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1 List of Abbreviations

Abbreviation

Meaning

20G 2-oxoglutarate

2PG 2-phosphoglycolate

2PGA 2-phosphoglycerate

3PGA 3-phosphoglycerate

6PG 6-phosphogluconate

ABC ATP-binding cassette

ADP Adenosine diphosphate

AgrE Arginine dihydrolase

ATP Adenosine triphosphate

BCT1 ABC-type HCOs transporter
BicA HCOg3 transporter

C Carbon

CA Carbonic anhydrase

CBB (cycle) Calvin-Benson-Bassham (cycle)
CCM Carbon concentrating mechanism
CcmP Minor carboxysome shell protein
CfrA Carbon flow regulator A

Ci Inorganic carbon

CO2 Carbon dioxide

CoA Coenzyme A

ColP Co-immunoprecipitation

Cp12 Chloroplast protein of 12 kDa
Cys Cysteine

DCMU 3-(3,4-dichlorophenyl)-1,1-dimethylurea
DHAP Dihydroxyacetone phosphate

ED (pathway)

Entner-Doudoroff (pathway)

Eda

KDPG aldolase

Edd

6-phosphogluconate dehydratase

EMP (pathway)

Embden-Meyerhof-Parnas (pathway)

eYFP

Enhanced yellow fluorescent protein

F6P Fructose 6-phosphate

FBP Fructose 1,6-bisphosphate

FNR Ferredoxin-NADP+ reductase

G1,3BP Glycerate 1,3-bisphosphate

G1P Glucose 1-phosphate

G6P Glucose 6-phosphate

GAP Glyceraldehyde 3-phosphate

GapDH Glyceraldehyde 3-phosphate dehydrogenase
GC-MS Gas chromatography—mass spectrometry
Gcek Glucokinase

GlcP Glucose transporter

GlgA Glycogen synthase

GlgB Glycogen branching enzyme

GlgC Glucose 1-phosphate adenylyltransferase
GlgP1/2 Glycogen phosphorylase 1 and 2

GlgX Glycogen debranching enzyme

Gnd 6-phosphogluconate dehydrogenase
GOGAT Glutamine oxoglutarate aminotransferase




Abbreviation Meaning

GS Glutamine synthetase

HC High carbon

HCOs Bicarbonate

kDa Kilodalton

KDPG 2-dehydro-3-deoxy-6-phosphogluconate
Km Michaelis-Menten constant

LC Low carbon

LC-MS Liquid chromatography—mass spectrometry
Mg Magnesium

mM Millimolar

N/N2 Nitrogen

NaCl Sodium chloride

NAD+ / NADH Nicotinamide adenine dinucleotide
NADP+ / NADPH | Nicotinamide adenine dinucleotide phosphate
NAGK N-acetyl-L-glutamate kinase

NbIA Phycobilisome degradation protein

NDH NAD(P)H dehydrogenase

NdhR NDH regulator

NrtABCD Nitrate/nitrite transport system

NtcA Nitrogen control transcription factor
0/02 Oxygen

OPP (pathway)

Oxidative pentose phosphate (pathway)

PAGE

Polyacrylamide gelelectrophoresis

PCA Principal component analysis

PCC Pasteur culture collection

PDH Pyruvate dehydrogenase

PEPC Phosphoenolpyruvate carboxylase

Pfk Phosphofructokinase

Pgam Phosphoglycerate mutase

Pgam1 2,3-phosphoglycerate independent phosphoglycerate mutase
Pgk Phosphoglycerate kinase

Pgm Phosphoglucomutase

PHB Polyhydroxybutyrate

PipX Pll-interacting protein X

PirC Pll-interacting regulator of carbon metabolism
Prk Phosphoribulokinase

PSI Photosystem |

PSII Photosystem Il

R5P Ribulose 5-phosphate

RuBisCO Ribulose 1,5-bisphosphate carboxylase/oxygenase
RuBP Ribulose 1,5-bisphosphate

SbhtA Sodium-dependent bicarbonate transporter
SbtB Pll-like regulatory protein

SDS Sodium dodecyl sulfate

TCA (cycle) Tricarboxylic acid (cycle)

UrtABCD Urea transporter system

Vimax Maximum velocity

WT Wild type

Zwf Glucose 6-phosphate dehydrogenase
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4 Summary

Cyanobacteria are the only prokaryotes capable of performing oxygenic photosynthesis.
Their ability to engage in different trophic modes, ranging from photoautotrophy and
heterotrophy to mixotrophic growth, in response to environmental fluctuations and nutrient
availability, emphasizes the immense influence of this ancient bacterial phylum on the global
carbon and nitrogen cycles. However, the regulatory mechanisms allowing a flexible switch
between these lifestyles are poorly understood, especially for unicellular cyanobacteria
without major subcellular compartmentation. As anabolic fixation of CO; in the Calvin-
Benson-Bassham cycle and catabolic glycolytic pathways share intermediates and
enzymatic capacity, a tight regulatory network is required to enable simultaneous opposed
metabolic fluxes. The discovery of novel mechanisms regulating carbon allocation at crucial
branching points could identify ways for targeted redirection of metabolic routes towards
desired compounds, and thus help to further establish cyanobacteria as green cell factories
for biotechnological applications with concurrent utilisation of CO,. This dissertation presents
new insights on regulations of the central carbon metabolism of Synechocystis sp. PCC
6803, and therein highlights the importance of specific key enzymes of anabolic and
catabolic pathways.

The Entner-Doudoroff pathway around the enzyme Eda was found to be a crucial glycolytic
route for glycogen breakdown in changing CO: levels, in addition to the Embden-Meyerhof-
Parnas pathway and the oxidative pentose phosphate pathway. Metabolite analyses on
Synechocystis mutants deficient in either of these main glycolytic routes revealed a distinct
metabolic phenotype for strain Aeda during acclimation to CO- shifts.

