdacA supports the notion that c-di-AMP has a key
role in osmoregulation and maintenance of the intracellular turgor
pressure within cyanobacteria. Moreover, this phenotype agrees
with the identification of several jon and osmolyte transporters in
the c-di-AMP pull-down experiment, including those for K, Na®,
and Mg™* ions, glutamate, and maltose (Fig. 1B).

Second, the recovery from nitrogen starvation-induced chlorosis
of the mutant strains was tested by resupplementation with a nitro-
gen source. The AdacA mutant was neither able to properly enter
chlorosis nor to recover from chlorosis nearly as efficiently as the
WT cells, which is consistent with high expression of the dacA gene
under resuscitation conditions (fig. 55) (1%). In contrast, the Ash¢B
mutant did not show any phenotypic difference to WT during these
treatments (fig. 55). This suggests that 5btB is not required for
entering and exiting from chlorosis, whereas c-di-AMP plays an
important role in this process perhaps due to interaction with as yet
unknown receptor protein.

Third, we wanted to test whether c-di- AMP might be involved in
primary Cj acquisition, because our previous study revealed that
AshtB is impaired in proper C; acclimation (20). Therefore, the
photosynthetic HOO, -dependent ooygen evolution of the AdacA
mutant was compared to WT in high Ci (HC)- and low C; (LC}-
acclimated cells (Fig. 2B and fig. 56). Both WT and Adacd cells
showed the expected acclimation to HC conditions by lowering
affinity for HCO; ™ as estimated by an increase of HCO, Ky to
about 300 M (Fig. 2B). Under LC conditions, the affinity toward
HCOy ™ increased markedly in both Adacd mutant and WT cells
(Fig. 2B). Although the initial rise of the photosynthetic activity at
low Cj concentrations was similar, the maximal photosynthetic
rates ( Vipa.) in the AdacA mutant was lower than in WT cells under
LC-acclimated condition. The decreased Vi, indicates a lower
activity of the Calvin-Benson cycle (fig. 56), at saturating C; amounts.
Deespite this difference, this experiment indicated that, in contrast
to the AsbtB mutant, operation of the CCM was not affected in the
AdacA mutant {20).

Last, we investigated the involvermnent of DacA and 5btB in diurnal
growth by exposing the cells to 12-hour light/12-hour dark cycles.
Similar to 5. elongatus {11}, the Synechocystis AdacA mutant showed
a strong growth defect under day-night conditions (Fig. 2, Cand D,
and fig. 57). Unexpectedly. the AsbtB mutant showed a similar
diurnal growth impairment (Fig. 2, C and D, and fig. 57). 5btB is
known to regulate the HCOy™ transporter SbtA through direct
protein-protein interaction in responze to the energy state of the
cell and the second messenger cAMP (20, 22, 23, 37}, raising several
questionz of either an involvement of SbtA or cAMP in impaired
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Fig. 2. Physiological characterization of AsbtB and sdacA mutants. (A) c-di-AMP concentration shown in pmiol per cell within vegatative photoautatrophic growing
Synechocystis sp. PCC 6803 WT (black bar) and the di-adenylate cyclase deficient mutant AdacA (gray bar; undatectable). (B) Bicarbonate affinity represented by the Eq
(HCO:™) values of Synechocystis WT and the Adecd mutant under either high carbon (HC; black bars) or low carbon (LG gray bars) regimes. (€) Specific growth rate of
Synachocyshs WT, Asbif, and AdecA cells under erther continwous ight (bads bars) or a 12-howr diurnal rhythm (gray bars). (D) Growth test by drop plate assay of Smechocysis
WT, Ashtfl, and Adac cells as indicated under esther continuous light (left) or a 12-hour diurnal rhythm (rightl. Cells were normalized to an optical density at 750 nm
(0D, of 1.0 and serial diletad in 10-fiold steps (top to bottom; depicted by a green tmangle). (E) Redative c-di-AMP concentration within Synechocystis WT cells throwghout
a 12-hour diumnal rhythm. Siatistically significant differences (P < 0005) are indicated by asterisk (*) for the transition from the end of the night phase (12 howrs) to eary
day-phase (12.5 and 14 hours). Valees are means + 50 n =5 to § independent measurements. The c-di-AMP was not detectable within Agacd cells. The x axis shows the
time in hiowrs; the y axis shows the relative amount of c-di-AMP normalized to the first ime point at the end of the day phase (indicated by 0.0 hours). (E) Insat: c-di-AMP
concentration shown in micromoles per cell for the first measwrable ime point (0.0 hours). (F) Mean of inwivo SbtB-sfGFP expression throughout a 12-hour diurnal

rhyifim, as indicated. The x axis shows the time in hours; the y axis shows the mean GFP flucrescence in fluorescence units (FU.

diurnal growth. However, the Asbtd and Acyal (encodes for the
major cAMP cyclase in Synechocystis) mutants grew almost like WT
cells under 13 successive day-night cycles (fig. 5710). Together, these
results indicated that the common growth defect of the AshiB and
AdacA mutants under diurnal cycles (Fig. 2. C and I} was not
mediated by neither cAMP nor by a defect in primary C; acquisition
via SbtA (Figs. 2B and figs. 56 and 57). Rather, it pointed toward a
specificfunidentified c-di-AMP—controlled process, involving signal
perception by SbtB.

Diurnal cycling of c-di-AMP correlates with SbiB

To gain insight into the mechanism that makes c-di-AMP and SbtB
indispensable for diurnal growth, we first looked for sbtB (slr1513)
and dacA (sll0505) expression in the transcriptome dataset of diur-
nally grown Symnechocystis cells (30). Both sbth and dacA transcripts
showed a diurnal dynamic, with a sharp increase at the beginning of
the day and a decline in the dark phase (fig. 58). To reveal whether
the changes in dacd transcript levels correlated with the c-di-AMP
levels, the intracellular concentration of c-di-AMP was determined

Salim et al, 5ci Adv. 7. eablD568 (2021) 8 December 2021

in WT Symechocystis cells under diurnal growth at different time
points during day-night cycles. The first sampling point was taken
at the end of the light phase, and four samples were taken during the
following 12 hours of dark phase and four samples in the following
12 hours of light phase (Fig. 2E). While the c-di-AMP concentra-
tion dropped during the dark period. a rapid two to fourfold in-
crease in o-di-AMP concentration was observed 30 min after onset
of light (Fig. 2E). The maximum c-di-AMP concentration was
reached in the early light phase and then declined throughout the
remaining light phase (Fig. 2E), correlating well with the expression
pattern of dacA (fig. 58). Because 5btB is known to bind the second
messenger cAMP as well and to further exclude any possible role for
cAMP in day-night metabaolizm (fig. 57E), we checked for intracellular
concentration of cAMP under the same cycling condition in the
WT and AdacA cells. The intracellular concentration of cAMP did
not change markedly between day-night cycle within both of WT
and AdacA cells (fig. 38C), which further supports the specificity of
c-di-AMP in regulating Symechocystis diurnal metabolism. Moreover,
we monitored SbtB expression using as a reporter the fluorescently
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labeled fusion protein SbtB-super-folded GFP (sfGFP) (20). The
SbtB-sfGFP fluorescence showed the same cycling pattern as the
c-di-AMP concentration, dropping during the dark phase and
peaking during the day (Fig. 2F). Last, to examine whether there might
be a regulatory connection between sbtB and dacA at the level of
transcription, we checked for the expression profile of sl (slr1513) in
AdacA and for dacd (sll0505) in AsbtB mutant in comparison to
WT cells using microarray technology (fig. 58, D' and E). The sbtB
mutation had negligible effect on the expression of dacA, while the
dacA mutation led to partial down-regulation of sbtB, which could
explain the inability of docd mutant to fully activate the Calvin-Benson
cycle (fig. 56}, consistent with the proposed role for 5btE in regulating
the entire CCM (20). Notably, the expression of the genes situated
upstream (s/0504) and downstream (sl0506) of dacA was similar in
both the Adacd and AsbtB mutants and very close to that of the WT
cells, which confirmed that dacA mutation has no polar effects on
the transcription of neighboring genes.

SbtB regulates glycogen metabolism via interaction

with the glycogen-branching enzyme Glgg

Because the proteins of the PII superfamily. to which SbtB belongs,
are known to exert their regulatory functions via direct protein-
protein interaction (29), we hypothesized that SbtB binds to yet
unknown target(s) in a c-di-AMP-dependent manner, thereby
affecting diurnal growth.

To identify potential 5biB interaction partners, we characterized
the global SbtB interactome using several mass spectrometry-based
pull-down approaches and screened for hits that could be involved
in day-night acclimation. First, coimmunoprecipitation (ColP)
experiments were performed with 'WT Symechocystiz crude cell
extracts using a-5btB-specific antibodies. As negative control, we
used crude cell extracts from AshtB cells. Compared to the negative
control, the immunoprecipitate contained five to ninefold enriched
enzymes related to ghycogen metabolizm (fig. 594). In particular, we
identified glycogen synthase (GlgA32, sl1393), glycogen phosphoryd-
ase (GlgP2, sirl367), glycogen-branching enzyme (GlgB, sl 158), and
glycogen-debranching enzyme (GlgX1, slril237) as potential SbtB
interacting partners. Because glycogen metabolism is of primary
importance for day-night acclimation in cyanobacteria (3, &), the
observed enrichment of glycogen metabolic enzymes would fit into
the proposed c-di- AMP-related function of 5btE in dinrnal growth.

To further elucidate c-di- AMP-dependent 5btB interactions, we
performed several pull-down assays by immobilizing recombinant
C-terminal Hisy- or strep-tagged Sc5btE protein on Ni** magnetic
beads or streptavidin magnetic beads, respectively, and incubating
them with Symechocystis crude cell extracts either in the presence or
absence of c-di-AMP, followed by successive washes to remove the
unbound proteins. In several pull-down experiments, the known
SbtB-target SbtA was identified, which validated the procedure.
With the Hizs-tapged 5c5btB protein on Ni*' magnetic beads, in
addition to SbtA, we identified again GlgA2, GlgP2, GlgB, GlgX, and
furthermore the second ghycogen-debranching enzyme (GleX2, slrl857)
and glucose-1-phosphate adenylyltransferaze (GlgC., sirl 176).
MNotably, GlgB and GlgA2 were more than 20-fold enriched in the
presence of c-di-AMP (fig. 59B), implying that they could be of par-
ticular importance. When strep-tagged ScSbtB protein was used as
affinity bait, a ceaner pull-down with a low background due to
higher specificity of streptavidin beads was obtained. Using this
attempt, only the glycogen-branching enzyme GlgB was enriched as

Salim et al, 5ci Adv. 7, eabledS68 (2021) 8 Decemnber 2021

specific interaction partner (Fig. 3A and fig. 59, C and D). In the
presence of c-di-AMP, GlgB was 14 times more abundant as com-
pared to the pull-down in the absence of effector molecules (Fig. 3A).
This enrichment was specific for c-di-AMP and not observed in the
presence of cAMP (fig. 59, C and [}). GlgB was not identified in the
negative control (empty streptavidin beads) as well.

To further validate the specificity of 5btB-GlgB interaction and
examine possible interactions with other glycogen-related eneymes
by an independent method, we carried out interaction assays using
the bacterial adenylate cyclase two-hybrid (BACTH) system. The
BACTH system relies on the reconstitution of a functional adenylate
cyclase (Cya) upon positive interaction of the proteins of interest
fused to the T25 and T18 subunits of Cya, which can be detected by
color change on X-Gal reporter plates. Here, we fuzed the T25
subunit of Cya N-terminally to SbtB, while the T18 subunit of Cya
was fuzed either N- or C-terminally to the glycogen-related enzymes
GlgaAl, GlgAz, GlgPl, GlgPz, GlgB. and GlgC (fig. 510). The
T25-5bth fusion with an empty pUT 18 vector was used as negative
control, while the leucine zipper interaction was used as positive
control. A clear interaction was observed only between T25-5btB
and GlgB N-terminally tagged with a T18 subunit (Fig. 3B), whereas
no interaction was obtained with C-terminally tagged GlgB and the
other glycogen metabolic enzymes (fig. 510). This result strongly
indicated that SbtB is a specific interactor of GlgB.

To gain further insights into SbtB-GlgB complex formation, we
studied the SbtB-GlgB interaction using microscale thermophoresis
(MST). We titrated 5btB against labeled GlgB in the presence or
absence of c-di-AMP. 5btE was able to bind GlgB with a Kj of
0.22 + 0.07 pM (Fig. 3C); however, the presence of c-di-AMP (100 p M)
did not change the binding constant markedly (K of 0.43 + (.10 pM).

Molecular basis for diurnal, c-di-AMP-depandent
control of GlgB by SbtB
The photosynthetic synthesis of glycopen as carbohydrate reserve
during the day is crucial for cyanobacterial survival in the night
(3. 7, 31). To confirm the involvement of GlgB in this process, we
tested diurnal growth of a AglgB mutant. The Aglgh mutant was
impaired in diurnal growth in a similar manner to the AshtB and
AdacA mutants (Fig. 31}, confirming the importance of glycogen
metabolism and GlgB in diurnal growth. To obtain further evidence
of a functional link between 5btB and the regulation of glycogen
metabolism via GlgB in a c-di-AMP-dependent manner, we deter-
mined the intracellular glycogen concentration at the mid of the day
phase. As compared to Synechocysiis WT cells, glycogen levels were
significantly reduced in all three mutants (AsbtB, AdacA, and AglgB)
(Fig. 3E}, with AdacA showing the lowest amount of glycogen with
about 14.7%, AshtB with 28.2%, and AglgB with 26.7% (Fig. 3E).
Complementation of AshfB by introducing copy of sir1513 under
the control of the pshA2 promoter restored the growth of the
mutant under day-night rhythm and restored the glycogen content
to the levels of WT cells (fig. 511, A and B). Moreover, addition of
glucose to BGyy medium rescued the diurnal growth defect of AshiB
(fig. 511C).

Because glycogen catabolizm is the major source for respiration
in the dark, supporting a heterotrophic mode of metabolism (32).
we measured oxygen evolution and respiration during three succes-
sive day-night cycles. During the day, both AsbtB and AdacA
mutants showed 50% less oxygen evolution than WT cells (Fig. 3F).
in agreement with the inability of both mutants to fully activate the
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Fig. 3. Reguiation of glycogen metabolism via ¢-di-AMP dependent SbtB signaling. (A) Streptavidin magnetic bead-based pull-downs using strep-tagged Sc5btl
protein in the absence or presence of c-di-AMP. The c-di-AMP enrniched 5btB-GlgB interaction. (B) BACTH assay was performed wsing E. coli cells expressing T25-5b048
fusion together with either C-terminal (GlgB_C) or N-terminal (Z1gB_N1 T1E-GIgE fusion, or empty Cya-TIE [negative controll. 50tB-GigB interaction is evidenced by
appearance of a biue color on X-Gal reporter plates imiddle). (C) M5T analysis of the SbtB-CigB interaction in either presence (biue line) or absence (black linel of 100 uM
c-di-AMP, as indicated. The y axis shows the relative, normalized fluorescence units. (D) Growth test by drop plate assay of Symechocystis WT, Asbi8, and Agigh cells, as
indicated in a 12-houwr divmal mhythm. Cells were normalized to an 00y, of 1.0and serial diluted in 10-fold steps {up to down). (E) Belative glycooen levels of Symechooyshs
WT iblack bar), A=b¢8 (gray bar], AdacA (red bar), and Agig (blue bar) cells in the midday of 3 12-hour diumal rhythm. The ghycogen content was normalized to 100% of
WT cells. (F) Photosynthetic oxygen production and respiration of Synechocystis WT (black line) in comparison to Asbif (black, dashed line) and AdocA (gray, dashed line)
throughout a 12-howr diumal mythm for 72 houwrs, as indicated. The y axis shows the coygen levals in parts per million (milligrams per iter). (G) Oxygen consumption rates
in milligrams per liter per howr based on the data from {F). Ceeygen consumption rates for WT (black bars), Asbi# (gray bars), and Adaocd (red bars) were caboulated for the
earty night ifirst 3 hours), midnight (next 3 to 6 hours), and the end of the night {last & to 12 howrs).