Cp12 is a widespread small protein known to downregulate the Calvin-Benson-Bassham
cycle in darkness by inhibiting photosynthetic phosphoribulokinase and glyceraldehyde 3-
phosphate dehydrogenase. The formation of such inhibitory complex could be visualized in
vivo via fluorescence-tagged mutants. New results of metabolomics and redox level analyses
on mutant Cp12 strains extend the known role of Cp12 regulation and reveal an importance
for acclimation to external glucose supply in dark phases as well as to shifts in CO- levels in
constant light.

Carbon and nitrogen metabolism are closely linked as Synechocystis maintains an essential
C/N homeostasis. The small protein regulator PirC was characterized as interactor with the
nitrogen-signal transduction protein Pll and identifies phosphoglycerate mutase (Pgam) as
central branching point for carbon allocation. In nitrogen depletion, PirC is released from PII
and inhibits Pgam, thus promoting glycogen storage metabolism. Altered metabolite levels in
the central carbon metabolism of ApirC during nitrogen starvation experiments confirm this

regulatory mechanism.



5 Zusammenfassung

Cyanobakterien sind die einzigen Prokaryoten mit der Fahigkeit zur Durchfihrung oxygener
Photosynthese. Als Reaktion auf Umweltfluktuationen kénnen sie sowohl photoautotroph,
heterotroph als auch mixotroph wachsen, was den enormen Einfluss dieses bakteriellen
Phylums auf globale Kohlenstoff- und Stickstoffkreislaufe unterstreicht. Die regulatorischen
Mechanismen fir einen flexiblen Wechsel zwischen diesen Lebensweisen sind jedoch
unzureichend verstanden, insbesondere fir einzellige Cyanobakterien ohne wesentliche
subzellulare Kompartimentierung. Da anabole CO.-Fixierung im Calvin-Benson-Bassham-
(CBB)-Zyklus und katabole glykolytische Wege Uberlappen, ist ein enges regulatorisches
Netzwerk erforderlich, um derart gegenlaufige Stoffwechselwege gleichzeitig zu ermoglichen.
Neuentdeckte Regulationen fur die Kohlenstoffverteilung an entscheidenden Verzweigungen
kénnten eine gezielte Umleitung von Stoffwechselwegen ermoglichen, und dadurch
Cyanobakterien als grune Zellfabriken fur biotechnologische Anwendungen unter Nutzung
von CO; verstarkt etablieren. Diese Dissertation prasentiert neue Einblicke in die Regulation
des zentralen Kohlenstoffstoffwechsels von Synechocystis sp. PCC 6803 und hebt die
Bedeutung spezifischer Schlisselenzyme anaboler und kataboler Wege hervor.

Der Entner-Doudoroff-Weg um das Enzym Eda wurde neben dem Embden-Meyerhof-
Parnas-Weg und dem oxidativen Pentosephosphatweg als entscheidender glykolytischer
Weg flr den Glykogenabbau bei wechselnden CO,-Leveln identifiziert. Metabolitanalysen an
Synechocystis-Mutanten, die je einen dieser Glykolysewege nicht besitzen, zeigten einen
distinkten Stoffwechselphanotyp fir Aeda wahrend der Antwort auf CO2-Shifts.

Cp12 ist ein weit verbreitetes kleines Protein, das den CBB-Zyklus im Dunkeln durch
Inhibition der photosynthetischen Phosphoribulokinase und der Glyceraldehyd-3-phosphat-
Dehydrogenase herunterreguliert. Die Bildung von inhibitorischen Komplexen konnte in vivo
mithilfe von fluoreszenzmarkierten Mutanten visualisiert werden. Metabolomics und Redox-
Level-Analysen an Cp12-Mutanten erweiterten die bisher bekannte Rolle der Cp12-
Regulation und zeigten eine Bedeutung flr die Anpassung an externe Glukose in
Dunkelphasen, sowie an CO,-Schwankungen im Dauerlicht.

Kohlenstoff- und Stickstoffstoffwechsel sind eng miteinander verbunden, da Synechocystis
eine essentielle C/N-Homoostase aufrechterhalt. Das kleine Protein PirC interagiert mit dem
Stickstoffsignaltransduktionsprotein PIl und identifiziert Phosphoglyceratmutase (Pgam) als
zentralen Verzweigungspunkt fur die Kohlenstoffverteilung. Bei Stickstoffmangel wird PirC
von PIl freigesetzt und inhibiert Pgam, wodurch der Glykogenaufbau gesteigert wird.
Veranderte Metabolitenlevel im zentralen Kohlenstoffstoffwechsel der Mutante ApirC

wahrend Stickstoffmangel-Experimenten bestatigten diesen Regulationsmechanismus.
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6 INTRODUCTION

6.1 Cyanobacteria

Cyanobacteria are a phylum of Gram-negative prokaryotes from the domain of bacteria.
They are the only prokaryotes known to perform oxygenic photosynthesis. Thereby, they are
able to use light energy for water splitting to generate electrons and protons for the
photosynthetic electron transport chain combined with the release of molecular oxygen (O2)
as a byproduct (e.g., Sanchez-Baracaldo & Cardona, 2020). Cyanobacteria evolved this
process at least 2.7 billion years ago, leading to a drastic increase of O, in Earth’s
atmosphere, thus tremendously impacting biogeochemical processes and evolution of life
(Hohmann-Marriott & Blankenship, 2011; Schirrmeister et al., 2016). The long-term evolution
of cyanobacteria allowed adaptation to numerous abiotic stresses, resource limitations and
growth conditions. Ranging from terrestrial growth in microbial mats to life in freshwater and
marine ecosystems, cyanobacterial habitats show a strong diversity including extreme
locations like salt lakes (Alvarenga et al., 2018) or desert soil crusts (Oren et al., 2019).
Cyanobacteria are important prokaryotic biomass producers, with genera Synechococcus
and Prochlorococcus alone accounting for up to 25% of all marine primary production
(Flombaum et al., 2013). Several filamentous cyanobacterial strains are also able to fixate
atmospheric nitrogen (N2) in specialized cells called heterocysts (Flores et al., 2018) and
contribute to the global N-cycle.