Calvin-Benson cycle (fig. 56) (20). Upon onset of darkness, all  owver 3 days of darkness, implying that the loss of viability of the
strains started respiration, with WT cells displaying approximately  mutants was not due to an alteration in the photosynthetic machinery
twofold higher oxygen consumption than the mutants. Whereas  (fig. 511, E and F). Apgain, all of those results indicate that the low
WT cells kept on the respiration process for the whole night (12howrs),  glycogen levels in both mutants are the main cause of the growth
the Asbth and AdacA cells ceased respiration after 6 hours (fig. 3FG).  defect under the day-night rhythm. However, it should be men-
Thiz result suggests that both mutants were unable to maintain = tioned that AdacA cells showed about 25% reduction of apparent
respiration throughout a 12-hour night period and, therefore, were  PSII quantum yield [determined by pulse-amplitude modulation
impaired in diurnal growth. To confirm this assumption, we deter-  (PAM) fluorescence]| in the absence of actinic light as compared to
mined the viability of the mutants compared to the WT cells during W cells (fig. S11E).

a prolonged dark incubation for 5 days. As revealed by drop plate

aszay, both mutants showed a marked loss of viability after 2 days of

darkness. After 5 days of darkness, AsbtB cells were completely  DISCUSSION

unviable (fig. 5110, Moreover, all strains retained a comparable effi-  Here, we revealed that the PII-like signaling protein SbtB binds the
ciency of photosystem 11 (P31} and photosynthetic pigmentations  second messenger c-di-AMP in addition to the standard adenine
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nucleotides (AMP, ADF, and ATP) and to the carbon status report-
ing second messenger nucleotide cAMP. To our knowledge, this is
the first signaling protein known to interact with both cAMP and
c-di-AMP. This highlights the central role of SbtB as a switch point
in cyanobacterial cell physiology, integrating not only signals from
the energy state and carbon supply through adenine nucleotide and
cAMP binding (20, 23, 27), respectively, but also from the diurnal
state by binding to c-di- AMP. We were able to confirm the ability of
SbtB to bind c-di- AMP from two distinct cyanobacterial species of
unicellular Symechocysfiz sp. PCC 6803 and filamentous filamentous
Nostor sp. FCC 7120, which emphasizes a peneral role for c-di-AMP
signaling via 5btB. In Gram-positive bacteria, c-di-AMP synthesis is
related to cell wall homeostasis, potassium homeostasis, and osmotic
control {12-14). Previous data indicated that, in cyanobacteria too,
c-di-AMP might also control osmoregulation {(17), which we were
ghble to confirm in our study as well (Fig. 1B). We linked the c-di-
AMP signaling with cyanobacterial osmoregulation by identifying
several c-di- AMP target transporters in the c-di- AMP-dependent
pull-down experiment, including transporters for K', Na®, and
!'A-'[gz+ ions, glutamate, and maltose. Furthermore, a link between
c-di-AMP and nighttime survival was reported in 5. elongatus as
sugpested by loss of viability of the Adacd mutant under dark con-
ditions by a cryptic mechanism (11). Here, we revealed the exact
mechanism by which c-di- AMP contributes to the regulation of the
day-night rhythm in cyanobacteria.

Day phase

(Chur data indicate that binding of c-di-AMP to SbtB modulates
the interaction of SbtB with enzymes of glycogen synthesis, particu-
larly with the glycogen-branching enzyme GlgB (Fig. 4). which we
were able to confirm by different independent methods. In the
shtB-deficient mutant, the accumulation of glycogen during daytime
is severely diminished and to a similar degree in the AdacA or AglgB
mutants, which are unable to synthesize c-di-AMP or branched
glycogen, respectively. Further support for a correlation between
c-di-AMP concentration and glycogen synthesis comes from the
diurnal cycling of c-di-AMP concentration, high during the day.
when glycogen is synthesized, and low in the night, when glycogen
is consumed. In Symechocystis, the daily c-di-AMP cycling levels
corrclate well with the expression of the diadenylate cyclase-encoding
gene s[0505 (dacA) under day-night cycles. In agreement, the
SbtB-encoding gene slri513 was found to follow the same expres-
sion pattern as sO0505 (30). Furthermore, the interaction between
Sbth and GlgB was enriched in the presence of c-di-AMP, at least in
the in vivo pull-down experiments; however, such influence was
not observed using the recombinant purified proteins from E. colf
in the in vitro MST experiment. The reason for that is presently
ambiguous, but one possibility is that other components in the
Synechocystis crude extract contribute to enhancing the affinity of
SbtB for GlgB, perhaps other components of the glycogen metabolic
enzymes, such as GlgA2 andfor GlgP2. Of note, GlgAZ and GlgP2
were enriched in the ColP and His-tag 5btB pull-downs; howewver,

HCO,~
RO, transporter
eprgepgerarer”  piezozc Cytoplasmic
RISt LR membrane
AMP/cAMP Membrana caltrad
ratio

RuBP
c-di-AMP +
(high} | ces
GlgAZ ADP-ghcese | oycle
Ghyoogen syrthasa . ¥
~® L _3pea
GlgC »
H,_- r PGAM
® cige P fomi2, J. 2-PGA
Glgxi Glghz Giucose- 1P Giucoss 6P
GHyoogen phosphorylass
Hight phase Glgx2
“'m‘“" Giyoagan debanching Eneyme
Glycogen catabolism

Flg. 4. Model of regulation of day-night switch of glycogen metabollsm wla c-dI-AMP sensing by SbtB. During the day, cyanobacteria use an active carbon
concentrating mechaniszm, which composes of several § uptake systems (among them the HCOs™ transporter SbtA), and the carboxysome, where HODy is dehydrated
to 00y by carbonic anhydrase (CA) and then 00 foction occurs by RubisC0. Via the activity of Calvin-Benson (CBE) cycle, a part of the newly fixed carbon is redirected
toward synthesis of carbon storage compound (ghroogen). Simultaneously, the concentration of the second messenger nucleotide c-di- AMP increases in the day due to
di-adenylate cyclase (DacA) activity. The soluble fraction of SbtB protein, not sequesterad by Sbtd, intaracts with c-di-AMP and promotes glycogen synthesis by intaracting
with the glycogen-branching encyme GigB. After nighitfall, c-di-AMP concentration decreases, and the catabolism of glycogen, which prodeced in the day. is the resource

for nighttime survival.
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we were not able to confirm such interaction with BACTH, implying
that they could be indirectly involved in modulating 5btB-GlgB
interaction. Nevertheless, a genome-wide fitness assessment of
5. elongatus revealed that mutations in genes encoding for GlgB
(Synpec7H42 1085) and SbtB (SympocF®42_ 1476) and, to a less
extent, for DacA (Synpec7942 (1263) cause a strong decrease in the
bacterinm fitness under diurnal rhythms (3) but not for 5btA
(Sympocr842 1475) or the putative cAMP synthases (Sympocr942 2195
or Sympoc7942_(1663), which further support the specificity notion
of 5btE and c-di-AMP signaling for the fitness of cyanobacterial
diurnal metabolism.

However, c-di-AMP concentration oscillated in the opposite di-
rection in 5. elongatus, with high concentration in the night and low
concentration during the day (1 I). The reasons for the discrepancy are
now unclear, although both strains show a clear phenotypic de-
fect under diurnal rhythm in the absence of the c-di-AMP cyclase,
confirming the essentiality of c-di-AMP for cyanobacterial growth
under day-night rhythm. It is known that 5. elomgafus uses a pre-
cisely operating circadian clock machinery to tune metabolism in a
diurnal manner (1. 3, §). Although components of this clock are
conserved in Synechocystis, the overall process appears to be distinct
owing to the emergence of multiple paralogs of the oscillator pro-
teins (&, 33). However, to comprehensively understand the control
of the diurnal cycling of 5btB and c-di-AMP concentration, detailed
analysis of the clock influence on 5btB and on c-di-AMP specific
cyclase and phosphodiesterase activities is required. Notably, sbtB
expression was strongly deregulated in the mutant of the dircadian
clock output regulator Rpad (6), which cannot survive the day-night
rhythm as well (&)

In contrast to AshtB (Fig. 3E), the Arpad mutant is not impaired
in glycogen synthesis during daytime (&, 34). In this caze, the in-
ahility of ArpaA to grow under day-night regime is due to the failure
of this mutant to activate, in the night, carbon catabolic genes,
including components of the OPP pathway. glycolysis, and glycogen
degradation via GlgP (I, 6, & 34). Apparently, 5btR and Rpad are
working in opposite directions on glhycogen anabolism and catabo-
lism, respectively. Mevertheless, it appears that Bpad is involved in
regulation of sbtB-gene expression in the day phase by yet unknown
mechanism (6).

In addition to a role in regulating glycogen synthesis, c-di-AMP
appears to regulate numerous fon transporters and osmotic re-
sponses, as deduced from the identification of several K transporters,
including KtrA (sll0493), TrkA (slr0773), and MthK (slli8%3) as
c-di-AMP targets. This highlights a conserved role for c-di-AMFP in
controlling osmotic homeostasis and K transport (12-14), which is
of particular importance, since K'is the major inorganic cation in
the cytoplasm, acting as counter-ion of glutamate. In agreement
with our identification of Ktr4 as a potential c-di-AMP target. the
Na'-dependent K' uptake system Kir ABE was previously shown to
be required for regulation of cell turgor and the adaptation to
hyperosmotic stress elicited by cither sorbitol or NaCl (35, 36).
However, osmotic control by c-di- AMP appears to act independently
of Sbtl, because the AsbtB mutant was not impaired in its responses
to osmotic stress conditions like Adacd (fig. 54). Moreover, it seems
also that the Mg®* transporter MgtE is a conserved c-di-AMP target
among different bacterial phyla (12, 14, 28). Of note, Mg™" is of
particular importance for the photosynthetic lifestyle of cyano-
bacteria as it is the central ion in the chlorophylls and required for
the maintenance of the thylakoid membranes (37).

Salim et ail, 5ci Adv. 7, eabl0568 (2021) 8 December 2021

Cross-talk between second messenger nucleotides is perhaps a
more common phenomenon than so far realived. Recently, it was
found that the second messengers c-di-GMP and (p)ppGpp re-
ciprocally control Caulebacter crescentus growth by competitive
binding to a metabolic switch protein, 5mbA (38). With this in
mind, 5btB might play a similar role in cyanobacterial phyziology.
As iz typical for sipnaling proteins of the PII family (2%, 39). SbtB
seems to simultaneously perform multiple tasks in controlling
cyanobacterial carbon metabolism: controlling bicarbonate uptake
wvia 5btA interaction in response to cAMP and energy state of the cell
(20, 232, 23, 27) and controlling glycogen synthesis via interaction
with glycogen-branching enzyme GlgB in response to c-di-AMP.
Accordingly, 5btB would link the control of glycogen synthesis to
bicarbonate availability. Under low carbon conditions, SbtB was
preferentially found associated to the membrane fraction, pre-
sumahly due to binding to Sbed (20, 23). Thereby, less ShtB would
be available for activation of glycopen synthesis, which takes place
in the cytoplasmic space. More 5btB would become available under
elevated Cj conditions, when 5btB is enriched in the soluble frac-
tion (2). This hypothesis agrees with the fact that the glycogen
levels in cells grown under atmospheric CO; concentration are
low but increase at elevated Ci conditions (40, 41). But, appar-
ently, SbtB integrates the cellular information of both second mes-
sengers c-di-AMP and cAMP independently of each other, in
agreement with distinct phenotype of Adacd and Acyal mutants
(fig. 57). Whereas, cAMP acts as an indicator for cellular carbon
status (20, 26) and c-di-AMP is a specific indicator of day-night
transition (Fig. 2E), and possibly they compete for 5btB available
sites. The fact that c-di-AMP binding to 5btB affects the conforma-
tion of the T-loop is in perfect agreement with this scenario.
The T-loop represents the major protein-interaction motif of
PII signaling proteins (3%). In complex with c-di-AMP, we have
found the T-loop in a2 new conformation that is distinct from the
cAMP or linear adenine nucleotide complex forms (Fig. 1E and fig.
52}, a conformation that is seemingly driving the interaction with the
newly identified GlgB and possibly yet to be identified receptors.
The precise structural and regulatory mechanisms of these inter-
actions, especially between SbtBac-di- AMP and GlgB, await further
biochemical and structural elucidation.

MATERIALS AND METHODS

Generation and purification of recombinant proteins

All the plasmids and primers used in this study are listed in (table 51).
The recombinant C-terminal Strepll-tagped 5c5btB was expreszed
and purified as previously described (20). Recombinant C-terminal
Strepll-tapped SbtB protein from the filamentous NeSbtB was con-
structed as described in (20) using the primer pairs compatible
for NeShtB. For generation of recombinant C-terminal Hisg-tagped
5c5btB, the 5btB encoding gene slrl513 was amplified from
Synechocystis sp. PCC 6803 and inserted via Gibson cloning in
linearized pET28a vector. For generation of recombinant N-terminal
Hisg-tagped GlgB, the GlgB encoding gene slli] 58 was amplified
from Synechocystis sp. PCC 6803 and inserted via Gibson cloning in
linearized pET15b vector. The recombinant Strepl]-tagged proteins
were purified as previously described (20, 24), while the His-tapged
proteins were purified as described previously (24, 42). For the
recombinant C-terminal GFP-tagged DacA, which was used for
quantification of c-di-AMP in E. coli, the DacA encoding gene
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sllr505 was amplified from Synechocystis sp. PCC 6803 and inserted
via Gibson cloning in linearized pET 28a-eGFP-based vector.

Crystallization, crystal handling, data collection,

and structure elucidation

For soaking experiments, crystals of the trigonal apo crystal form
were reproduced as described previously (2. These crystals were
grown with a reservoir solution composed of 0.1 M phosphate-
citrate {pH 4.2) and 40% {wiv) polyethylene glycol (PEG) 300 and
were soaked in a droplet of reservoir solution supplemented with
(.33 mM c-di-AMP (cyclic di-3".5"-adenylate sodium salt; catalog
no. CO8S. BioLoG, Germany) for 4 hours. For cocrystallization,
2.5 mM c-di- AMP was added to the protein solution, and crystalli-
zation trials were performed as described (20). Cocrystals were
grown with & reservoir solution of 0.1 M tris-sodium citrate (pH 5.6),
10% (wiv) PEG 4000, and 10% (wiv) isopropanol, and 20% PEG
400 was used for cryo-protection. All crystals were flash-cooled in
liguid nitrogen, and diffraction data were collected at 100 K on a
PILATUS 6M-F detector at beamline X105A of the Swizs Light
Source (P3I, Villigen, Switzerland). All data were indexed. integrated,
and scaled using the XIS software package (43). The structures were
solved using difference Fourier methods based on the trigonal apa-
5chbtR structure (PIMB: 503P). After initial rigid body refinement
with REFMACS (44), it became apparent that the cocrystal structure
was cssentially identical to the costructure obtained by spaking and
not regarded further. The structure of the ScShtBic-di-AMP complex
was rebuilt and completed by cyclic manual modeling with Coot
program and refinement with REFMACS based on the data ob-
tained from the spaking experiment. Data collection and refine-
ment statistics are shown in (table 52). Structural representations
were prepared using UCSF Chimera.

Generation of mutants

The nonmotile unicellular, freshwater cyanobacterium Synechocystis sp.
PCC 6803 (glucose-tolerant Tibingen substrain; called here GT-
strain) was used as a reference W strain in this study. Our labora-
tory “Tiibingen” substrain of the glucose-tolerant WT Synechocystis sp.
PCC 6803 is originally derived from the parental strain Symechocystis sp.
PCC-M (45). While the glucose-sensitive strain of Synechocystis
sp. PCC 0803 (called here (35-strain) was obtained from Rostock
cyanobacterial culture collection and adapted to grow under our
standard cultivation conditions in Tibingen for almost 14 years. All
constructs used in this study were generated via Gibson assembly,
unless specified otherwise. All knockout mutants were generated
with homolog recombination using the natural competence of
Symechocystiz sp. PFCC 6803, as described previously (200. All plas-
mids and primers used in this study are listed in (table 51).

For generation of knockout deletion mutants in either GT-strain
or (35-strain, the mutants were constructed by deleting the ORFs
slrl513, sil(505, and {0158 (designated sbtB, dacA, and glgB, re-
spectively) and replaced with the erythromycin, spectinomycin, and
chloramphenicol resistance cassette, respectively. The cAMP-free
mutant was created by knocking out sirl199] (designated Acypal),
which encodes the soluble adenylyl cyclase in Symechocystis sp., as
described previously (20). For the generation of the sbtd knockout
mutant, the sbid upstream sequence was obtained using the primer
combination SbtAB_Apa5 and Del5btA_Bam5, whereas the shtd
downstream sequence was obtained using the primer combination
SbtAB_5ac3 and Del5btA Bam3. First, the two fragments were
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cloned each in asingle pGEMT vector (Promega), and then, the two
fragments were combined into one vector by transferring the down-
stream fragment az Sac [fBam HI fragment into the vector containing
the upstream fragment. Inte the central Bam HI restriction site,
either a kanamycin or a streptomycin resistance cassette was inserted.
The Adac insertion mutant was generated by inserting a kanamycin
resistance cassette into the region encoding for the active center of
DacA. All the plasmids used to generate the mutants were verified
by sequencing and then transformed in Synechocystis sp. PCCo803,
as described (20). Al mutants were selected on BGy; plates supple-
mented with proper antibiotics and verified by PCR.

For complementation, SbtB-sfGFP strain was generated by in-
troducing the sbtB gene (slr1513) fused to the gene encoding sfGFP
under the control of the native promoter of skth gene into AshtB
backgrounds using the self-replicating plasmid p%£322, as described
previously (20). For inducible complementation of Asbtl, the shtl
gene (sirl513) was reinserted in the genome under the control of
the light inducible promotor pshd 2.

Cultivation conditions

All cyanobacterial growth experiments were performed in nitrate
supplemented BGy medium (BGii") with addition of 5 mM
MaHCO; to avoid C; limitation. Precultures were grown in shaking
conditions at 28°C under continuous light (~50 pE) until mid of
logarithmic growth phase before cach experiment started. Cells
were always normalized to their optical density at 750 nm using a
Helins Gamma UV -Vis Spectrophotometer ( Thermo Fisher Scientific).
Experiments in day-night conditions were performed in a separate
day-night chamber, providing 12-hour light phase {30 uE) followed
by a 12-hour darkness phaze.

Mitrogen starvation was induced by shifting the cells to nitrogen-
free BGy, medium (BGy,") with an initial optical density at 750 nm
(OD4z0) of 0.5 and kept under constant light of 50 to 100 uE. For
resuscitation assays, samples were taken after 7 and 14 days of
nitrogen starvation, and the resuscitation was induced by shifting
the cultures back ta BGy;", as described previously (1%, 46). The
osmotic stress was generated by addition of 50 to 600 mM sorbitol
to BGy ", as indicated.

To generate long dark conditions, cultures were inocolated to a
final Oz of 0.4 and covered from light immediately using dark
aluminum foil for 5 days and kept shaking at 28°C. To determine
the recovery after prolonged darkness, samples were taken directly
before shift to darkness {Teero) and after 1, 2, 3, and 5 days of
dark treatment and were recovered by shifting to 50 iE of white
continuous light.

The agar drop assays were performed on BGy; agar plates
containing 1.5% Bacto Agar (Thermo Fisher Scientific) in serial
dilutions of 0D, ranging from 10” to 107%, as described previously
(46). To protect the freshly dropped cells from the photoinhibition,
the agar plates were covered with white tissues for 24 hours after
dropping, before they were expozed to the required conditions.

Oxygen measuraments

To estimate oxygen levels in liguid cultures during 24 hours of
diurnal rhythm. cultures were inoculated to a final ODgg, of 0.4,
Cheygen levels were measured in those cultures each 15 min using
an Oxy-1 5MA (PreSens GmbH, Regensburg, Germany) device in
combination with SP-P5t3-NAU-D3-YOP Oxygen Senzor Spots
(PreSens GmbH). In contrast, the rate of Cj-dependent oxygen

10of13

72

ETOT "ol A e F o s sy S0 ] mson) e L]



SCIENCE ADVANCES | RESEARCH ARTICLE

evolution {oxygenic photosynthesis) as a function of increasing
HCO;" concentration was determined using a Clark-type oxygen
electrode (Hansatech), as previously described (209, All measure-
ments were performed at least three times.

Estimation of intracellular glycogen concentration
Intracellular glycogen concentration was estimated as previously
described (7) with modifications from (19). Cells were first exposed
to two successive day-night cycles, followed by harvest of 40 ml of
each culture within the mid of the third day phase.

Measurament of PSIl activity by WATER-PAM chlorophyll
fluorescence and the whole-cell spactra
On the basis of chlorophyll a fluorescence, P5I1 activity was
determined using PAM fluorometry using a PAM control {Heinz
Walz GmbH), as described previously (2, 47), at a wavelength of
650 nm (measuring light). Shortly, the measurements were per-
formed by diluting 20 pl of cells in H2O to a final volume of 2 ml,
followed by measuring every 30 s with the saturating pulse at either
zero or 56 pE of actinic light. Samples were normalized to a flnores-
cence level of unexcited cells (F) that remained between 400 and
500 {47). The apparent PSII activity was determined with the
saturation pulse method using the F./Fy, ratio, where F, defined
as F, - Fi.

Whole-cell spectra (320 to 750 nm; 5 nm s ') were recorded
using a SPECORIY 205 (Analytik Jena AG). Cultures were diluted
1:5 to a final velume of 1 ml.

Determination of intracellular c-di-AMP concentration

Samples for c-di-AMP measurement were taken throughout 24 howurs.
The first sample was taken immediately before the dark phase, the
second sample 30 min after the onset of darkness, and subsequent
samples every 2 hours afterward were harvested. The samples of the
day phase were harvested in the same manner az for the night phase.
Samples were taken from Synechocystis sp. PCC 6803 WT and
AdacA cells. Mlumination during light phase was at approximately
40 to 50 PE and during dark below 1 pE. Centrifugation steps were
done at 20.800g, 4°C, and for 10 min. For sampling, 10 ml of
cultures was filtered on a glass fiber prefilter (Merck Millipore Ltd.,
Cork, Ireland) with a pore size of 1.6 pm. Filters were then put in
2-ml reaction tubes. frozen in liquid nitrogen, and stored at —80°C
until further processing. Samples were thawed in 700 ul of ice cold
extraction solvent |acetonitrile/methanolwater {2/2/1, v/viv]] and
incubated in ice for 15 min. Afterward, they were heated for 10 min
at 95°C, cooled on ice, and centrifuged, and the supernatant was
transferred into a new tube. These steps, without the heating, were
repeated twice with another 200 pl of extraction solvent. The combina-
tion of the supernatants from the three extractions was stored over
night at —20°C. The next day, samples were centrifuged once more,
supermatants were transferred to new tubes, and liquid were evaporated
using a vacuum cvaporator { Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany). The dried samples were
resuspended in 200 pl of H;O of which 40 pl was transferred into
mass spectrometry vials filled with 40 pl of H20 with “Ca'*N -
c-di-GMP and 2C;'"Nyg-c-di-AMP (200 ng/ml each). Further
dilution, if necessary, was done with a solution of Hp (0 with B "My
c-di-GMP and “Czs""Nyg-c-di-AMP (100 ng/ml cach). Calibrator
preparation for mass spectrometry measurement was done with
either 10 pl of cdiNMP-cGAMP calibrator ¢dZ0-13 or 10 pl of
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cdiNMP metabolites calibrator cdM0, 4-13. ddH>O (40 ul) and
ddH,0 (50 pl) with '*Cy'*Njy-c-di-GMP and “Cyp*Nyy-c-di-AMP
(200 ng'ml each) were added and vortexed. 5amples were heated
at 95°C for 10 min, cooled on ice and frozen over night at —20°C.
Samples were thawed, centrifuged. and transferred into M5 vials
with inserts.

Pull-down assays

Cell pellets of logarithmic growing Symechocystis WT or AsbtB cells were
resuspended in 1 ml of detergent-free Iysis buffer [30 mM tris-HCI,
50 mM MaCl, 3 mM KC, 1 mM EDTA, 0.5 mM phenylmethylsulfonyl
fluoride (pH 7.4})] and transferred into 1.5-ml microtubes contain-
ing 0.1 ml of glass beads (0.1 mm). Samples were lysed by wsing a
FastPrep-24 Ribolyser (five cycles; 7.0 m sl 30 g per cycle; 5-min
break between cach cycle; 4°C) and spun down at 100000y and 4°C
for 10 min. The supernatant was transferred into a fresh 1.5-ml
reaction tube and kept on ice. The cyclic-di-AMP target fishing was
performed as described (48), by passing the whole crude cell extract
from WT Symechocystis sp. PCC 6803 cells growing under continu-
ous illumination over 2'-AHC-c-diAMP agarose (catalog no. A183,
BioLoG, Germany), while EtOH-NH agarose (catalog no. EOL0,
BioLoG, Germany) was used as a negative control. The detection of
SbtB in the c-di-AMP pull-down was confirmed by Western blot
analysis using specific ScSbtB-polyclonal antibodies as described
previously (20).

For the strep-tag pull-down, 10 M purified strep-tagged ScobtB
was incubated with AsbiB crude cell extract {normalized to 3 mg of
protein) of cells growing under continuous illumination, on 150 ul
of MagStrep “type3” XT Beads (IBA GmbH) in the presence of
either 2 mM cAMP (3.5 -cAMP; Sigma-Aldrich, Germany) or 2 mM
c-di-AMP (catalog no. CO88, BioLoG, Germany) or without
effector molecule in 1.5-ml reaction tubes at 28°C for 15 min. Asa
negative control, the same reaction was performed without purified
Sc5btR, to eliminate the proteins which could bind nonspecifically
to the Strep beads. After discarding the supernatant, the column
was washed three times with 1 ml of washing buffer [100 mM
tris-HCI {pH 8.0}, 150 mM NaCl, and 1 mM EDTA]. The elution
was performed two times with 50 pl of BXT elution buffer {Biotin
Elution Buffer, IBA GmbH), and both elution fractions were
combined in a fresh 1.5-ml reaction tube. After measuring protein
concentration by using a BCA Kit (Thermo Fisher Scientific), the whole
sample was sent to liquid chromatography-mass spectrometry.

For the Hise-tag pull-down, 10 pM purified His-tagped ShtB was
incubated with WT Synechocystis sp. PCC 6803 crude cell extract
(normalized to 3 mg of protein} of cells growing under continuous
illumination, on 150 pl of Ni-NTA MagBeads (Genaxxion) with
either 0.1 mM c-di-AMP or without effector molecules in 1.5-ml
reaction tubes at 28°C for 15 min. After discarding the supernatant,
the column was washed five times with | ml of washing buffer
[50 mM NazHPO4 (pH 8.0}, 300 mM NaCl, and 10 mM imidazole].
The clution was performed with 20 pl of clution buffer [50 mM
Na,HPO, (pH £.0), 300 mM NaCl, and 250 mM imidazole].

For the 5btB, ColP cell pellets of 300 ml logarithmic growing
Synechocystis sp. PCC 6803 WT and AsbtB cells growing under
continuous illumination {day condition) were resuspended in 1 ml
of detergent-free lysis buffer [50 mM tris-HCl and 5 mM EDTA
(pH 7.4)] and transferred into 1.5-ml microtubes containing (1.1 ml
of glass beads (0.1 mm). Samples were lysed by using a FastPrep-24
Ribolyser (five cycles; 7.00m s L 30s per cycle; 5-min break between
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each cycle; 4°C) and spun down at 16.000g and 4"C for 5 min. The
supernatant was transferred into a fresh 1.5-ml reaction tube and
kept on ice. Aliquots of 150 pl of Protein G magnetic beads {Merck/
Millipore PureProteome) were washed twice with 1 ml of lysis
buffer and incubated with 60 pl of rabbit Symechocystis a-5btB anti-
serum for 10 min at room temperature. After three additional
washing steps, the beads were incubated under the previous cou-
pling conditions with 3 mg of crude cell extract of either WT or
AsbtB. After another three washing steps, elution was performed in
two consecutive steps with each 80 il of elution buffer (200 mM
glycine buffer at pH 2.5). Both fractions were combined, shock-
frozen in liquid nitrogen, and stored at —80°C until further analysis.
Az control for nonspecific binding, WT crude cell extract was
incubated with rabbit B. subfilis 0-TonrA antiserum coupled with
Protein (G magnetic beads.

For all of pull-down experiments, the eluted protein fractions
were first subjected to the short SD5-paolyacrylamide gel electro-
phoresis purification step, where the proteins were migrated into
12% gels for 1.5 cm and then stained with Coomassie blue, followed
by in-gel digestion with Trypzin for the stained/isolated pieces of
the gel-containing proteins. Trypsin-digested peptides were analyzed
by liquid chromatography—tandem mass spectrometry on a Proxeon
Easy-nLC coupled to () Exactive HF, using linear gradient for 60 min.
The spectra were searched against Synechocystis sp. PCCo803 data-
base (UPMO0001425_1111708_complete_20019-02-13) and sequences
for different versions of SbtB proteins (His-tagred or Strep-tagged ).
Label-free quantification was used to calculate intensities and iBAC)
values that give semiquantitative quantifications of protein enrich-
ment. The number of unique identified peptides/protein, sequence
coverage, and score were considered to select proteins of interest.

GFP fluorescence quantification

The total amount of GFP fluorescence in the whole cells was
determined as described previously in (20) for the AsbtB strain that
expresses sbtB-sfGFP construct under the control of the native pro-
moter of sbitB gene in successive day-night cycles. The emission of
GFP fluorescence at 525 nm was determined for normalized cells of
Oy of 0.1, after excitation at 485 nm, using a Tecan multimode
microplate reader (Sparkl 10M).

BACTH assay

Plasmid construction, cell cultivation, and experimental procedure
of BACTH aszay were performed as described previously (4%) only
on X-(al plates supplemented with X-Gal (40 pgfml), kanamycin
(30 pefml), ampicillin (100 pgfml), and IFTG (1 mM). We tested
only the N-terminal fusion of T25 subunit of Cya to SbtB, while the
T18 subunit of Cya was fused ecither N- or C-terminally to the
glycogen-related enzymes GlgAl, GlgAZ, GlgPl, GlgP2, GlgB, and
GlgC. Primers used to generate T25-5btE fusion protein are listed
in (table 51). The T25-5btB fusion with an empty pUT 18 vector was
used as negative control, while the lewcine zipper interaction was
used as positive control. The E. coli ETH101 (Euromedex) was used
for BACTH asszays. The BACTH assays were performed at least
three-times with three independent E. colf colonies to confirm the
reproducibility and the specificity of the SbtB-GlgB interaction.

Microscale thermophoresis
MST experiments were carried out as previously described (20}
uzing a Monolith WT.115 (ManoTemper Technologies GmbH) with
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uncoated Monolith WT.115 Capillaries (NanoTemper Technologies
GmbH]). Primary amines (lyzine residues) of His-tagped GlgB were
fluorescent labeled using the Monaolith Protein Labeling Kit
RED-NHS5 (Nano Temper Technologies GmbH). Titration series of
Strepll-tagged 5c5btB in the range of 1.3 nM to 42.5 iM were incu-
bated with 10 nM fluorescent labeled His-tagged GlgB in 50 mM
phosphate buffer (pH 8.0). All runs were performed in triplicate with
40% MS5T power and &0% light-emitting diede power. Single-site
fitting was done using the NanoTemper data analysis software.