The photosynthetic fixation of carbon dioxide (CO2) to form organic carbon was transferred
from early cyanobacteria to eukaryotes by endosymbiosis, which essentially initiated the
development of plastids in plants and algae approximately 1.5 billion years ago (Hedges et
al., 2004). Therefore, numerous cyanobacterial biochemical pathways and physiological
traits remain conserved in higher plants. This makes cyanobacterial metabolism an attractive
subject of fundamental research for plant photosynthesis and energy metabolism. Moreover,
the natural production and accumulation of biopolymers such as glycogen, cyanophycin or
polyhydroxybutyrate (PHB) highlights cyanobacteria as suitable green cell factories for

application in biotechnology (Santos-Merino et al., 2019).

6.2 Model strain Synechocystis sp. PCC 6803

The paraphyletic genus Synechocystis comprises several unicellular coccoid non-
diazotrophic (unable to perform N fixation) cyanobacterial species, including the widely
studied strain Synechocystis sp. PCC 6803 (hereafter Synechocystis). Synechocystis was
originally isolated from a freshwater lake in California in 1968 (Stanier et al., 1971). Despite
its original isolation site, it is also able to survive in terrestrial and marine habitats, and

displays a salt tolerance of up to 7% NaCl, equivalent to twofold sea salt concentrations
11



Introduction

(Reed & Stewart, 1985). Following multiple lab mutations, several sub-genotypes derived
from the original strain, including glucose-tolerant lines. This added to the popularity of
Synechocystis as a model strain for fundamental research on physiology of photosynthesis
due to its different modes of lifestyle: The ability of photoautotrophic growth during light
periods as well as growing mixotrophically and heterotrophically via glycolytic pathways
utilising stored glycogen or exogenously provided glucose (Rippka et al., 1979). Furthermore,
Synechocystis is a naturally transformable organism capable of efficient homologous
recombination which allows easy genetic manipulation and generation of targeted knock-out
mutants for physiological studies. In 1996, Synechocystis became the first phototrophic
organism to have its genome completely sequenced (Kaneko et al., 1996), which enabled
further profound research to be performed on genomic, transcriptomic and proteomic levels

over decades to follow. A schematic illustration of this model organism is given in Figure 1.
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Figure 1: Schematic detailing the ultrastructure of Synechocystis sp. PCC 6803 showing various
subcellular components (Mills et al., 2020).
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6.3 Overview of the central carbon metabolism of Synechocystis
6.3.1 Photosynthetic energy supply for carbon fixation

Synechocystis mainly produces nicotinamide adenine dinucleotide phosphate (NADPH) and
adenosine triphosphate (ATP) in the light-dependent reaction of oxygenic photosynthesis.
The light-dependent reaction takes place in the thylakoid membrane and converts light
energy to chemical energy (Vermaas, 2001). In brief, chlorophyll a in the photosystem Il
(PSII) reaction center is excited by light energy. It transfers one electron to plastoquinone,
thus starting the photosynthetic electron transport chain along the thylakoid membrane.
Subsequently reduced electron acceptors are the cytochrome b6f complex and plastocyanin,
with the latter then donating one electron to photosystem | (PSI). Excited chlorophyll a from
PSI then reduces ferredoxin which in turn can transfer an electron to ferredoxin-NADP*
reductase (FNR) in a linear electron transport, thus producing the reducing equivalent
NADPH (Lea-Smith et al., 2016). The water-splitting complex and the proton pump activity of
cytochrome b6f generate a proton gradient between the thylakoid lumen and the cytoplasm
which is utilised by the ATP synthase to convert adenosine diphosphate (ADP) to ATP. To
adjust the physiological NADPH/ATP ratio, ferredoxin can also transfer electrons back to
plastoquinone, generating only ATP, thus creating a cyclic electron transport (Bendall &
Manasse, 1995). This is especially important during stress when the demand for ATP is
increased or when NADP* levels are decreased in conditions such as low CO, availability.
Most of the produced NADPH and ATP is then used to fix atmospheric CO; in the Calvin-

Benson-Bassham (CBB) cycle.
6.3.2 Inorganic carbon uptake and the cyanobacterial carbon-concentrating mechanism

Dissolved CO, and bicarbonate (HCO3') are the two relevant inorganic carbon (Ci) sources
that can be used by cyanobacteria to autotrophically produce organic carbon compounds
(Badger et al., 2006). Synechocystis possesses five well-described Ci uptake systems to
concentrate bicarbonate in the cytoplasm: Three HCOj; transporters BCT1 (Omata et al.,
1999), SbtA (Shibata et al., 2002) and BicA (Price et al., 2004), which are located in the
plasma membrane, and the two CO-uptake complexes NDH-1; and NDH-14 that are
thylakoid-bound and convert CO2 to HCOs3™ (Rae et al., 2013). After Ci import, HCOs™ then
diffuses into cyanobacterial microcompartments called carboxysomes, which harbour the
enzymes carbonic anhydrase (CA) and RuBisCO, short for ribulose-1,5-bisphosphate
carboxylase-oxygenase. Here, HCOs; is converted back to CO. by CA while the
proteinaceous carboxysome shell prevents the loss of CO, as basis of the carbon
concentrating mechanism (CCM), and thus increases its concentration around RuBisCO