Isothermal titration calorimetry

ITC experiments were performed as previously described (20, 50)
using a VP-ITC microcalorimeter (MicroCal) in 50 mM sodinm-
potassium phosphate buffer (pH 8.0) supplemented with 0.5 mM
EDTA, at 20"C. For determination of binding isotherms of small
effector molecules binding to 5:5btH, the protein (33,3 uM trimer
concentration) was titrated apainst 0.5 or 1.0 mM c-di-AMP sodium
salt (catalog no. CO88, BioLoG, Germany).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is svailable at hitpso'¥ soence ong/dodf 1001 126/
sciadv.abkosca

View/request a protocol for this paper from Bio-protocel,
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Fig. S1. ITC analysis of hgand binding propertes of the ScShtB protein. Binding of vacon: adenosine
nncleotides to the S¢&SbtB protemn with strong binding isotherm ITC titration against (A) 1 mM c-di-ANMP, (B)
1 ;M cAMP, (C) 2 mM AMP, (D) 2 mM ATP, and (E} 2 mM ADP. The binding enthalpy for c-di-AMP was
almost equivalent or higher than that of AMP, ATP. ADP and cAMP at a lower concentration of c-di-AMP.
Upper panels show the aw ITC data in the form of the heat prodnced dnang the utration of 33.3 pM SbtB
(tzmeric concentmtion) with different effector molecnles; lower panels show the binding 1sotherms and the
best-fit cucves accozding to the three sequential binding site models for teimeric SheB.
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different conformation

Fig. 52. Suuctural superposidons of ScSbtB:c-di-AMP complex with different ScSbtB structures.
Superposition of SSbtB:c-di-AMP complex (brown) with (A) apo-SSbtB trmer (gzeen; PDB: 503P). (B)
SSbtB:cAMP complex (blse; PDBE: 503Q), and SSbB:AMP complex (pink; PDB: 30O3R), nelded RMSD
values of 0.26 A, 0.31 A 20d 0.33 A respectively. Structmeal cepresentations were prepared nsing UCSF Chimera
(hrrp:/ /www.sbvinesf edn/chimesa).
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Fig. S3. Generaton of the Adacd mutant in glucose tolerant (GT) and glucose sensiuve Simechocysas
sp. PCC 6803 wild-type cells. (A) Schematic overniew of the strategies to genesate a Adscd mmtant either by
inserting a kanamycin resistance cassette in the enzymatic domain-encoding region of the #0505 gene (Adacd
insertion avstant); or by deleting almost the entire 70505 gene nung a spectinomycin ressstance cassette (Adacd
deletion nmtant), as indicated Notably, cyanobactera show 2 conserved operon organization for DacA
encoding-gene (s/0505), where the diaminopimelate decarboxylase (Hod sl0504) and the nadecaprenyl
prrophosphate syathase (k905 s40500) encoding-genes ace constantly up- and down-stream of the #0505 gene,
respecuvely. (B) segregation level of ether Adacd inserton mmtant or the Adscd deletion mmtant in both
glucose tolerant (GT) and glucose sensitwe (GS) Symechagys7is backgronnds. (C) c-di-AMP concentration 1n E.
i cells before and after indnction of the DacA encoding gene with 0.1 mM IPTG.
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Fig. 54. Sensiavity of the Adac4d mutant to osmotic stress. (A) Hymechogmisr WT and Adacd cells were
exposed to osmotic stress genesated by mncreasing concentrations of sozbitol (ranging from 0 mM — 600 mMM).
Cells were inoculated to a final OD»s, of 0.25, and pictuzes were taken 6 days after inoculation. (B) Growth test
by drop-plate assay of Symechagysais WT, Adac, and AsirB cells on BGy; agar (left) and BG,, agar snpplemented
with 100 mM sosbrtol (right). Cells were normalized to an ODys; of 1.0 and senial diduted to 20 ODysi of 1 x
10+ (from top to dowm). (C and D) Growth cucves and rates of Symerbogysnis WI, Adac4, and AsiB cells in the
presence and absence of 300 mM\ socbstol, as indicated Notably, the osmotic stress effect of socbitol was more
prononnced in the BG;; agar plats in (B) than in Liquid culmre (A) dne to the kmitation of gas-exchange and
therefore the cells on BGy: agar plats ae stactly C-dependent (ie. low cacbon acclimated).
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Fig. S5. Charactenzaton of the AsbrB and Adscd mutants during recovery from nitrogen starvaton.
(A) Transcdption levels of 50505 (encoding for DacA) dnang 48 honrs of resnscitation from nitrogen
chlorosis. The expression levels of 0505 was extracted from our previons microarray data; published
previonsly in (79). X-axis shows the time in hongs after the addition of combxned nitrogen soncces to the media;
Y-axis shows the relative gene expression in a loganthmic scale. (B) Nitrogen chlogosis and resnsestation of
Symechacyszis W, AsinB and Adac cells as indicated. Pictaces were taken after 3, 7, and 14 days of chloross (first
three prctices; up to down) and at 24 hones as well as 72 honss of resnscitation (last two pictces; np to down).
(C) Resnscrtation test by deop-plate assay of WT, AsinB and Adac cells that had been nitrogen stacved for 7
and 14 days (samples from [B]). Cells were nozmalized to an OD»« of | and senial diuted in 10-fold steps (up

to dowm; depicted by a green toangle).
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Fig. 56. Charactenzaton of the AdacA mutant under low carbon conditions. (A) Growth test by drop-
plate assay of Symechogsnis WT and Adac cells on cachon-free BGy; plates (pH 8.0). Cells were nozmalkized to
an ODys of | and seal diluted i 10-fold steps (up to down: depicted by a green toiangle). (B) In sivo bicarbonate
nptake (as mndicated by oxygen evolntion) of Symechogysis WT (black lines) and Adac (red lnes) cells adapted
esther to high carbon (HC; dashed Lines) o to low carbon (LC; solid Lines) conditions. X-axis shows bicacbonate
dependent oxygen evolntion in pmol O./h per mg chlorophyll 2. Y-axis shows increasing concentrations of
bicarbonate m: pM (C) Calenlated V.. values of bicarbonate nptake in Symechon s WT and Adac4 cells adapted
esther to high carbon conditions (HC: black bars) or to low carbon conditions (LC; grey bass), based on the
data shown in (B).
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Fig. §7. Characterization of the AsbeB and AdacA mutants under diumal rhythm. (A) Growth test by
deop-plate assay of Symechooys#is WT, AsirB and AdacA (insertion mmtant) cells nnder esthes continnons Light (left)
or a 12 h dmenal dhythm (sight). (B) Growth test by drop-plate assay of Symechoysnis WT, AsbrB, Adac (deletion
mutaat), and AglB (Asy; which encodes for canonical PII protein was nsed as a negative control) cells nader
either continmons light (left pictace) or a 12 h dinmnal daythm (right pictuce). (C) Growth cncve of Symechogsnis
WT (black kine), AsizB (ced line) and Adac (blne Line) cells theonghont a 12 h dinenal chythm (D) Growth test
by drop-plate assay of Symechogysmis WT, Asiz4 and AsbsB cells nnder esther continuons Lght or a 12 h dinenal
thythm  as indicated, for 9 and 13 days. (E) Growth cucve of Symerbogsnis WT (black Lne) and Aga7 (red Line)
cells thronghont a 12 h dmenal chythm. For (A, B and D), the cells were normalized to an ODys; of 1.0 and
serial dilnted in 10-fold steps (up to dowm; depicted by a green triangle). For (C, E) X-axis shows the time in
honies; Y-axis shows the absorbance at 750 am.

83



-4
w

s

Gene expression (SHS0S; dacd)
(=] (] =k
Gang axpresslon (V1513 shE)
& rd 2

&
o
&

------------------------

10 6 T B 1191 9547 18 0 E) 35 3 M0 00 03 35 0 X 49 4D 45 47 13 5 T @ 11439597 19 1 31 35 &7 3% 1 30 05 3T 0§ 41 &) 45 47
time [h] time [h]

o
o
m

3 m_ Diark Light _
E 4 prr= 148y % 1.0+
£ | E E-] E
- hncA E E

400 P2 0 - JLER
g iz iz
E > !: oo = _E 0.0
= 2001 5a i g - N
5 2 % o8 E 3 s
L] E E =
o = =
E: : gz e - ~ = = 14 7

-~ ’ - b

o ol ot aP P ':-F' .{IP B 1-.9 F o é_:_!} ‘F}___'- l?_i:l-,i- r m‘ﬁl’

Eime ]

Fig. 55, dacd and sbeF expression profile and inmacellular levels of cAMP. Gene expression profile of
(A) dacd (0505) and (B} siB (dr1513) in Symechogysaicr WI theonghout a 12 h dimmal dvythm; published
previonsly in (30). For (A, B) X-axis shows the time in honrs; Y-axis shows the relative pene expression. (C)
cAMP concentration thronghout 2 12 b dincnal chythm within Symechoqymis WT (black bars) and Adeed cells
(pray bars), as indicated. X-amis shows the time in howrs; ¥-ams shows the intracelnlar concentrations of cAMP.
For (A B, and C) The mpht phases are depicted by black bars; the day phases aze depicted by white bars. (I,
E) Expression of the genes simated np- (sM0504) or down-stream (s/506) of decd (#0505, and for the ShB
encoding rene (1573 n Adoed omtant (D) and for the diwed encoding operon (#0504 05 05-50504) 1n
AsiB oootant (E), relative to their expression in WT cells noder standard enltwation conditions.
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Fig. 59, 5B inreracrome and proteins enmdchmenrt in different SbiB-based pull-dowms. (A) ColF pnll-
down neng x-St speafic antbodies from emde cell extracts from WT cells and AsbkB aontant (as a contes]).
The zed dots were not identified in the AdvB-based pull-down (B) 2i** magnetic beads-based pnll-down nsing
Hisi-tagged S.5biB protein. The pull-dovns were done either in presence or absence of c-di-AMP (0.1 mld).
Inenbation of SMEB with c-di-ALMP ennched the co-elotion of glycogen-associated enzymes, in practically GleB.
(C-D) Streptawidin mapnetic beads-based pull-downs nsing strep-tagped £5btB protein. The pull-downs wers
done either in absence or presence of 2 mh[ effector molecnles (o-di-ANMP or cAMP). In contrast to cAMP,
the presence of c-di-AMP enriched GleB interaction wath Sbtl (compare Fig 3A with 5%C and 39C with 59D
(A-C) Elnates were analyzed by hish aceneacy LC-MS /MS to calenlate protein ennchment ratios. The identified
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dentified/defined peptides. The known ShiB-interacting partnes ShtA was identfied in (A) and (B), which
vakdated ong pull-down approach in peneral
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negative control (left, bottom). No interaction was observed between for GigAl, GlgA2, GlgP1, GigP2, and
GigC with SbtB. The assay was done nsing 3-independent/freshly tansformed E. a cells.

GlgC_N
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Fig. 511. Complementation and growth defect under prolonged dark conditions of the AsbrB mutant.
(A) Growth test by drop-plate assay of Symechogysnis WT and complemented AsizB:SbtBya: (right) cells
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thronghont a 12 h dinenal thythm The AsE complementation stmin ArkB:SbhiBre, complements the
phenotype of AskE that is shovm in fipnges ZD and 56. (B) Glycogen levels of the complemented
AskeBShiBrgae cells (grey bar) relative to WT (black bar) at oudday of a 12 h dimenal thythm The
LB SbtBngae regaimed almost wild-type levels of glycopen when compared to the Ared that is shown in
fipnge 3D. (C) Complementation of AreE mutant by addition of 10 mM Dy +}-giucose nader a 12 h dmmnal
thythm as mdicated Pictnres were taken after 7 (left) and 16 (night) days of growth (1) Vizhility test naing the
drop-plate assay of Symechaquir WT, AskB and Adacd cells after 2 (left) and 5 (right) days of incubation in
complete darkness, as indicated Cells were normalized to an ODhs of 1.0 and seral diloted in 10-fold steps
[top to bottom; depicted by a green toangle). Pictres were taken after 7 days of incnbation in continnons lighe
(E} Pulse-amplimde modnlation (PAM) finorometry of Symecbogrnis WT (black line) in comparison to AdeB (red
kne) and Addsed (blne line) cells before and after 1, 2, and 3 days of prolonged dade treatment. AWM finorometry
was edther measnred in absence (left; zaro wE)| or at constant 36 uE of actinie light (right). (F) Whole cell spactra
of Symerboguris WT (black line) in comparnison to ArkE (red line) and Adecd (blne ling) before (top, left) and
after 1 (top, cght), 2 (bottom, lefi), and 3 (bottom, right) days of dack treatment. The peak representing
phycobilisomes ar 620 nm as well as the peak representing chlorophyll a at 650 nm are depicted by black aroows.
Cnlmses were mathematically normalized to semlar O
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Table 51. List of plasmids and primers used in this soudy

Primers/
amplificaton

Zequence (3"—3")

Creation of Adscd incerion mutant (pUCIS-DacA ine. plasmid)
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Creation of Asbrd deletion mutant (pUCL9-Sbed _del. plazmid)
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Table 52: Crystallographic data collecdon and refinement statisdces

Structure F5btBre-di-ANP
complex

PDE code TOE]

Drara collection

Space group P3.

Cell parameters a=h=632A ¢=517
A

Wavelength (A) 1.00

Besoclition limits .‘_{-‘

3274 - 200 (212 - 2.00)

Uigue reflections

24685 (3942)

Completeness (%) 99.7 (98.3)
I/al 20.61 (1.03)
Rednundancy 10.3 (10.1)
Renere (%0) 6.4 (223.1)
CC(1/2) 100 (43.1)

Befinement

Besclibion limits .’_jL;

32.74 — 2.00 (2.05 — 2.00)

Rerp(%a) 178 (37.6)
Rene (Va) 215 (38.7)
Protein melecules per asymmetric unit | 3

cell

Mean B vahie (A7) 55.0

Bamachandran stadsdcs

Core regions (Va)

95.0

“Walnes in parentheses refer to the highest-resolntion shell.
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Simple Summary: Dormancy and sesuscitabion afe key processes o bactenal survival. In the absence
of combined mbrogen sources, the non-diazotrophic model cyanobacterium Synechocystis sp. PCC
6803 turns into a metaboheally queescent state during a process termed chlososas, enablng long-tecm
survival When mbrogen sources reappear, the cells sesuscilate in a process that follows a aghly
orchestrated program. Hene, we desenbe the essenhal role of sodiwm i the resusctabion process. We
showe that in addibion bo its role in the bicenergetics of chlorobic cells, sodium is wew obved m mitrogen
compound assaamalatien, pH fegulation, and the synthess of key metabolikes.

Abstract: Dormancy and resuscitabion ane key o backerial survival under fluctuabing environmental
conditions. In the absence of combined ntrogen sources, the non-dizzotrophac mode] cyanebacteriem
Symechocystis sp. PCC 6603 enters into a metabolically quiescent state during a process termed
chlorosis, Ths stake enables the cells to survive until natrogen sources eappeas, whemeupon the cells
resuscitate m a process that follows a haghly orchesirated program. This coineides with a metabohe
swilch into a heterotrophic-like mode where gy cogen catabolism provides the cells with fseductant
and carbon skeletons for the anabolic feactions that serve to re-establish a photosynthetically active
cell Here we show that the entie resusatabion process requires the presence of sodium, a ubaguatous
cabon that has a broad wnpact on bactenal physclogy. The sequurement for sodam i fesuscatabmng
ells persists even atelevated CO; levels, a condibion that, by contrast, seheves the requirement for
sodhium wns m vegetabive eells. Usmg a mult-pronged approach, including the frst metabolome
analysis of Symechocysiis cells resuscitabing from chlorosis, we reveal the v olvement of sodium at
multiple kevels. Mot only does sediam play a role m the bioenergetics of chlofolic cells, as previously
shicmer 1, but 3t 15 also invalved m ratrogen compound assamulation, pH egulation, and synthesis of
key metabolites.

Keywords cyancbactena; dormancy; fresuscitation; sodm; chlorosis

1. Introduction

Dommancy is one of the most widespread survival strategies in life [1]. In general,
dormancy serves to endure unfavourable conditions. Those can range from short-term, for
example, lack of sun at night, over long-term depletion of resources to endurance of harmful
conditions. Bacteria commonly switch into a quiescent state when faced with nutrient
limitation. This state of dormancy can range from long-lived, durable spores as found in, for
exarmple, Bacillus subtilis [2], over spore-like akinetes of some filamentous cyancbacteria [3]
to the sole downregulation and reorganization of the cell metabolism, as observed, for
example, in nutrient-deprived Symechocystis sp. PCC 6803 (hereafter Synedhocystis) [4,5].

Cyanobacteria are one of the most primordial and ubiquitous groups of bacteria,
and this is reflected in their morphological diversity and metabolic versatility, which
enables them to adapt to different environmental conditions. One of the most limiting
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macronutrients is nitrogen [6,7]. Synechocystis is a unicellular, non-diazotrophic freshwater
cyanobacterium. It is non-diazotrophic, therefore it is dependent on combined nitrogen
sources such as nitrate or ammonium. When no nitrogen source is available, Synedhocystis
turns into a dormant state in a strictly regulated program termed chlorosis [5,8]. Cell growth
armests, the photosynthetic machinery is almost completely degraded, and after initial
synthesis of the storage polymer glycogen, metabolic activities are highly reduced [4,5,9].

When a new nitrogen source is available, a genetically encoded and hierarchical
resuscitation program begins. The immediate response is a major increase in ATF to revive
cell anabolism [10] During the first day, energy is produced heterotrophically through the
degradation and respiration of ghycogen. With the catabolism of ghycogen, the cell receives
reducing equivalents and carbon compounds for anabolic pathway's, such as 2-owoglutarate
(2-003) for the glutamine-synthetase-glutamate-synthase (C5-GOCGAT) ovde [10]. The
first genes that ame expressed during resuscitation encode components of the translational
machinery, ENA polymerases, and central metabolic reactions [9,11]. Subsequently, other
cellular processes are activated, especially all components of the photosynthetic apparatus,
involving a coordinated expression of the tetrapyrrole biosynthesis genes [11,12]. This
leads to an intermediate, mixotrophic phase when the ghroogen stores ame still being
degraded while photosynthesis and carbon fixation start again When tracking the exygen
evolution, this phase is characterised by a gradual increase in light-dependent coxygen
evolution, typically occurring between 20 and 30 h afer the addition of a nitrogen source.
After approximately 45 h, the glycogen storages are consumed, the cell metabolism is
reconstituted, and the switch to vegetative growth occurs with the first cell division [11].

During the resuscitation pericd not all the assimilated nitrogen is used for protein
synthesis. A part of the newly assimilated nitrogen is immediately secured in the nitrogen
storage compound cyanophycin (CF) [13]. CP is a nitrogen storage polymer made of as-
partate and arginine in equimelar amounts. The backbone is composed of poly-L-aspartic
acid, with each carboxy side cahin linked to an arginine residue by an isopeptide bond. Itis
synthesised by the CI" synthase Cphd, a large, non-ribosomal peptide synthetase [14]. Tip-
ically in non-diazotrophic cyanobacteria, CF is synthesised during unbalanced nutritional
conditions that limit growth, such as phosphate starvation [15,16]. In resuscitation however,
the surplus of assimilated nitrogen, exceeding the anabolic demand, is temporarily stored
as CP and may be mobilised during fluctuating nitrogen supply [13].

We previously showed that chlorotic cells have a specific requirement for sodium
that differs from the sodium requirement of vegetative @lls [17]. Vegetatively growing
Symechocystis cells require sodium ions (Na®) primarily for the uptake of inorganic carbon
This can be explained mainly by the requirement for sodium to fuel two major bicarbonate
uptake systems, SbtA and BicA [18]. Themfore, in the presence of elevated CO» concen-
tration, vegetative cells can grow in the absence of sodium. By contrast, during nitrogen
starvation-induced chlorosis, the maintenance of a sodium motive force is required for
membrane bicenergetics and ATF synthesis [17]. When chlorotic cells were supplemented
with a combined nitrogen source, a rapid increase in AT levels could be detected within a

few minutes, which is the very first response in the resuscitation process. When resuscita-
tion was started by the addition of NaMOy, the increase in ATF levels was higher than if

resuscitation was started by the addition of KINOs. The surplus of ATT could be attributed
to an increase in the sodium metive force by the addition of the sodium salt of nitrate. The
same increase in AT levels could also be obtained by just adding the same concentration of
NaCl. However, how sodium affects the entire resuscitation program of Symechocystis was
not clarified. To gain deeper insights into the awakening process of chlorotic Synedhocystis
and the role of sodium herein, we systematically analysed the requirement for sodium salts
in the regreening of nitrogen-starved, chlorotic Symechocystis cells.
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2. Materials and Methods
2.1. Cultivation and Growth Curpes

Growth curves were generated in a Multicultivator OD-1000 with a gas mixing system
GMS 150 (Photosystems Instruments, Dasov, Crech Republic). Vegetative cells were grown
in a By medium [19] in ambient air. Nitrogen starvation was induced by washing cells
with the By medium, which contains all BGyy components except for MaMOy. Cells
were starved of nitrogen for at keast 14 days at ~ 70 pE whife light. To induce resuscitation,
either just 17.5 mM KNy or additionally 17.5 mM MNaCl was added to the culture. When
comparing recovery with different N-sources, cultures were recovered with 10 mM KNGy
with or without 10 mM MNaCl in comparison to cultures recovering with 10 mh MHCI
with or without 10 mM MaCl. Fesuscitation was performed in the presence or absence of

2% COy supplementation.

Recovery in ambient air was done in shaking flasks at 28 "C and approximately 70 pE
white light Samples were taken each day and measured in a photometer Hedios & (Thermo
Fisher Scientific, Waltham, M, USA) at ODsg. The whole cell spectrum was measured in
a spectrophotome ter Specord 50 (Analytik Jena GmbH, Jena, Germany).

2.2, Glyoogen Measurement

Glycogen amounts were measured using an ensymatic assay according to [20], with
modifications established by [21]. Two ml samples were taken, washed with water, and
incubated in 30%%: KOH for 2 h at 95 °C. Then, ice-cold ethanol was added to a final
concentration of 75%, and ghycogen precipitated owvernight at —20 °C. Samples were then
washed with 70 and 98% ethanol, spun down, the pellet dried, and the glycogen digested
by the addition of a solution of 1 00 mM sodium acetate and 4.4 U/ pl. amyloglucosidase at
pPH 4.5 for 2 h. Then, 200 pl. of the samples were mixed with 1 mL of 6% O-toluidine in
acetic acid and incubated for 10 min at 100 "C. Absorbance was then measured at 835 nm
using a Tecan Spark 10M (Tecan, Mannerdorf, Switzerland). A glucose calibration curve
was used to determine the glycogen amount in the samples. At least three biclogical

replicates were measured for every condition.

2.3. ATP Determination in the Cells

e ml samples were taken from each culture in cultivation conditions and immedi-
ately fromen in liquid nitrogen. Samples were then stored at —80 *C until further processing.
Cells wene lysed by three oycles of cooking at 99 °C and flash freezing in liquid nitrogen.
Debris was spun down at 25,000 g at 4 °C for 1 min. The ATF content in the supematant was
measured according to the instructions of the "ATP determination kit” (Molecular Probes
(A 22066), Eugene, OR, USA). A 50 pl. eaction mix containing reaction buffer, luciferin,
and firefly luciferase was mixed with a 100 pl. sample supematant and measured in a Sirius
Luminometer (Bertheld Detection Systems, Bad Wildbad, Germany). An ATP calibration
curve was used to determine the ATTF amount in the samples. At least three biclogical
replicates were measured for every condition.

2.4. PS2 Yield with Pulse Amplitude Modulation

The yield of Photosy stem 11 (PSI) was measured in vivo using a WATER-PAM chlore-
phyll flucrometer (Wake GmbH, Effeltrich, Germany ). The maximum PSII quantum yield
was determined by saturation pulse. At least three binlogical replicates were measured,

and each one in three technical replicates.

2.5. Nitrate/Nitrite Measurement in the Growth Medium

One mililiter of sample was harvested and centrifuged at 13,000« ¢ for 5 min. Mitrate
and nitrite were quantified by measuring the absorbance at 210 nm in the cell-free medium.
The nitrate values wene corrected for the presence of nitrate [22]. To measure, nitrite 300 pl.
of the cell-free sample was added to 300 pl. sulfanilamide solution (1% sulfanilamide in 5%
phosphoric acid) and incubated for 100 min at room temperature in the dark Afterwards,
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300 ul. NED solution (0.19% N-1-napthylethy lenediamin dihydrochloride in water) was
added and incubated in the dark for 10 min. Then, the absorbance at 5330 nm was mea-
sumed [23].

2.6, Ammonium Measurement in the Growth Medium

A dilution series from 0 to 2 mM NHyCl was prepared. Samples of 1 mL of each
culture were taken and spun down; the supematant was moved to a new reaction tube. A
nessker reagent of 20 ul. (containing Ka[Hgls]) was mived with 960 pL of the supernatant
or the dilution series. The mixture was transferred to a cuvette, and the absorbance was
measumned at 410 nm [24].

2.7. Metabolome Measurement

Cells were grown to an ODygp > 0.4 To sample, 10 mL were filtered through pore-size
1.2 uM filters (WHA 1822025, cytiva, Marlborough, MA, USA). Filters were put into reaction
tubes, frozen in liquid nitrogen, and stored at —80 °C until further use. The filters were
thawed in 500 pl. acetonitrile: methanolwater (4 40:20) at —20 "C. Filters were incubafted
in the extraction solvent for 4 h at —20 “C. Metabolites were extracted from the filter by
pipetting the sobrent up and down, and the supematant was then moved to a new tube. To
ensure cell lysis glass beads were added to the supernatant and ribolysed at 6.5 m/ s for
30 5in 2 oycles and a 5 min break in between, centrifuged at »13,000 = ¢ for 15 min at —9 °C,
and the supernatant transferred to a new tube once more. The samples were then stored at
—80 *C until further use. The measurement was done as described in [25]. Metabolomic
analysis was perfformed via LC-M5/M5 (Agilent TOR4Y95, Santa Clara, CA, USA). Relative
quantification was performed by adding a 13C internal standard.

2.8, Oxygen Evolution Measurerment

Choy gen evolution was measured using a Clark-type cxygen electrode DWW (Hansat
ech, King's Lynn, Norfolk, UK) as described in [17].

2.0 PH Measurement

Extracellular pH was measured using a pH electrode (InLab Micro, Mettler-Toledo,
Columbus, OH, USA). At least three biological samples were measured during each sam-
pling point.

Intracellular pH was measured using the fluomescent indicator BCECF (2, 7'-bis-(2-
carboxyethyl} 5-(and-6)-carboogy fluorescein) (Invitrogen AG, Waltham, MA, USA). Samples
wene taken and mixed with BCECF for a final concenfration of (L5 ub and incubated
in the dark for 15 min. Measurement was done in a Spark 10M (Tecan, Minnerdorf,
Switzerland ) with BCECF emission at 5335 nm and excitation at either 49 nm or 439 nm.
Additionally, measurements at the most acidic point and the most alkaline point of the
linear phase were required. To detect those, a calibration curve was made by washing cells
free of the medium and resuspending them in BGO 10 mM Hepes with a pH ranging from
4 to 10, in 1 pH increments. BCECF was added to a final concentration of 0.5 uM and
samples were incubated in the dark for 5 min before adding a CTAB solution to a final
concentration of 0.4% and incubated another 10 min in the dark before measurement in
the Spark 100 The ratio between excitation at 420 nm and 439 nm was calculated, and the
necessary measurement points are chosen. The intracellular pH was then calculated using
the formula:

_ Fy;
(i RE':I . Fﬂlm nmj) (1)
(ke—K)  Fpiaoom)
With pE; being the pK of the medium, R being the ratio of signal between excitation at

490 nm and 439 nm, and F the flucrescent signal A indicates the most acidic point of the
linear range, and B is the most basic

pH = pk; — log
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2.10. Sakaguchi Staining and Bright Field Microscopy

P granules were visualised by using the arginine-selective Sakaguchi staining method,
according to [26].

Photographs were taken with a Leica DM2500 microscope, and a Leica DFC420C color
camera and Leica Application Suite Software. Microscope slides wemne covered in dried 1%
(T agarose solution to immobilise the cells.

211, Transmission Electron M icroscopy
Samples for TEM were prepared, and images wene taken as described by [26].

3. Results and Discussion
3.1. Resuscitation in Absence of Sodium

To investigate the requirement for sodium in the resuscitation process of chlomotic
Symechocystis, cultures that had been starved of nitrogen for 2 weeks were used. Before
starting resuscitation, the cells were washed and resuspended in a sodium-free BG11
medium. Immediately thereafter, either 10 mM KMNOs or 10 mM NHCl was added,
respectively, with or without the addition of 100 mM NaCl. Then, resuscitation was studied
for the following 2 to 3 days. The same type of experiment was carried out either at
ambient air in flasks or in tubes that were bubbled with air enriched with 2%, COs. Cells
that were incubated in ambient air weme unable to regreen and recover in the absence
of Ma™ (Figure 1A, top). The lack of reconstitution of photosynthetic pigments is also
visible in the spectrum from 600 to 750 nm after 2 days of resuscitation, whene in recovered
cells, phyoocyanin absorbs light at 630 nm and chlorophyll o at 680 nm (Figume 18). A
further indication of a reconstitution of the photosynthetic activity can be obtained by
measuring the quantum yield of photosystem (I'S) 2 by pulse amplitude modulation (PARM
fluorometry and saturation pulse method). During resuscitation at standard conditions,
the PAM signal first drops to 0, followed by an increase starting after 20 h [11]. Here, the
PAM signal of the cultures in the presence of sodium increased within 24 h when recovered
with nitrate and 48 h when recovered with ammonium. By contrast, in the absence of Na™,
no increase in the PAM signal was detectable (Figure 1C, top). This clearly indicated that in
the absence of Na™, the cells were unable to restore the photosynthetic machinery. Energy
production during early resuscitation is solely based on the degradation and respiration
of glycogen, and as soon as photosynthetic activity appears, ooygen evolution increases
gradually [11]. When resuscitation was performed in the absence of sodium, cells had a
higher respiration rate and were unable to turn on oxygen evolution (Figure 10, another
indication of the lack of photosynthetic activity However, the degradation of glycogen was
unaffected by the presence or absence of sodium (Figure 1E). The last step of resuscitation
is the initiation of cell division indicated by an increase in ODygy. This increase was not
observable when resuscitation was performed in the absence of sodium, while the ODkg;
started to increase in presence of Mat after about 48 h of resuscitation (Figure 1F). Since
these first experiments cearly indicated that resuscitation required Na™ ions, we asked
whether we could bypass the requirement for Na™ by providing the resuscitating cells
with 2% €0y, as observed for vegetative cells [17]. However, the presence of OOy did
not enable cells to resuscitate successfully, although a slight green colour appeared after
2 days of incubation (Figure 1A, bottom). The PAM signal indicated a slight recovery of
P52 quantum yield towards 48 h of resuscitation (Figure 1C, bottom), although this minute
signal P51 activity was not sufficient toenable oxy gen evolution (Figure 11, bottom). The
cells remained in this incomplete recovered state after prolonged incubation, indicating that
the partial regreening and traces of PSII activity did not support the resuscitation process.
Glycogen consumption was comparable to that in ambient air (Figure 1E), indicating that
glycogen catabolism and respiration are not dependent on Na™ supply. The failure of the
cells to switch back to vegetative growth in the absence of sodium is also evidenced by
the stagnation of ODy;p (Figure 1E bottom). All these results indicate that in contrast to

97



Biology 2023, 12, 159

bof14

Ambient
air

2 eyt 1oy )
e

4

s

+NaCl +KNO3 -Nat +KNO3

vegetative cells, which require sodium to import carbon, resuscitating cells require sodium
for functions other than carbon acquisition.
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Figure 1. Resusctation in the absence of Na* is impossible. (A) shows two cultures after 14 days of
chlorosis and two days of resuscitabion m ambsent air (top) or supplemented with 2% CO; (bottom),
the left in presence of Na* and the right in absence thereof. (B) shows the absorbance of recovering
cultures in ambsent air from 600 nm to 750 nm. (C) shows the quantum yield of PSII as a measure of
photosynthetic activity. (D) shows the oxygen evolution durning resuscitation. (E) shows glycogen
consumption. (F) shows the OD at 750 nm (top) or 720 nm (bottom) as an indicator of c2ll mass. (C-E)
top graphs mefer to cultures m ambient air, bottom graphs nefer to cultures mn a 2% CO; environment
Samples were taken 0, 4, 6, 24, and 48 h after the addition of 10 mM KNQ; or 10 mM NHCI,
respectively. Each data-point represents measured trplicates. Eeror bars nepresent the SD.

We asked ourselves how much sodium is necessary for Synechocystis to be able to
survive and potentially grow in ambient air. We thus cultivated cells in increasing concen-
trations of NaCl and discovered that in continuous light, cells require around 100 uM of
NaCl in the medium to survive, while in a 12 h day /12 h night cycle, they needed at least
500 uM (Figure S1).

3.2. Assimilation of Nitrogen Sources and pH

Based on these results, we next investigated the role of sodium in the acquisition and
assimilation of the nitrogen sources during resuscitation from nitrogen chlorosis. Here,
we used potassium nitrate or ammonium chloride as nitrogen sources. Since nitrogen is
assimilated in the form of ammonium, nitrate must be reduced to nitrite and subsequently
to ammonia (Figure 2A). Then, the glutamine synthase (GS) catalyses the incorporation of
ammonia into glutamate forming glutamine. Ammonium as an N-source is co-transported
across the membrane as ammonia together with a proton and can be immediately incor-
porated into the GS-GOGAT cycle (Figure 2A). When cells were resuscitated with 1 mM
ammonium, its concentration in the medium decreased both in the presence or absence of
sodium. However, the levels decreased faster in presence of Na*, reaching residual levels
after 24 h of resuscitation, while in absence of sodium, this took 48 h (Figure 2B). To measure
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the consumption of nitrate, cells were recovered with 1 mM KMNOy either in the presence or
absence of sodium, and the extracellular concentrations of nitrate and nitrite were measured
over a time period of 48 h. The concentration of nitrate stayed largely unchanged in the
first 12 h Thereafter, in the presence of sodium, extracellular nitrate decreased dramatically
and was almost completely consumed after 48 h. By contrast, no significant consumption
of nitrate was detected in the absence of sodium (Figure 2C). Nitrite is an intermediate
in nitrate reduction and is excreted when nitrate reduction exceeds nitrite reduction [22].
Druring resuscitation in the presence of sodium, the nitrite levels first increased until 24 h
and then dropped again at 48 h, as the cells were nitrogen depleted again. In the absence of
MNa*, nitrite levels initially increased even faster than in the presence of sodium until 12 h
and then stayed constant until 48 h (Figure ZD). In agreement with the lack of nitrate con-
sumption, no excretion of ammonium could be detected in the sodium-free cultume, either
(Figure 52). This clearly indicates that the initial uptake of nitrate and nitrate reductase
activity is not impaired in the absence of sodium, whereas the reduction to ammonium
seems to be impaired.