(Turmo et al., 2017).
13
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Cyanobacteria evolved their CCM in response to evolutionary pressure caused by the
increase of O, and decrease of CO concentration in their environment that followed the rise
of oxygenic photosynthesis (Raven et al., 2017). The requirement for such a mechanism lies
in the biochemical properties of RuBisCO. The carboxylation reaction of RuBisCO enables
fixation of Ci in the form of CO; to ribulose 1,5-bisphosphate (RuBP) to generate two
molecules of 3-phosphoglycerate (3PGA) as part of the CBB cycle. However, RuBisCO has
a low affinity and specificity for CO,, because it can also incorporate O, into RuBP via its
oxygenase activity, resulting in the production of one molecule each of 3PGA and 2-
phosphoglycolate (2PG) (Kaplan & Reinhold, 1999). The metabolite 2PG is toxic for oxygenic
photosynthetic organisms and is known to inhibit CBB cycle enzymes such as
triosephosphate isomerase and seduheptulose 1,7-bisphosphatase in Arabidopsis thaliana
(Anderson et al., 1971; Flugel et al., 2017). Therefore, 2PG needs to be metabolized by the
photorespiratory salvage pathway. The CCM of Synechocystis reduces the oxygenase
reaction of RubisCO to a flux below 1% (Young et al., 2011), because CO. is enriched into
carboxysomes and O diffusion is hampered by the proteinaceous carboxysome shell.
However, despite having an active CCM, the metabolization of 2PG is also essential for
Synechocystis (Eisenhut et al., 2008a), adding metabolic flexibility and supporting synthesis
of amino acids serine and glycine. During photorespiration, 2PG is reconverted to 3PGA at
the expense of ATP, and CO; and ammonia are released from previously assimilated Ci and
combined nitrogen sources. Therefore, the development of the cyanobacterial CCM
mediating localized carbon fixation in a high CO; / low O, compartment reduced these

photorespiratory losses to a large extent (Badger & Price, 2003).
6.3.3 Organic carbon uptake

Some Synechocystis strains including Synechocystis sp. PCC 6803 are also able to take up
external organic carbon in the form of sugars. This includes the utilisation of glucose which
can be imported into the cell via the GIcP transporter (Schmetterer, 1990). The imported
glucose is phosphorylated by the hexokinase Hk as it enters the central carbon metabolism.
From there, it can be metabolized and oxidized by following glycolytic routes. Fructose can
also pass GIcP but is toxic for Synechocystis (Joset et al., 1988). The ability to take up
external glucose is significant for Synechocystis, as it enables the cells to grow
heterotrophically in conditions where photosynthetic CO; fixation is not feasible, like dark
phases. Glucosylglycerol is another organic carbon source that is not efficiently used for
growth but used as osmoprotective compatible solute in salt acclimation. It can be
synthesized by Synechocystis but is also reimported into the cell via an ATP-binding cassette
(ABC) transporter to counter leakage (Mikkat & Hagemann, 2000). Other sugars that use the

14
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same transport complex are sucrose and trehalose which also function as compatible solutes

in salt stress conditions (Hagemann, 2011).

6.3.4 Significance of central carbon metabolic routes

The central carbon metabolism of Synechocystis comprises several biochemical pathways
that allow the organism to live photoautotrophically, heterotrophically and mixotrophically
(Pelroy et al., 1972). These different modes of lifestyle are fundamentally defined by the
direction of enzymatic reactions in the respective central metabolic routes. In that way, a
complex metabolic network is created to intertwine anabolic reactions of the CBB cycle with
gluconeogenesis for Ci reduction and storage, and catabolic reactions of glycolytic pathways
which oxidize organic carbon sources like stored glycogen and imported glucose (Xiong et
al., 2017). For a unicellular organism like Synechocystis, which does not possess organelles
or major cellular compartments, a tight regulation of metabolic routes and overlapping central
carbon pathways is essential to react and adjust to rapid environmental changes like
fluctuations of light or CO; availability (Jablonsky et al., 2016). Figure 2 gives an overview of

the main routes in the central carbon metabolism of Synechocystis.
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Figure 2: Overview of the central carbon metabolism in Synechocystis. Adapted from Koch et al.
(2019). Dotted lines represent several enzymatic reactions. The EMP, ED and OPP pathways are
highlighted in green, blue and yellow, respectively. Eda — KDPG aldolase, Edd — Phosphogluconate
dehydratase, Eno — Enolase, Fba — Fructose bisphosphate aldolase, FBPase — Fructose 1,6-
bisphosphatase, G6PDH - Glucose 6-phosphate dehydrogenase, Gapdh - Glyceraldehyde 3-
phosphate dehydrogenase, Gck — Hexokinase, GIgA — Glycogen synthase, GIgC — Glucose 1-
phosphate adenylyltransferase, GIgP — Glycogen phosphorylase, GlgX — Glycogen debranching
enzyme, Gnd — 6-phosphogluconate dehydrogenase, Pdh — Pyruvate 16lycol16genase, PepC —
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3-epimerase, Rpi — Ribose 5-phosphate isomerase, RuBisCO - Ribulose 1,5-bisphoshate
carboxylase/oxygenase, Tal — Transaldolase, Tim — Triosephosphate isomerase, Tkt — Transketolase
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6.3.5 Anabolic carbon routes and glycogen formation

The anabolic pathways of the central carbon metabolism are based on the reduction of Ci to
organic sugars and metabolic intermediates in the CBB cycle (Durall & Lindblad, 2015).
Here, CO; is photosynthetically fixed by RuBisCO to RuBP in the carboxysome, leading to
the production of two molecules of 3PGA. Then, 3PGA is mainly metabolized for the
regeneration of the precursor molecule RuBP to conclude the CBB cycle. In this process, the
key enzyme glyceraldehyde 3-phosphate dehydrogenase 2 (GapDH2, SII1342 in
Synechocystis, Koksharova et al., 1998) requires NADPH from the photosynthetic light
reaction to convert glycerate 1,3-bisphosphate (G1,3BP) to glyceraldehyde 3-phosphate
(GAP). Likewise, photosynthetic ATP is used in the CBB cycle at the steps of
phosphoglycerate kinase (Pgk) and phosphoribulokinase (Prk). Excess of fixed carbon can
also be redirected to gluconeogenetic pathways that lead to the formation of carbon storage
compounds like glycogen (Grindel et al., 2012). During gluconeogenesis, the precursor
metabolite 3PGA is enzymatically converted to glucose 1-phosphate (G1P), which includes a
key reaction by fructose 1,6-bisphosphatase (FBPase) to convert fructose 1,6-bisphosphate
(FBP) to fructose 6-phosphate (F6P), a metabolite that is shared with the CBB cycle.
Glycogen is a glucose polymer and serves as a storage compound in cyanobacteria (Ball &
Morell, 2003; Zilliges, 2014). It is synthesized starting with the formation of ADP-glucose from
G1P and ATP by a glucose 1-phosphate adenylyltransferase (GIgC). Then, the glycogen
synthase GIgA transfers the glycosyl group from ADP-glucose to an existing glycogen chain
by an a-1,4 glycosidic bond. Further branching is then possible through insertion of a-1,6
glycosidic bonds by the glycogen branching enzyme GIgB to create a granule structure
(Preiss & Romeo, 1994).