1.
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Figure 2. Nitrogen import and incorporation. Time-cowrse analysis of mbrogen compounds and
pH during reswacitation. Resusctabion was mabated by the additien of KMNO: or NHeCl to a final
concentrabon of 10 mM. (A) depicts a mode] of the incarporation of combined mbrogen sources mto
the eell metabolism GS = Glutanmine synthase, GOGAT = Glutamate Okoglutarate Amadbransferase,
PM = Flasmamembrane Ammonium (B) and nitrate {(C) kvels are showen in mby7 108 cells, nikrile
lowala (D) in ph /108 cells. (B} shaners the extracellular pH. (F} the miracellular Samples wene taken 0,
1,2 3 6 12 24, and 48 h after the addiben of a combmed nitrogen sownce (KNO5 or NHCI) Bars
represent measunement of bwlogical triphcates. Error bars repoesent the SD.

The reduction of nitrate to ammonia requires nine protons in total. Given the limited
number of available protons in a Symechocystis cell [27-29], supplying Simechocystis with
nitrate as the sole M-source should lead to a oytoplasmic alkalisation unless sufficient
protons can be imported. By contrast, when the cells are using ammonium as a nitrogen
soure, they take up ammonia in co-transport with a proton [30], which delivers new
protons into the cytoplasm and should thereby cause its acidification. Therefore, we next
measured the extra- and intracellular pH changes during esuscitation to reveal how the
presence of sodium affects pH homeostasis. When esusdtation was performed with nitrate
in the presence of Na*, the extracellular pH increased in the second phase of resuscitation
(after 20 h). Asexpected, the extracellular pH remained largely unchanged in the absence
of sodium, as no nitrate was consumed (Figure ZE). By contrast, the measurement of
intracellular pH using the trapped fluorescent indicator method with BCECF yielded
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intriguing results. In the presence of sodium, the intracellular pH transiently increased
from pH 7.5 to approximately 7.9, etuming to initial levels after 6 h and then remaining
constant. By contrast, in the absence of sodium, an immediate increase in intracellular pH
oorurred which further increased during incubation, reaching a value of 8.3 (Figure 2F).
This indicates a lack of intracellular protons, which are generally imported by sodium-
dependent antiporters like the Na®™/H" antiporter of the MhaS-family [31].

When resuscitation was triggered by the addition of ammonium, transient acidification
was measured both in the presence or absence of ammonium (Figure 2F). Likewise, no
difference in extracellular pH was observed (Figure 2E). When fed with ammonium, cells
appear to regulate the pH independently of the availability of sodium. Mewvertheless,
also under these conditions, resuscitation in the absence of sodium failed, indicating the
existence of further sodium-dependent processes.

3.3. Metabolome of Resuscitating Cells

To gain deeper insights into the metabolic changes during resuscitation with nitrate in
the presence or absence of sodium, we investigated the metabolome during the first 12 h
of resuscitation. In this early phase of resuscitation, no CO: fivation takes place, and all
cellular carbon is derived from the catabolism of glycogen stores [10] Therefore, during this
heterotrophic phase, sodium should be required for cellular processes other than carbon
acquisition. Metabolites were extracted using glass beads to mechanically disrupt the
cells in a sohvent made of acetonitrile, methanol, and water, and their identity and relative
concentration wene determined using M5,

The method employed allowed the determination of changes in amino acids and a few
central carbon metabolites. This is the first global description of the amino acid steady-state
level in the resuscitation of Symechocystis, to our knowledge.

The amino acd steady-state levels are the result of amino acid synthesis and its
consumption by downstream metabolic pathways and protein synthesis. (verall, for many
amino acids, the steady-state level only subtly changed in response to the presence or
absence of sodium, although in the absence of sodium, the assimilation of nitrogen was
clearly abrogated. This indicates the presence of efficient regulatory mechanisms to keep
the steady-state levels of amino acids constant. Therefore, we will focus the analysis of the
experiment on examples showing deviations from the standard condition in the absence
of sodium.

In the presence of Na®, glutamate was the amino acid whose cellular concentration
increased the most within the first hour of resuscitation (Figure 3A). Thereafter, a further
steady increase up to 10 fold was observed after 12 h as compared to the chlorotic cells.
This is reasonable since glutamate is the net product of nitrogen assimilation through the
G5GDGAT cycle. In the absence of Na®, the levels of glutamate also slightly increased,
but the steady-state level increased only to about half the concentration. In contrast to
glutamate, the concentration of glutamine remained quite constant throughout early resus
citation in the presence of sodium, indicating a thoroughly balanced activity of glutamine
synthesis by (G5 and its consumption by GOGAT. However, in the absence of sodium,
glutamine levels dropped and stayved lower, indicating that G5 activity laggmed behind
GOCGAT. The imbalanced GS/GOGAT cycle in the absence of sodium could have several
reasons. First, the inability to reduce nitrate to ammonia could result in substrate limitation
for the (55 reaction. Second, the inability to control the intracellular pH could reduce (55
erzyme activity. Third, in the absence of sodium, energy metabolism is impaired [17], thus
impairing the ATP-dependent G5 reaction.
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Figure 3. Levels of metabohites durmg resuscitabion m the presence or absence of Na®. Calls wene
recovered with 17.5 mM KNy after 2 weeks of mbrogen starvation. (A) shows the 2-00 amuno
acid fanaly, (B) the exaloamtate fanly, (C) the aromatic amino acids and (D) the pyruvate famalby
(E) shows intermediates of the TCA cycle. The y-axis depicts the ratio in % normalised to 12 h of
resuscitation in the presence of sodium, the r-axis shows the bme after the addibon of nitrate
howrs. Bars sepresent measunement of biologieal tiphicates. Error bars represent the SD.

A similar pattern as for glutamine was observed for arginine. Since arginine is derived
from glutamate and carbamoy] phosphate, whose synthesis is glutamine derived, the
reduced levels of arginine in the absence of sodium could be explained by decreased
nitrogen assimilation. A strikingly different pattern was observed for proline, the last
member of the oeoglutarate /glutamate-derived amino acid family Proline levels stayed
constant during resuscitation in the presence of sodium, while the levels continuoushy
increased in the absence of Na*. Proline can be derived from the ArgZ/ ArgE catalysed
arginine catabolism, which is part of the nitrogen-assimilatory ornithine-ammonia cycle [32].
The M-terminal part of Args displays arginine dilydrolase activity, transforming arginine
into ormithine, C%, and ammonia. Ornithine can then re-enter arginine synthesis or can
be comverted by ornithine cyclodeaminase activity into proline, presumably catalysed by
the C-terminal domain of Arg [33]. The increasing proline levels in the absence of Na™
indicate that omithine cyclodeaminase activity exceeds the re-entry of omithine in the
arginine pathway due to impaired nitrogen assimilation. Furthermore, proline is known
to function as an osmoprotectant in mamy bacteria [34-36], and therefore, the increasing
proline levels could enhance the protection against csmotic stress.
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In the family of oxaloacetate/aspartate amino acids, only subtle differences were
observed (Figure 3B). The lower levels of asparagine in the absence of sodium reflect the
lower levels of glutamine, which is required for asparagine synthesis.

In the family of aromatic amino acids, tyrosine showed a remarkable pattern. Its levels
decreased 2 fold during resuscitation in the presence of sodium, whereas the levels even
slightly increased in the absence of sodium (Figume 3C). Increased levels of tyrosine in M-
starved Synedhocystis are in agreement with a recent study reporting a strong accumulation
of tyrosine levels when Synechocystis cells are subjected to nitrogen deprivation [37]. The
levels of phenylalanine also increased during resuscitation in absence of sodium (Figure 3C).
Mo function has been ascribed to free phenylalanine or tyrosine to our knowledge, except
in protein synthesis. Thus, we can assume that the drop in tyrosine levels ocourring during
successful resuscitation reflects its consumption by protein synthesis. The elevated levels
in the absence of sodium would then be caused by impaired protein synthesis.

Amine acids from the pyruvate family generally showed lower levels in the absence
of Na®(Figure 313). For all three, alanine, valine, and isoleucine, a significant increase from
B to 12 h in resuscitation with soedium was noticeable. This is likely due to the sucoessful
re-establishment of the core anabolic reactions, increasing the pool sizes of these amino
acids for protein synthesis and further metabolic reactions.

The measured intermediates of the TCA oycle also showed interesting behaviour The
levels of citrate and malate were comparable between the two conditions whereas a large
difference was visible for succinate, with a 350% increase at 12 h of resuscitation in the
absence of sodium (Figure 3E). Succinate is preduced in the modified TCA cycle reactions
of cyanobacteria from 2-00 by 2Choglutarate decarboxylase and succinic-semialdeby de
dehydrogenase [38]. Since 2200 can no longer be efficiently converted to glutamate due
to the impaired G5 GOGAT orce in the absence of sodium, the synthesis of succinate is
apparently increased under these conditions.

34. Conseguential Effects on Cyanophyion and the Cytoplasm

Cyanophycin (CP) is a nitrogen storage polymer composed of an aspartate backbone
and arginine sidechains. The synthesis of this polymer is an indicator of global nitrogen
availability to non-growing cells, as an excess of assimilated nitrogen, not needed for
protein synthesis, is stoned in this nitrogen-rich polymer. When chlorotic Symechocystis cells
are resuscitated by nitrate addition, they transiently produce CIP during the first day of
mesuscitation as a nitrogen reservoir to cope with fluctuations in nitrogen supply [13] To
reveal whether this process also depends on Ma™, we assessed CP production using the
Sakaguchi reaction, which stains arginine residues. CI granules in cells are visible as red
dots [13]. Here, we focused on cultures before and after 12 h of resuscitation. As shown
in Figure 4, cells that wene resuscitated with nitrate but in the absence of sodium were
strongly impaired in CF synthesis, while in the presence of sodium, the expected synthesis
of CF could be observed. When cells weme resuscitated in the presence of ammonium, a
small amount of CT synthesis could be observed.

Sine the absence of Na™ has global consequences for the physiology of the cells,
we also irvestigated cell morphology using transmission electron microscopy. We took
samples before the addition of ENOy and 24, 48, and 66 h after. During resusdtation in
standard conditions, between time points 0 and 24 h +N, the glycogen storages should
largely disappear, and ribosomes, CFF granules, and an increase in thylakoid membranes
should be noticeable. Thereafier, CF granules should disappear again, whereas thylakoid
membranes and carboxysomes should appear [11]. These morphological changes were
visible in the cultures ecovered under standard conditions (Figure 58). By contrast, the
cells that were incubated in the absence of Wa™ appeared to lose intracellular structures
(Figure 5A). This indicates that the longer the recovering cells are left without sodium, the
more they degrade any intracellular structures to the point of looking like ghost cells.
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Figure 4. Cyanophycin production in the presence and absence of sodium. (A) shows pictumes of cells
after 12 h of resuscitation with nitrate or ammoenium, in the presence or absence of sodium. Cells were
stained with the Sakaguchs staining method. Scale bar depicts 7.5 um i each picture. (B) depicts
the amount of cyanophyan granules per cell during resusatation, counted after Sakaguchi staining,
Samples were taken before start of resuscitation and 12 h after start At least 200 cells were counted
per sample per time point
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Figure 5 TEM pictunes of resuscitating cells in the presence and absence of sodium. (A) provides an
overview of multiple cells 66 h after the start of resuscitation in the absence of sodium. (B) depicts
individual cells in resuscitation. On the left side are cells ecovenng in the presence of sodium, on
the right in the absence. Samples were taken before resuscitation (after 14 days of chlorosis) and 24,
48, and 66 h after iniiation. TM = thylakoeid membrane, PHB = polyhydroxybutyrate, G = glycogen,
C = carboxysome. Scale bar in (A) represents 1 pm, bars in (B) represent 0,5 pm.
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4, Conclusions

We have shown in this study that chlorotic cells of Symechocystis have a multi-levelled
requirement for sodium during resuscitation from nitrogen depletion. Sodium has been pre-
viously reported to have a significant role in bicenergetics during the exit from the chlomotic
state and in carbon import during vegetative growth [17]. Here we show that throughout
resuscitation from nitrogen depletion-induced chlorosis, sodium is required from multiple
processes. What ame the differences in sodium requirement between vegetatively growing
cells and cells resuscitating from chlorosis?

In vegetative cells, the primary requirement for sodium is to enable bicarbonate
uptake through the sodium dependence of the major bicarbonate uptake systems SbhtA
and BicA [183%,40]. Therefore, at elevated CO levels, which circumvents high-affinity
bicarbonate transport, vegetative growth can take place in the absence of sodium. In
contrast, in mesuscitating cells, supplementation of cells with 2% C0y, despite enabling
synthesis of small amounts of chlorophyll, does not restore full recovery of cells, indicating
further requirements for sodium beyond the inorganic carbon supply

When mesuscitation is started by the addition of nitrate, sodium rather helps in the
acquisition thereof and the control of intracellular pH. This is because to reduce nitrate to
ammonia, cells lequire nine protons, which requines efficient pH control in the oytoplasm.
Ma*/H" antiporters can supply the cytoplasm with protons. In the absence of sodium,
proton import, and thus, pH control, is impaired leading to the alkalisation of the cytoplasm.
Mevertheless, the nitrate reductase reaction, which requines 2 protons, still takes place, and
the produced nitrite is now excreted to the medium instead of being further reduced to
ammonium. By contrast to nitrate, when fed with ammonia in the absence of sodium, cells
ame able to take up ammonium but still are unable to incorporate it into proteins or storage
compounds like CF. This indicates that central reactions of nitrogen assimilation are also
impaired by the absence of sedium.

Metabolite analysis indicated an imbalanced G5/GOGAT cycle in the absence of
sodium (see above). The G5 reaction appears to be most strongly affected by the lack of
sodium, as evidenced by decreasing glutamine levels in sodium-free cells. In addition
to the impaired supply of substrate through nitrate reduction, it is likely that the high
energy demand of 5 cannot be satisfied without the use of sodium bioenergetics, which
provides the basis for efficdent ATP synthesis in chlorotic cells [17]. This imbalance in
one of the most essential metabolic oy des of Symechocystis will lead to further problems
downstream. The increased levels of proline during resuscitation in absence of sodium,
forexample, could be derived from arginine catabolism by Arg# [33]. Supporting this, the
expression of @y and the protein levels of Arngs also increase in early resuscitation [11,12].
Proline would then serve as an osmolyte to stabilise the cytoplasm while the ghycogen
stores and the intracellular structures are degraded, as witnessed in the TEM analysis. The
cells recovering in the absence of sodium degrade their ortoplasmic structures until they
appear empty. This is reminiscent of the degradation and recycling processes occurring in
bysosomes during the autophagy of eucaryotic cells [41]. It is unclear whether the increased
level of tyrosine in chlomotic cells simply reflects the lack of catabolism of free tyrosine
during chlorosis or whether it is of functional significance. In specific eneymes, tyrosine
residues may act as radical quenchers [42]. Whether free tyrosine could also function as
a radical quencher has, to our knowledge, never been demonstrated, but if so, it would
provide additional protection to chlorotic cells.

All these results highlight the tight interconnection of cellular processes through the
pivotal role of ions such as sodium, protons, and small metabolites. The broad effects of ion
homeostasis could be revealed by studying cells in an extreme metabolic situation, with
limited possibilities to compensate for external perturbations. In a broader scope, such
studies deepen our understanding of the physiclogy of dormant cells and the reawakening
after quiescence.
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Abstract:

Dormancy is one of the most significant survival mechanisms in bacteria. The entrance and exit from
dormancy require tight control. A failure to properly control this process can easily lead to cell death.
In the last decade, the second messenger cyclic di-adenosine monophosphate turned out to play key
roles in homeostatic regulation of various bacteria. Mostly associated with ion and osmolyte
homeostasis, it has also been shown to be essential for survival in cyanobacteria in a diurnal rhythm
and indications of its requirement to survive metabolic dormancy in cyanobacteria have also been
found. To further investigate the influence of c-di-AMP on metabolic quiescence, the response of a c-
di-AMP deficient Synechocystis sp. PCC 6803 strain towards nitrogen starvation-induced chlorosis was
investigated. We revealed that c-di-AMP is essential for entry into chlorosis and exit thereof. We
found significant dysregulation in cellular glutamate and glutamine levels, indicating involvement of c-
di-AMP in nitrogen metabolism. Moreover, a severe plasmolysis in later stages of chlorosis highlights
the importance of c-di-AMP in maintaining osmotic balance during the chlorotic state.
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Introduction:

Second messengers are small molecules and ions transmitting environmental and intracellular signals
to receptor and effector proteins to tune cellular responses [1]. One large group of second messengers
are cyclic nucleotides including the well-known cyclic adenosine monophosphate (cAMP). A different
sub-group are the cyclic di-nucleotides, which gained interest in the last decades. One of them is cyclic
di-adenosine monophosphate (3’,5;-c-di-adenosine 5’-monophopshate; hereafter c-di-AMP). Since its
discovery in Bacillus subtilis in 2008 [2], it has been found in various bacteria and archaea, but not in
eukaryotes [3-5]. C-di-AMP is synthesised from two ATP molecules by diadenylate cyclases and
degraded by phosphodiesterases [6,7]. In various genera of the firmicutes clade, mutants with deficient
c-di-AMP synthesis or with increased c-di-AMP degradation are not viable in complex media.
Diadenylate cyclase deficient mutants, however could be rescued in minimal media with low potassium
supply [8—11].In contrast , mutants that overproduce c-di-AMP generally showed impairment [12—-14].
Due to this tight requirement of limited amount of c-di-AMP, it was termed an “essential poison” [12].
In firmicutes, many interaction partners have been discovered through the analysis of suppressor
mutations. In this manner, interaction partners of c-di-AMP that are involved in ion homeostasis and
osmolyte uptake have been discovered [8-10,15-17].