6.3.6 Catabolic carbon routes and glycogen breakdown

Glycogen can be broken down and metabolized by glycolytic routes to provide organic
carbon and energy in conditions when photosynthesis is insufficient for energetic and
metabolic needs (Preiss & Romeo, 1994). First, glycogen chains are enzymatically
debranched and split by debranching enzyme GlgX and glycogen phosphorylases GlgP1 and
GlgP2 to release glucose and G1P, which are then converted to glucose 6-phosphate (G6P)
by hexokinase Hk and phosphoglucomutase Pgm, respectively (Doello et al., 2018). G6P is
the key metabolite for catabolic carbon metabolism as it is the shared entry point of three
main glycolytic routes: The Embden-Meyerhof-Parnas (EMP) pathway, the oxidative pentose
phosphate (OPP) pathway and the Entner-Doudoroff (ED) pathway (Chen et al., 2016).
Along these pathways, C6 sugars like glucose are stepwise oxidized to the C3 intermediate

GAP that can then enter lower glycolysis. The substrate glucose can originate from glycogen
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degradation or extracellular uptake. The enzymatic reactions of the lower glycolysis are
shared between the three glycolytic routes and describe the conversion of GAP to pyruvate.
The oxidative reactions of these catabolic pathways are coupled to the production of energy
as ATP and different ratios of reduction equivalents in the form of nicotinamide adenine
dinucleotide (NADH) and/or NADPH (Vermaas, 2001).

The EMP pathway, also called “classical” glycolysis, is the energetically most efficient route
producing two molecules of ATP per molecule glucose. The key enzyme
phosphofructokinase (Pfk) catalyses the conversion of F6P to FBP and is encoded by two
gene copies in the Synechocystis genome (Knowles & Plaxton, 2003).

The OPP pathway, the main route for glucose catabolism in Synechocystis, mainly runs in
the opposite direction of the regenerative phase of the CBB cycle thus producing C5 sugars
essential for biosynthesis of nucleic acids (Ueda et al., 2018). It is the most efficient way for
NADPH production in the dark and requires lower enzymatic resource cost due to shared
enzymes with the CBB cycle (Yang et al., 2002). The OPP pathway key enzymes are the
glucose 6-phosphate dehydrogenase (Zwf, G6PDH) and the 6-phosphogluconate
dehydrogenase (Gnd), which catalyse the conversion of G6P to 6-phosphogluconate (6PG)
and then to ribulose 5-phosphate (R5P), respectively. In this route, glucose can be
completely oxidized stepwise to CO; that is released by the Gnd reaction (Jansén et al.,
2010). The intermediate F6P is shared with the CBB cycle and the EMP pathway and thus
allows the OPP pathway to be either cyclic or non-cyclic. In the cyclic mode, F6P from the
OPP pathway is converted back to G6P to re-enter the cycle, whereas the non-cyclic mode
has F6P metabolized by Pfk to enter glycolysis.

The ED pathway is the latest discovered glycolytic route in cyanobacteria (Chen et al., 2016).
It branches off the OPP pathway with a 6-phosphogluconate dehydratase (Edd) producing
the intermediate 2-dehydro-3-deoxy-6-phosphogluconate (KDPG) from 6PG. The key
enzyme Eda, an KDPG aldolase, directly converts KDPG to GAP and pyruvate. This route
does not share intermediates with the CBB cycle and was thus proposed as the preferential
glycolytic route in conditions of photosynthetic CO. assimilation (Chen et al., 2016).
However, its contribution to the overall glucose degradation has recently been debated
(Bachhar & Jablonsky, 2022; Schulze et al., 2022).

Apart from the entry intermediate G6P, these three pathways also overlap in the lower
glycolysis reactions, in which glyceraldehyde 3-phosphate (GAP) is stepwise converted to
pyruvate. In addition to the glucose degradation, organic carbon can be directly imported into
lower glycolysis from the CBB cycle via the conversion of 3PGA to 2PGA by
phosphoglucomutase (Pgam), especially under low C/N ratios. Pyruvate is mainly converted
to acetyl-CoA and channelled into the tricarboxylic acid (TCA) cycle or fatty acid biosynthesis

pathways to create carbon skeletons as cellular building blocks (Zhang & Bryant, 2011).
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Another main sink of acetyl-CoA is the biosynthesis of PHB (Hauf et al., 2013), which is the
second cyanobacterial carbon and energy storage compound and accumulates highest in

nitrogen or phosphate starvation conditions (Koch et al., 2020).
6.3.7 Glycolytic routes as anaplerotic shunts

In photoautotrophic conditions, the central carbon metabolism of Synechocystis is mainly
associated with the fixation of CO; in the CBB cycle for generation of carbon skeletons, and
rerouting fixed carbon excess towards glycogen formation. During the last years, the image
of the CBB cycle as an autonomous self-sufficient cycle has been rated an oversimplified
view. Instead, the CBB cycle is embedded into a network of replenishing and consuming
reactions to ensure continuous operation, similar to the TCA cycle. Makowka et al. (2020)
discovered these replenishing properties of the ED, EMP and OPP pathways in
Synechocystis. These glycolytic routes can mobilize stored glycogen at their full length at
night, but also function as shortened anaplerotic shunts for the CBB cycle in light. This was
initially indicated by a decreased photoautotrophic growth and impaired glycogen catabolism
in light for Synechocystis mutant strains deficient in the KDPG aldolase Eda. Follow-up
research confirmed the importance of these glycolytic shunts especially to restart an arrested
CBB cycle after dark to light transitions (Makowka et al., 2020). These catabolic routes
thereby fine-tune CO: fixation and carbon allocation in Synechocystis under photoautotrophic

conditions.
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6.4 Importance of regulation of the central carbon metabolism in

Synechocystis
6.4.1 Regulating the switch between photoautotrophic and heterotrophic modes of lifestyle

Carbon allocation describes the process of directing organic carbon products into specific
anabolic or catabolic routes of the central carbon metabolism. The defined routing of
intermediates requires a complex decision process based on internal cellular factors like
growth stage, metabolite steady state values and glycogen disposability, and external factors
like relative concentrations of Ci and nitrogen sources (Ciebiada et al., 2020). However, the
exact mechanisms how cyanobacterial cells regulate their primary metabolism and carbon
allocation in response to external and internal triggers remain mostly unknown. Additionally,
habitat types ranging between terrestrial locations and open waters can highly influence
intensity and availability of light, as well as occurrence of competing organisms. For
planktonic Synechocystis, the ever-changing location in the waterbody influences population
density and solubility of CO; in water, thus causing fluctuations in Ci supply and light
intensity, respectively (Badger et al., 2006). These constant and rapid fluctuations require a
flexible and equally rapid switch between heterotrophy and photoautotrophy for
Synechocystis to adjust its metabolism according to resource availability, as heterotrophic
and photoautotrophic metabolic routes share intermediates and enzymes of the central

carbon metabolism (Makowka et al., 2020).

The metabolism of Synechocystis mainly reacts to intracellular changes of energy and/or
metabolic levels as results of environmental changes (Galperin, 2005). Especially for carbon
allocation in fluctuating Ci availability, Synechocystis requires a flexible and reversible switch
within the central carbon metabolism and relies on a decision-making process on several
regulatory layers. In shared pathways, especially bidirectional enzymes or reactions that can
be catalysed by more than one enzyme, so-called isoenzymes, constitute specific metabolic
branching points. Thereby, the directions of enzymatic catalysis can be regulated by various
cellular mechanisms and thus, the allocating flux of intermediates is adjusted towards either
carbon catabolism or anabolism without causing futile cycles. Here, it is important to note
that the protein levels for key enzymes stay widely unchanged to retain the catalytic
capacities needed for both heterotrophic and photoautotrophic modes. In contrast, regulating
the gene expression for central enzymes by transcriptional mechanisms changes protein
abundance and takes comparably longer (Jablonsky et al., 2016). Generally, the abundances
of key enzymes of C metabolism and their corresponding mRNA amounts do not change
under different Ci conditions (Klahn et al., 2015; Spat et al., 2021; Barske et al., 2023),
which, however, have a profound influence on carbon allocation (Eisenhut et al., 2008b).

Therefore, regulation of transcription levels can be largely ruled out in this context, and has
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instead been described mostly for nitrogen assimilation (Ohashi et al., 2011) and the CCM
(Burnap et al., 2015). Instead, rather post-transcriptional strategies that enable comparatively
quick adaptations are needed to adjust metabolic fluxes for carbon allocation. These
strategies include protein-protein interaction, protein phosphorylation, redox regulation,
signalling cascades or effector molecule binding. These mechanisms can inhibit or enhance
enzymatic activity at branching points temporarily without affecting the respective protein
abundance (Jablonsky et al., 2016). In biotechnological application, the knowledge of such
metabolic regulatory points would be beneficial for product yield if a flux can be directed
towards a specific carbon-based compound like alcohols, diols, fatty acids and organic acids
(Knoot et al., 2018).

The switch between heterotrophy and photoautotrophy is neither exclusively dependent on
day-night cycles, nor is it only caused by fluctuations in light availability that directly influence
photosynthesis efficiency. It is rather a steady process that also occurs in constant light
conditions, as an adaptation to changes in nutrient supply that alter the energetic and
metabolic state of the cell. For example, a sudden shift from high to low CO- levels causes a
similar metabolic profile as a switch from autotrophic to heterotrophic modes after light-to-
dark changes (Burnap et al., 2015). The flexibility of Synechocystis to alternate between
modes of lifestyles appears to be improved by a kind of metabolic memory that is so far
hardly understood. Alterations in extracellular conditions can cause specific modifications
within metabolic pathways that serve as a transient storage of information. This includes
accumulation of signal metabolites characteristic for nitrogen or carbon limitation like 20G
and 2PG, respectively (Muro-Pastor et al., 2001; Eisenhut et al., 2008b; Zhang et al.; 2018).
Their changing levels can cause signalling cascades to reroute metabolic fluxes of carbon or
nitrogen assimilation. Similarly, a characteristic accumulation of storage compound glycogen
in nitrogen starvation stores information about environmental conditions until glycogen is
swiftly mobilized upon nitrogen resuscitation (Doello et al., 2018). This might help to make
coherent decisions during the switch from photoautotrophy to heterotrophy to avoid futile

cycles and metabolic stress.
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6.4.2 The triosephosphate hub around key enzymes GapDH and Pgam

In Synechocystis, CO; is mainly fixed in the CBB cycle leading to the production of
triosephosphate 3PGA as the first stable organic carbon intermediate. Then, 3PGA is subject
to carbon allocation and can be metabolized in two opposing directions. One way is its
conversion by Pgk and GapDH to GAP to then refuel the CBB cycle or to initiate
gluconeogenesis. The second way includes conversion of 3PGA by Pgam to 2-
phosphoglycerate (2PGA) to follow the lower glycolysis towards the TCA cycle (Mills et al.,
2020). This process requires coherent decision-making and precise regulation of metabolic
fluxes for two reasons. First, fluxes need to be directed depending on the environmental
conditions like light intensity and extracellular Ci concentrations. In high CO. conditions,
gluconeogenesis can be enhanced to accumulate glycogen as storage compound (Grindel
et al., 2012). In low light and Ci limitation, the CBB cycle provides fewer triosephosphates,
and anaplerotic reactions in catabolic direction are preferred. Secondly, cyanobacterial
GapDH and Pgam are bidirectional enzymes (Koksharova et al., 1998; Jablonsky et al.,
2013). Without regulatory mechanisms, these enzymes would cause futile reactions halting
the directed carbon allocation, and wasting energy in the process.