As shown in firmicutes, c-di-AMP appears to play a central role in the potassium homeostasis as
deduced from the number of mutations found in transporters thereof [8,10,15]. The immediate uptake
of K* ions is the first response of many bacteria to hyperosmotic stress [18]. To circumvent long term
ionic stress due to the charges of K* and the counter ion glutamate, bacteria will then replace these
ions with compatible solutes and other osmolytes [18]. Since high levels of c-di-AMP inhibit the uptake
of K* and increase its export [8,19,20], the concentration of c-di-AMP needs to decrease under
hyperosmotic shock and needs to rise to export the K* ions again. Suppressor mutations were also
found in osmolyte transporter encoding genes like opuD in Staphylococcus aureus [10] or the
transcription repressor encoding gene busR [15]. BusR represses the expression of the glycine betaine
uptake system BusAB actively when binding c-di-AMP.

Cyanobacteria are a ubiquitous group of bacteria owing to their unique ability in prokaryotes to
perform oxygenic photosynthesis. In cyanobacteria, c-di-AMP has been reported to be necessary for
diurnal growth, especially for night-time survival [21,22], and like in firmicutes, for ion homeostasis and
osmoprotection [23]. In the model cyanobacterium Synechocystis sp. PCC 6803 (hereafter
Synechocystis), a unicellular non-diazotrophic strain, only one diadenylate cyclase, termed DacA, is
known [22,23]. Investigation of a AdacA knockout strain revealed reduced levels of glycogen, likely
because the glycogen branching enzyme GlgB is activated by the Pll-like signal transduction protein
SbtB in complex with c-di-AMP [22]. Deprivation of combined nitrogen sources is a condition, which
causes maximal glycogen accumulation. Prolonged nitrogen starvation causes reversible chlorosis and
metabolic quiescence, whereby during this acclimation process, the cells prepare for rapid
resuscitation from dormancy as soon as nitrogen becomes available again [24,25]. In a previous study,
we observed that a AdacA mutant was unable to resuscitate from nitrogen starvation while a AsbtB
mutant did not show an impairment in re-greening [22]. The metabolic recalibration necessary for the
process of chlorosis follows a strictly organised program observable at different phenotypical levels.
Upon nitrogen deprivation, the cells divide one last time before arresting growth [26] and the levels of
ATP drop significantly [27]. The phycobilisomes, the thylakoid membrane-anchored light harvesting
complexes , are degraded and the whole photosynthetic machinery is reduced until only a residual
amount remains [24,25]. During the initial phase of the chlorosis process, the fixed CO2 is directed
towards glycogen synthesis, which is the crucial energy reserve that fuels a subsequent resuscitation
process [27-30].
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The resuscitation process of chlorotic Synechocystis as a model for the awakening of a dormant
bacterium has been studied in detail [27-29,31-34]. It starts with the addition of a usable nitrogen
source. The cells immediately take up such a nitrogen compound and increase their ATP levels [27]. As
the cells start to degrade glycogen to gain energy by respiration and to mobilise carbon skeletons for
assimilatory reactions, they transiently switch off residual photosynthetic activity [27,28]. Following an
initial reconstitution of the translational machinery and of central metabolic capacities, they rebuild
the entire photosynthetic machinery. After about 24 hours, the thylakoid membranes and
photosystems are rebuilt enough for the cells to switch into a mixotrophic phase [28]. After
approximately 48 hours of resuscitation, the glycogen storages are largely degraded and the
photosynthetic machinery is completely restored, allowing the cells to switch back to phototrophic
lifestyle and resuming cell growth [28]. While this process proceeds in a highly reproducible manner,
transcriptomic and proteomic studies showed that it is operated by a genetically encoded resuscitation
program that executes the timing of differential gene expression. Among the genes, which were the
first to be induced upon start of resuscitation, the dacA gene belonged to the most strongly induced
genes [28,31], indicating a significant regulatory role of c-di-AMP for the recalibration of metabolism
during resuscitation. The present study was carried out with the aim to reveal in more detail the role
of c-di-AMP metabolism in cyanobacteria awakening from dormancy.
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Material and Methods:

Cultivation, nitrogen stepdown and resuscitation, and colony PCR:

Cells were cultivated in BG11 medium in shaking flasks, shaking at 120 rpm and continuous white light
between 30— 70 uE at 28 °C. Nitrogen starvation was induced by washing cells with the BG11.0 medium,
which contains all BGi1x components except for NaNOs. To induce resuscitation, 17.5 mM NaNO; was
added to the culture. Cell density was measured in a photometer HeAios 6 (Thermo Fisher Scientific,
Waltham, MA, USA) at OD7so. The whole cell spectrum was measured in a spectrophotometer Specord
50 (Analytik Jena GmbH, Jena, TH, Germany). The adapted strains were checked by colony PCR.

Glycogen measurement:

Glycogen amounts were measured using an enzymatic assay according to Griindel et al (2012), with
modifications established by Klotz et al (2015). Two ml samples were taken, washed with water, and
incubated in 30% KOH for 2 h at 95 °C. Then, ice-cold ethanol was added to a final concentration of
75%, and glycogen precipitated overnight at -20 °C. Samples were then washed with 70 and 98%
ethanol, spun down, the pellet dried, and the glycogen digested by the addition of a solution of 100mM
sodium acetate and 4.4 U/ulL amyloglucosidase (Sigma Aldrich, St. Louis, MO, USA) at pH 4.5 for 2 h.
Then, 200 pL of the samples were mixed with 1 mL of 6 % O-toluidine in acetic acid and incubated for
10 min at 100 °C. Absorbance was then measured at 635 nm using a Tecan Spark 10M (Tecan,
Mannerdorf, ZH, Switzerland). A glucose calibration curve was used to determine the glycogen amount
in the samples. At least three biological replicates were measured for every condition.

PS2 Yield with Pulse Amplitude Modulation (PAM)

The yield of Photosystem Il (PSIl) was measured in vivo using a WATER-PAM chlorophyll fluorometer
(Walz GmbH, Effeltrich,BY, Germany). The maximum PSIl quantum yield was determined by saturation
pulse. At least three biological replicates were measured, and each one in three technical replicates.

ATP determination in the cells:

One ml samples were taken from each culture in cultivation conditions and immediately frozen in liquid
nitrogen. Samples were then stored at -80 °C until further processing. Cells were lysed by three cycles
of cooking at 99 °C and flash freezing in liquid nitrogen. Debris was spun down at 25.000 g at 4 °C for 1
min. The ATP content in the supernatant was measured according to the instructions of the “ATP
determination kit” (Molecular Probes (A22066), Eugene, OR, USA). A 50 pL reaction mix containing
reaction buffer, luciferin, and firefly luciferase was mixed with a 10 puL sample supernatant and
measured in a Sirius Luminometer (Berthold Detection Systems, Bad Wildbad, BW, Germany). An ATP
calibration curve was used to determine the ATP amount in the samples. At least three biological
replicates were measured for every condition.

Measurement of intracellular c-di-AMP concentration:

10 ml of cells with an OD7s0 0.6 — 0.8 were harvested by vacuum filtration through glass microfibre
membranes with a pore size of 1.2 um (Whatman GF/C, Global Life Sciences Solutions Operations UK
Ltd, Little Chalfont Buckinghamshire, UK, cat. no. 1822-025). The filter was transferred into a 2 ml
reaction tube and frozen in liquid nitrogen. Samples were stored at — 80 °C until further processing. For
that the filters were resuspended in 500 pl ice cold extraction solvent (acetonitrile/methanol/water
2/2/1, v/v/v), incubated on ice for 15 minutes and then heated for 10 min at 95 °C. After cooling the
samples on ice, they were centrifuged at 20.800 g and 4 °C for 10 minutes, the supernatant was
transferred into a new reaction tube. Filters were resuspended in extraction solvent, incubated on ice,

111



and spun down two more times; the supernatants were added to the reaction tube with the one from
the first run. The tubes with the combined supernatants were then stored over night at -20 °C.
Afterwards, samples were centrifuged at 20.800 g and 4 °C for 10 minutes again, and the supernatant
transferred into a new tube. Supernatant was then evaporated using a vacuum exicator RVC 2-
18(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, NI, Germany). Further sample
preparation and measurement was done according to Selim et al, 2021.

Membrane potential determination:

Cells were stained using the dye Bis-(1,3-Dibutylbarbituric Acid)-trimethine axonol (DiBAC4(3)) (AAT
Bioquest, Hamburg, HH, Germany, cat. no. 21411) dissolved in DMSO. Samples were taken in vegetative
growth and at different times in chlorosis, cells were then stained with 10 uM DiBAC4(3) for 30 min in
the dark. 10 pl of sample were then dropped onto an 1 % agarose-coated microscopy slide and imaged
using a Leica DM5500 B (Wetzlar, HE, Germany) with an 100x/1.3 oil objective. A yellow fluorescent
protein filter (excitation: 490 -510 nm, emission: 520 — 550 nm) was used for detection.

Transmission Electron Microscopy:
Samples for TEM were prepared, and images were taken as described in Watzer et al, 2015.
Metabolome:

For metabolome analysis, cells were cultivated and shifted as described above. For sampling, cells
equating to an OD7so 4 were sampled by vacuum filtration through glass microfibre membranes with a
1.2 um pore size (Whatman GF/C, Global Life Sciences Solutions Operations UK Ltd, Little Chalfont
Buckinghamshire, UK) and washed with 10 ml BG1:° medium. Filters were transferred into 2 ml reaction
tubes and frozen in liquid nitrogen. 630 pl Methanol with 1 pl carnitine standard (1mg/ml) were added
to the tubes with the filters and mechanical breaking of the filters ensued. This was facilitated by
vigorous mixing, 10 min incubation in a sonication bath and 15 min shaking. Afterwards 400 ul
chloroform were added and samples incubated for 10 min at 37 °C. Then, 800 pl ultrapure water were
added and samples again shaken for 15 min before incubating them for at least 2 h at — 20 °C. Cell
debris and filters were removed by centrifugation at 20.000 g and 4 °C for 5 min. The upper polar phase
was transferred into a new tube and dried in a vacuum concentrator (Concentrator plus, Eppendorf SE,
Hamburg, HH, Germany). The extracts were then resuspended in 200 ul deionised water and filtrated
through 0.2 um filters (Omnifix, B. Braun SE, Melsungen, HE, Germany). Analysis was performed with
the high-performance liquid chromatograph mass spectrometer LCMS-7050 system (Shimadzu
Corporation, Nakagyo-ku, KyGto, Japan). LC-MS data analysis was performed with the Lab solution
software package (Shimadzu Corporation, Nakagyo-ku, Kyoto, Japan).

Recovery drop plate assay:

Chlorotic cells were dropped onto a BGi: agar plate in a dilution series. The highest concentration
equated to an ODysg 1 with dilution steps of 1:10. 5 pl were dropped for each spot. Plates were then
incubated at ~ 70 UE continuous white light at 28 °C for 7 days before imaging.
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Results:

Physiological role of c-di-AMP upon nitrogen starvation:

Cyclic-di-AMP has been previously described as an important second messenger to enter and
resuscitate from nitrogen depletion-induced chlorosis in Synechocystis [22] and in accord, the
diadenylate cyclase gene dacA is strongly induced in the early phase of resuscitation [28]. Following
these observations, we strived to identify the physiological relevance of c-di-AMP in chlorosis and
resuscitation by characterising the c-di-AMP deficient AdacA knockout mutant. Therefore, we exposed
both Synechocystis WT and AdacA to prolonged phases of nitrogen starvation before resuscitation was
induced by the addition of nitrate. Measurement of the intracellular concentration of c-di-AMP showed
that the levels of c-di-AMP in the wild-type peaked within the first day of chlorosis (fig. 1, A), indicating
a higher requirement for the second messenger during metabolic recalibration. The c-di-AMP-deficient
strain was incapable of producing measurable amounts thereof. During chlorosis, the cell colour
changes from a green-blue to a yellow-orange pigmentation, because the photosynthetic machinery is
mostly degraded and mainly carotenoids remain [25,26]. While the WT showed this typical colour
change, the AdacA mutant turned completely white within 2 weeks of chlorosis, which is an indication
of cell death (fig. 1, B). To quantify cell viability, we used the viability indicator dye bis-(1,3-
dibutylbarbituric acid)-trimethine oxonol (DiBAC4(3)), which stains depolarized cells. Within 3 weeks,
approximately 75 % of the mutant cells were DiBAC4(3) positive indicating cell death (fig. 1, C, D). To
find the reason for loss of viability, we investigated different physiological parameters. After nitrogen
depletion the process of chlorosis begins with a final cell division, before growth arrest occurs [28,29].
Cultures of the AdacA mutant were unable to perform this last cell division upon nitrogen starvation
(fig. 1, E), showing their inability to initiate a proper chlorosis response. The degradation of the
photosynthetic machinery can be observed by pulse amplitude modulation (PAM) fluorometry as a
proxy for photosystem Il activity and by measuring phycobiliprotein absorbance at 625 nm. In both
parameters, AdacA acts comparable to the WT (fig. 1, F, G). The quantification of intracellular ATP levels
in WT cells showed a sudden drop to 20 % within 24 hours of nitrogen depletion reaching a plateau of
approximately 40 % ATP as compared to vegetative growth. Strikingly, the sudden drop in ATP level did
not occur in the AdacA mutant, further indicating its inability to adjust its metabolism to the onset of
starvation (fig. 1, H). In fact, the ATP levels of AdacA even increased slightly during the first 2 days of
chlorosis before dropping to lower levels after prolonged starvation. In agreement with previous
studies, quantification of intracellular glycogen showed that glycogen levels in WT cells already peaked
at maximum after one day of chlorosis with approximately. 120 ug/108 cells. By contrast, glycogen
accumulation in the AdacA mutant was strongly retarded and diminished (fig.1, 1), resembling the
previously observed impairment in glycogen synthesis during diurnal growth [22]. To further
characterize the morphological changes, which the cells undergo during chlorosis, we performed
transmission electron microscopy (TEM) with WT and mutant cultures after 21 days of chlorosis (fig. 1,
J). While WT cells showed the typical morphological characteristics of chlorotic cells like the
accumulation of glycogen and polyhydroxybutyrate (PHB) granules, as well as a strongly reduced
amount of thylakoid membranes, the cells in the AdacA cultures had a heterogenous appearance (fig.
1, J). Many of the AdacA cells showed indications of plasmolysis, marked by a shrinkage of the
cytoplasmic space with retraction of the cytoplasmic membrane from the cell envelope, while some
cells remained WT-like (fig. 1, J). In cells, which showed plasmolysis, less PHB granules were found, and
the thylakoid membranes appeared to be completely degraded. The observed plasmolysis ranged from
less shrinkage in some cells to a shrinkage of the cytoplasm up to half its original size in others. This
phenotype indicates a failure to control cell turgor, which is in agreement with previously reported
influence of c-di-AMP on ion homeostasis [7,15,17].
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To reveal further metabolic consequences of the lack of c-di-AMP during chlorosis, different
metabolites were quantified using LC-MS (fig. 2). Amino acid levels in the WT showed different profiles.
Some amino acids showed increased levels, peaking in early stages of chlorosis, visible for example for
lysine (fig. 2, B), likely due to proteolytic degradation of different cellular structures. A second group
remained constant, as observed for glutamine (fig. 2, A). A third group declined immediately in
response to nitrogen starvation, as observed for glutamate (fig. 2, A) or tryptophane (fig. 2, C). Several
amino acids show greatly increased or reduced levels in the AdacA strain in comparison to the WT.
Strikingly, glutamate levels increased in response to N-deprivation, as opposed to the wild-type.
Glutamate is of particular relevance as it fulfills multiple roles in bacterial metabolism. It is the primary
pivot point in nitrogen metabolism, it is/ as well as the precursor for many metabolites including
tetrapyrroles and in maintaining intracellular pH and turgor [15]. In the WT, N-depletion causes a rapid
drop in cellular glutamate levels whereas the glutamine levels remain at high levels. This pattern has
been observed repeatedly in nitrogen starved Synechocystis cells [33,35]. It indicates a tight control of
the GS-GOGAT cycle. Since the AdacA strain does not follow this pattern, it appears that the cells are
unable to properly control the GS-GOGAT cycle.

Moreover, proline (fig. 2, A), aspartate, methionine (fig. 2, B) and tryptophane (fig. 2, C) show
significantly increased levels in the AdacA mutant in the first week of chlorosis in comparison to the
WT. The levels of aspartate and methionine (fig. 2, B) increase significantly within the first 3 days of
chlorosis in the mutant. The overall increased level of proline in the mutant (fig. 2, A) is possibly coupled
to its function as osmolyte, since c-di-AMP deficient strains are reportedly under osmotic stress
[9,10,36]. For lysine and isoleucine, the mutant displayed lower levels as compared to the WT,
indicating perturbation in amino acid turn-over. The massive increase in methionine levels in the
mutant is striking. In the WT, the methionine levels remain low during vegetative growth as well as
during N-starvation. Methionine has multiple roles in metabolism: As the initiating amino acid in
protein synthesis as well as precursor for the methyl-group transfer factor S-adenosine-L-methionine
(SAM) [37]. The strong deviation of methionine levels from equilibrium in the AdacA mutant could have
detrimental metabolic consequences. At present, we cannot distinguish if the elevated methionine
levels are causative or the consequence of metabolic perturbations.

Significance of c-di-AMP in resuscitation and the appearance of suppressor mutations:

Chlorosis and resuscitation from this dormant state are independent cellular processes, which,
however, depend on each other. As we showed previously, c-di-AMP is essential for cell viability during
nitrogen starvation. The fact that the dacA gene is early induced in the resuscitation process implies an
important role of c-di-AMP in resuscitation. To investigate the role of c-di-AMP on resuscitation, we
started the resuscitation of chlorotic cells by the addition of nitrate. Subsequently, we measured the c-
di-AMP levels throughout resuscitation (fig. 3, A). In agreement with previous studies showing early
expression of dacA [28,31], c-di-AMP levels peaked at approximately 25 uM/cell 8 hours after initiation
of resuscitation, before dropping back to circa 5 uM/cell (fig. 3, A). No c-di-AMP was measurable in the
mutant for the samples collected in the final stage of chlorosis. To investigate the overall ability to
recover, samples were taken after 14 days of chlorosis, and dropped on BG11 plates in a dilution series
and left to recover and grow for 7 days. The AdacA mutant, lacked behind the WT by 3 orders of
magnitudes, thus showing a delayed resuscitation and growth thereafter in these recovery drop plate
assays (fig. 3, D). This observation could be explained by the large number of dead cells in the culture
(fig. 1, C, D). That the entire resuscitation program was heavily impaired in the dacA deficient strain
was visible in all cellular parameters, such as the increase in ATP levels (fig. 3, B), reconstitution of
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photosynthetic capacity as determined by PAM fluorometry (fig. 3, C) and the overall re-greening
process [22].

Despite the fact that the AdacA mutant was heavily impaired in resuscitation, after prolonged time of
resuscitation, viable cells of the AdacA mutant re-appeared. Thus, we checked the recovered cultures
for presence of a functional dacA gene via colony PCR (fig. 3, E). We found that the recovered cells had
regained the ability to synthesise c-di-AMP and accumulated even higher amounts of c-di-AMP, up to
70 % higher than in the WT. Analysis of the dacA gene by colony PCR showed reconstitution of the wild-
type gene indicating that the interrupting resistance cassette has been excised from the dacA gene (fig.
3, F). Since these revertants retained the antibiotic resistance, the resistance cassette was presumably
inserted in a different chromosomal locus. To check the original phenotype of the AdacA mutant, the
cultures were subjected to a second chlorosis procedure. In the adapted strain, chlorosis proceeded as
in the WT (fig. 3, G) and the adapted strain was also able to perform the typical last cell division at the
entry of chlorosis (fig. 3, H). The frequent appearance of revertants highlights the selective pressure to
maintain c-di-AMP synthesis during the process of chlorosis and resuscitation. However, the rapid
appearance of revertants makes the interpretation of resuscitation experiments difficult, as the
population becomes more and more heterogenous during resuscitation.
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Discussion:

C-di-AMP has been previously described to play a significant role in osmotic stress and ion homeostasis
in firmicutes [8-10,15-17], which was also highlighted for cyanobacteria in recent publications [21—
23]. During standard vegetative growth under constant illumination, c-di-AMP regulation seemed
dispensable. However, the role of c-di-AMP in various acclimation processes remained unknown so far.
Here, we found that c-di-AMP is essential in the process of chlorosis, a switch to metabolic quiescence
to survive times of nutrient limitation. Thus, in early chlorosis, when adaptation of the whole cell
metabolism to nutrient starvation is in progress, an increased level of c-di-AMP appears to be necessary
to tightly regulate osmotic/ionic homeostasis. Consequently, the lack of intracellular c-di-AMP causes
cell death (fig. 1, B - D, fig. 3, G). Striking differences were observed between WT and AdacA mutant
with respect to ATP and glycogen levels. In earlier publications [22], activation of the glycogen
branching enzyme GlgB by a complex of c-di-AMP and the PlI-like carbon regulator protein SbtB, has
been reported [22]. However, the AsbtB knockout strain did not show a phenotype in chlorosis and
produced WT-like levels of glycogen under these conditions. Thus, the involvement of c-di-AMP in
glycogen synthesis during nitrogen starvation appears to be independent of SbtB. However, the
synthesis of glycogen requires energy. Precursors for glycogen synthesis are derived from glycerate-3-
phosphate, the product of carbon fixation by ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO). Conversion of glycerate-3-phosphate to ADP-Glucosem the building block of glycogen[38],
requires 3 ATP. The higher ATP level in AdacA during the first days of chlorosis could be related to this
missing synthesis. Another possible sink for ATP is amino acid and protein synthesis. The AdacA strain
showed higher levels of several amino acids in chlorosis (fig. 2), which could be attributed to lacking
protein synthesis, also consuming less ATP.

The impaired osmotic and ionic stress response of the AdacA mutant in chlorosis is also visible in TEM
images (fig. 1, J). In a culture of the AdacA strain after 21 days of chlorosis, cells appeared heterogenous.
Some cells were comparable to the WT, while others experienced plasmolysis to varying degrees,
ranging from small spaces to a reduction of the cytoplasm to approximately 50 % (fig. 1, J). Starvation
induced shrinkage of the cytoplasm has been reported for bacteria previously [39,40]. A reduction of
the cytoplasmic volume can keep intracellular concentrations of metabolites and enzymes high to help
move pathways along and reduce the amount of undesired intermediates in the cytoplasm, as the
authors suggested. This explanation would need to be proven by live/dead staining and paying special
care to cell form and fluorescent area. With the microscopic pictures taken for this study, distinguishing
whether cells had a reduced cytoplasm or not and whether these cells were alive was not consistently
possible. In firmicutes, it has been reported that cells with a high intracellular c-di-AMP concentration
have their K*-ion uptake inhibited [41] and thus loose water in this hypertonic condition. For the AdacA
strain, a loss of water due to impaired ion homeostasis could also be possible. In a transcriptomic
analysis of AdacA, it was found that the expression of sodium proton antiporter encoding genes nhaS4
and nhaSé6 is higher in the mutant [42]. When cells are shifted to nitrogen-deprived medium, the Na*
concentration decreases from 22.5 mM to 5.5 mM. This reduction could lead the Na*/H* antiporters
NhaS4 and NhaS6 to export Na* ions together with water, leading to a shrinkage of the cytoplasm. In
previous work, a Na* gradient has been described as essential for bioenergetics after the early stage of
chlorosis [34]. The WT-like levels of ATP in the later stages of chlorosis (fig. 1, H) indicate that this
gradient is still functioning in the living cells. The increased levels of ATP in the AdacA strain in
comparison to the WT in early chlorosis are likely caused by different factors, like the missing glycogen
synthesis, an ATP-consuming set of reactions.
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In agreement with the assumption of ionic and osmotic stress, the levels of glutamate in the AdacA
strain are elevated upon nitrogen starvation (fig. 2, A), which seems contradictory to the nitrogen
starvation condition causing chlorosis. Nitrogen is assimilated and converted into glutamine and
glutamate through the glutamine-synthetase-glutamate-synthase (GS-GOGAT) cycle. The GS reaction
requires glutamate, ammonia and ATP. During nitrogen starvation, the supply of ammonia drops off,
slowing down the GS reaction. The GOGAT reaction uses glutamine and 2-oxoglutarate as substrates,
yielding 2 glutamate molecules per reaction. Subsequently, nitrogen is distributed in anabolic reactions
mainly through aminotransferase reactions starting from glutamate. The rapid decline of glutamate
levels in the WT indicates a reduced GOGAT turn-over. The inverse regulation in the AdacA mutant
indicates involvement of c-di-AMP in regulating the GOGAT reaction. However, these effects appear to
be mediated indirectly, as neither the GOGAT nor an associated protein has been found in previous c-
di-AMP based pulldowns [22]. However, in those pulldowns, GS inhibition factors 7 and 17 (products
of genes gifA and gifB) have been found. This points towards a so far unknown mechanism of regulation
of the GS-GOGAT cycle by c-di-AMP. In a proteome analysis of the AdacA mutant in diurnal rhythm, a
trend to a dysregulation of the global nitrogen regulator NtcA was observed (unpublished results). The
increased glutamate levels might also be required to balance the rising intracellular cation
concentrations. In firmicutes, K* homeostasis is regulated by c-di-AMP [7,41] and in cyanobacteria,
multiple different ion transporters have been found to potentially bind c-di-AMP [22]. The metabolic
switch from vegetative growth to nitrogen starvation induced quiescence reduces the levels of free
glutamate and thus the buffering capabilities of the cytoplasm [43]. The intracellular accumulation of
glutamate in the AdacA strain throughout the first week of chlorosis is unexpected but could counteract
a dysregulation of cation homeostasis in the mutant. Supporting this hypothesis as well is the increased
level of proline in the mutant throughout chlorosis. Proline can serve as an osmolyte in cells [44—-46]
and can stabilise osmotic stress without addition of a charge difference, as an increase in cations would.
Proline synthesis requires glutamate, so the increasing levels of proline could be a spillover of the high
glutamate level. This compares to the levels of aspartate, whose synthesis also requires glutamate, and
which also shows increased levels in the mutant throughout the first week of chlorosis (fig. 2, B). In
contrast, the level of lysine, which is significantly lower in the AdacA strain than in the WT (fig. 2, B),
depends on glutamate in its synthesis as well. Methionine also shows a significantly higher level in the
AdacA strain. After 7 days of nitrogen starvation, the amount of free methionine in the mutant is
approximately 23 times higher than in vegetative growth (fig. 2, B). As it is the initiating amino acid in
translation, this could indicate a disturbance in protein synthesis. Protein synthesis in early chlorosis of
Synechocystis is directed to proteins essential for resuscitation, while the synthesis of other proteins is
arrested [26,47]. A diminished synthesis of these essential proteins could easily turn lethal for cells.

Chlorosis is a severe stress condition in which the AdacA strain shows large phenotypical differences to
the WT, culminating in a high cell death rate (fig. 1, G — 1), but not total cell death. The observed
heterogeneity of the AdacA strain after 21 days of chlorosis (fig. 1, J) can be attributed to the
appearance of suppressor mutations under selective pressure. Similar appearances of suppressor
mutations in c-di-AMP deficient strains have been previously reported for firmicutes upon conditions
of elevated selective pressure [8—10,15—-17]. Investigation of the recovered cultures revealed a restored
dacA gene (fig. 3, E) and these cultures exhibited WT-like behaviour (fig. 3, D, G — ), underlining the
essentiality of c-di-AMP to cope with stress conditions in a changing environment. It is likely that not
all 25 % viable mutant cells after 21 days of chlorosis are sufficiently adapted, as resuscitation from a
dormant state is a second selective pressure to survive. In the drop assay, the recovery of a first time
chlorotic AdacA strain was 2 magnitudes lower than the WT (fig. 3, D), indicating a low amount of cells
being able to resuscitate. Of these cells, approximately 1 %, were able to reconstitute the dacA gene
and thus, the c-di-AMP production.
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The ionic and osmotic stress caused by the change of cell metabolism resurfaces when chlorotic cells
are presented with a source of fixed nitrogen. The expression of the dacA gene and the protein levels
of DacA peak within the first 12 hours of resuscitation [28,31]. Consequently, c-di-AMP levels peak at
8 hours after addition of nitrate (fig. 3, A). A tight control of ion homeostasis is necessary, as the cell
metabolism is re-established, and co-factors are required. Interpretation of the obtained results for the
mutant is difficult, as the resuscitating cultures are adapted strains that survived both chlorosis and
recovery due to their suppressor mutations. Interestingly, even the adapted cells were unable to
produce c-di-AMP in resuscitation (fig. 3, A) but had to reach vegetative growth to have measurable
amounts again (fig. 3, F). This means that the adapted mutants were able to survive chlorosis and
resuscitation independent of the availability of c-di-AMP, due to secondary mutations. To identify
those, additional research would be required, but overall and in regard to the literature, it can be
assumed that ion transporters, osmolyte synthesising pathways and osmolyte uptake systems have to
been changed.

In this study, we were able to show the importance of c-di-AMP in the adaption to fluctuating nitrogen
levels, especially during the global cellular process of chlorosis. Cells lacking c-di-AMP were revealed
to die under nitrogen limitation, leading to the occurrence of suppressor mutations. Although the
mechanism how c—di-AMP influences nitrogen assimilation remains obscure, this study points
towards a substantial influence of c-di-AMP in controlling nitrogen assimilation. Additionally, the
influence of c-di-AMP on ion and osmolyte homeostasis was visualised in form of the observed
plasmolysis. Knowledge about c-di-AMP is ever increasing and there appears to be no end to the global
influence it has in bacterial cells.
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Supplementaries

Tab. S1: Metabolome data of Synechocystis WT and AdacA in early chlorosis.
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Fig. 1: Parameters during chlorosis . (A) depicts the ratio of c-di-AMP during chlorosis , normalised to vegetative
growth (timepoint 0). (B) shows a wildtype (WT)and AdacA culture after 2 weeks of chlorosis . (C) shows
microscopic pictures of WT and AdacA after 21 days of chlorosis in phase contrast (left), fluorescence (middle )
and the overlay (right). (D) depicts the amount of dead cells per culture in percent over 21 days of chlorosis . (E)
shows the change in OD 750 over time after initiation of chlorosis, indicating change in cell mass; (F) the
quantum vyield of the photosystem 2 during chlorosis, G = Gain, P = PM-Gain; (G) the Absorbance at 685 nm
normalised to the absorbanceat 750 nm over the first week of chlorosis, indicating the presence of
phycobilisomes in relation to total cell mass; (H) the amount of glycogen during chlorosis ; and (I) the levels of
ATP throughouttwo weeks of chlorosis. (J) are pictures from transmission electron microscopy after
21 days of chlorosis. Top shows WT and bottom AdacA, on the left are overview pictures and to the
right pictures of single cells. For all graphs, black colour signifies WT and grey AdacA. Each data-point
represents measured triplicates. Error bars represent the SD.
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Fig. 2: Metabolitesduring chlorosis. (A-C) depict
members of different amino acid families, members of the
(A) glutamate based family, (B) oxaloacetatebased famil y
and (C) tryptophan and isoleucine. Each data-point
represents measured triplicates except for time point zero,
which are unicates. Error bars represent the SD.
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Fig. 3: Overview of resuscitation and adaptation. (A) depicts the levels of c-
di-AMP during resuscitation, (B) the ATP levelsin nm/10”8 cellsand (C) the
quantum yield of PS2 measured by PAM duringresuscitationand the gainand
PM-gainwith which the measurement was done for each strain (D) shows a
recovery drop assaysof WT, fresh AdacA and adapted AdacA cultures after 2
weeks of chlorosis Dropped cultures were ableto recover and grow for 7 days
before picture was taken. (E) shows an agarosegel of a colonyPCR to check
for reconstitution of the dacA gene inthe adapted strain M =Marker, WT =
wild type, adapted = adapted AdacA strain (F) depicts the concentrationof c-
di-AMP in uM per cellin vegetative growth, (G%shows cultures of WT and
mutant after 14 days of chlorosis (H% depicts the ODssgas anindicationof cell
mass and (1) the amount of glycogen throughout chlorosis Each data-point
represents measured triplicates Error barsrepresentthe SD. AdacA cultures
were adapted by sending them through chlorosisand resuscitationand
cultivation of the survivingcells.
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