Hence, the enzymatic reactions and intermediates ranging from the stepwise conversion of
GAP to 2PGA and vice versa in the lower glycolysis have been identified as a central carbon
distribution hub that can be referred to as the so-called “triosephosphate hub”. This hub
contains key enzymes GapDH and Pgam as major branching points for organic carbon
allocation. Therefore, it serves as an important target for metabolic regulation of the

heterotrophy-autotrophy switch in Synechocystis.

There are two different GapDH isoenzymes in Synechocystis with distinct functions
(Koksharova et al., 1998). GapDH1 is a protein of 354 amino acids (37.8 kDa) encoded by
the gene s/r0884. GapDH2, encoded by sl/1342, contains 337 amino acids (36.4 kDa). Both
are bidirectional enzymes that catalyse the interconversion of GAP and G1,3BP in the
triosephosphate hub. However, they diverge in the use of coenzymes. While GapDH2 can
utilise both NAD(H) and NADP(H), GapDH1 is only able to use NAD(H). Therefore, GapDH2
is also part of the CBB cycle, where it oxidizes NADPH from the photosynthetic electron
transport chain to NADP* during regeneration of RuBP for Ci fixation (Koksharova et al.,
1998). The catabolic reactions of both GapDH variants are crucial for heterotrophic growth

and mixotrophic growth using stored glycogen or external glucose, respectively.

Two different phosphoglycerate mutases are annotated for Synechocystis. Protein SIr1945
(Pgam1) is a 2,3-bisphosphoglycerate-independent phosphoglycerate mutase, while putative
Pgam2 SIr1124 has an additional annotation as phosphoserine phosphatase. In this context,

this dissertation elaborates on the function of candidate regulatory proteins in the
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triosephosphate hub and their role for the switch between hetero- and photoautotrophic

modes of lifestyle.
6.4.3 Cp12 protein as regulator of the Calvin-Benson-Bassham cycle

One exemplary regulatory protein discussed in this dissertation is Cp12. This small protein is
conserved in almost all oxygenic photoautotrophic organisms, present from cyanobacteria to
algae and land plants. Cp12 was first identified in leaves of pea, spinach and tobacco
(Pohlmeyer et al., 1996). Due to its aberrated behaviour in SDS-PAGE experiments, it was
then named “chloroplast protein of 12 kDa”, or “Cp12” in short. However, the actual
molecular mass of the protein at around 8.5 kDa is lower than assumed, because of its
properties as a conditionally disordered protein. The disordered state is considered the
inactive reduced form of Cp12 while under certain oxidizing conditions, it takes structure
mediated by conserved cysteine pairs (Graciet et al., 2003a). Canonical Cp12 proteins
among photoautotrophic organisms possess two cysteine pairs close to the N-terminus and
C-terminus, respectively, that can form redox-dependent disulfide bridges (Groben et al.,
2010). These conformational changes then allow the initially disordered Cp12 protein to
restructure and subsequently interact with its main binding partners phosphoribulokinase Prk
and glyceraldehyde 3-phosphate dehydrogenase GapDH. In the CBB cycle, Prk produces
RuBP, the direct substrate for CO; fixation by RuBisCO, while GapDH activity is an essential
branching point for the regeneration path of RuBP. Thereby, Prk and GapDH use ATP and
NADPH, respectively, which are both products of photosynthesis. Upon reducing conditions,
the complex dissociates again by disulfide reduction allowing GapDH and Prk to be
reactivated along with the CBB cycle. Cp12 is an important downregulator of the CBB cycle
in darkness, as its oxidized form is able to bind Prk and GapDH in a supramolecular ternary
complex, thus inhibiting both enzymes. This major impact on the central carbon metabolism
makes Cp12 an excellent candidate for investigations on carbon-related regulatory
mechanisms in Synechocystis.

The work of McFarlane et al. (2019) solved the crystal structure of the ternary complex
between Cp12, Prk and GapDH of Thermosynechococcus elongatus. This study in the field
of cyanobacteria confirmed the sequential order of complex formation in vitro that had
already been described for Chlamydomonas reinhardtii (Graciet et al., 2003b). A
cyanobacterial GapDH tetramer is first bound by two oxidized copies of Cp12 to form a
GapDH-Cp12 subcomplex. Subsequently, Cp12 forms an ordered disulfide-locked helical
hairpin that allows interaction with Prk (McFarlane et al., 2019). Two GapDH-Cp12
subcomplexes in turn can then bind two Prk dimers, thus forming a ternary supramolecular
complex consisting of two GapDH tetramers, two Prk dimers and four ordered Cp12 (Figure

3). The canonical consensus sequence AWD_VEEL of Cp12 interacts with the Ru5P-binding
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site of Prk (Yu et al., 2020). This way, Cp12 molecules bridge the active sites of GapDH and
Prk, thereby locking this inhibitory complex (McFarlane et al., 2019).

Until recently, physiological studies on Cp12 in unicellular photosynthetic species had mostly
been conducted on green algae C. reinhardtii (Gerard et al., 2022), while studies on
cyanobacterial physiology mainly included Synechococcus elongatus PCC 7942 (hereafter
Synechococcus 7942) and T. elongatus (McFarlane et al.,, 2019; Matsumura et al., 2011;
Tamoi et al., 2005). However, C. reinhardtii possesses chloroplast structures that mediate
spatial separation of the CBB cycle and other routes of the central carbon metabolism, and
the Cp12 sequence in Synechococcus 7942 lacks the N-terminal pair of cysteine residues
(Tamoi et al., 2005), in contrast to Synechocystis. In higher plants, Prk and GapDH are
additionally directly redox-regulated by thioredoxins, while most cyanobacterial CBB cycle
enzymes are not (Marri et al., 2009, Tamoi et al., 2005). Instead, the cyanobacterial
mechanism is an indirect redox-regulation of the CBB cycle by oxidized Cp12.

In cyanobacteria, Cp12 complex formation is mediated in response to the intracellular
NAD(H)/NADP(H) ratio (Tamoi et al., 2005). In Synechococcus 7942, increasing the
NAD*/NADPH ratio led to complex formation while a decreased ratio following a higher
NADPH concentration caused the complex to dissociate in vitro. Furthermore, Cp12 was
found to act as competitive inhibitor for NADP* in GapDH in T. elongatus (McFarlane et al.,
2019). For Synechocystis, only in vitro complex formation studies with recombinant proteins
had been conducted (Wedel & Soll, 1998).

Apart from serving as a dark-light redox switch of the CBB cycle, Cp12 is an intriguing
protein regulator with further potential functions. Its role might span additional environmental
conditions that require a redox regulation of the CBB cycle, such as fluctuating CO- levels or
the supply of external carbon sources impacting the cellular redox status. For example, Cp12
is involved in high light protection in Synechococcus 7942 (Tamoi & Shigeoka, 2021).
Additionally, Cp12 might have regulatory interactions with other proteins besides GapDH and
Prk. In C. reinhardtii, Cp12 can bind aldolase as another interactor protein (Erales et al.,
2008a). Furthermore, the impact of other structural properties of Cp12, apart from the
essential cysteine residues, might harbour yet unknown regulatory capacities. For example,
a mutated aspartate in the canonical Cp12 core sequence AWD_VEEL impairs the binding of
Cp12 to GapDH in C. reinhardtii (Lebreton et al., 2006). Furthermore, Cp12 in Synechocystis
has been identified as phosphoprotein under different CO, conditions, which might offer
additional regulatory possibilities (Spat et al., 2021).

In Synechocystis, the gene ssI3364 of 225 bp encodes a Cp12 protein of 74 amino acids (8.3
kDa). It possesses both canonical cysteine pairs at the N terminus (Cys19, Cys29) and C
terminus (Cys60, Cys69), and contains the canonical core sequence AWD_VEEL. Prk in

Synechocystis is encoded by s//1525 for a protein size of 332 amino acids. Both
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Synechocystis glyceraldehyde 3-phosphate dehydrogenases, GapDH1 and GapDH2, are
active in the triosephosphate hub while GapDH2 (Sll1342) is additionally essential for a
functioning CBB cycle as it can utilise photosynthetic NADPH (Koksharova et al., 1998).

Synechocystis is capable of taking up external organic carbon sources which allows
heterotrophic and mixotrophic growth. Because carbon allocation requires a flexible switch in
reaction to such environmental and therefore intracellular changes, the importance of CBB

cycle regulation by Cp12 is discussed in this dissertation.
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Figure 3: Model of structural changes for redox-dependent complex formation mediated by Cp12in T.
elongatus (McFarlane et al. 2019). BPG — Glycerate 1,3-bisphosphate, GAP — Glyceraldehyde 3-
phosphate, GAPDH - Glyceraldehyde 3-phosphate dehydrogenase, PRK — Phosphoribulokinase,
Ru5P — Ribulose 5-phosphate, Rubisco — Ribulose 1,5-bisphosphate carboxylase/oxygenase, RuBP
— Ribulose 1,5-bisphosphate
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6.5 Connection of carbon and nitrogen metabolism in Synechocystis
6.5.1 Nitrogen assimilation in Synechocystis

Apart from carbon, nitrogen (N) is a second key nutrient for cyanobacterial growth and is
incorporated into essential cellular building blocks like amino acids for protein biosynthesis
(Esteves-Ferreira et al., 2018). Cyanobacteria developed different N assimilation strategies
depending on habitat and cell differentiation. Diazotrophic cyanobacteria can fix atmospheric
nitrogen (N2) through the nitrogenase reaction. However, N fixation and oxygenic
photosynthesis are incompatible, because the nitrogenase complex is oxygen-sensitive
(Berman-Frank et al., 2003). Therefore, either spatial separation by fixing N2 in specialized
cells called heterocysts is realized in filamentous cyanobacteria, or temporal separation
enables fixation of N during the night in non-heterocystous strains. In contrast,
Synechocystis is a non-diazotrophic strain and relies on combined nitrogen sources like
ammonium (NH4%), nitrate (NO3’) or urea. Nitrite (NO2) and NOs™ are the most common N
sources in habitats of Synechocystis. Both are taken up by the transporter system NrtABCD
(Luque et al., 1994; Aichi et al., 2001), while urea is transported via UrtABCD (Valladares et
al., 2002). Both import complexes are ABC transporters and are followed by respective
enzymatic conversions via nitrate reductase and/or nitrite reductase to NH4* inside the cell.
Direct uptake of NH4" is achieved via ammonium permeases under low N conditions, while in
the presence of high ammonia (NH3) availability, this nutrient can diffuse through the
cytoplasmic membrane (Montesinos et al., 1998). In general, NHs" is the energetically
preferred combined nitrogen source, because NOs and NO reduction to NHs is highly
energy-demanding. Cellular NHsz is incorporated into the primary metabolism via the
glutamine synthetase / glutamine oxoglutarate aminotransferase (GS/GOGAT) cycle (Muro-
Pastor et al., 2005). In this cycle, GS first catalyses the reaction of glutamate and NHs to
glutamine at the expense of ATP. The amino group of glutamine is then transferred to 2-
oxoglutarate (20G) using reduced ferredoxin by GOGAT, generating two molecules of
glutamate (Flores & Herrero, 2005). One glutamate molecule can thus re-enter the cycle

while the second one can be directed towards further biosynthetic pathways.
6.5.2 Significance of C/N homeostasis in Synechocystis

In contrast to other bacteria, cyanobacteria adjust their metabolism according to their internal
homeostasis, rather than directly reacting to environmental changes (Galperin, 2005).
Therefore, it is essential to monitor their intracellular metabolic levels to readjust their carbon
to nitrogen (C/N) balance. For vegetative growth with balanced carbon and nitrogen
assimilation, a C/N ratio of 5:1 is maintained (Wolk, 1973). The carbon metabolism is directly

linked to the nitrogen metabolism by 20G. The production of this metabolite as carbon
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precursor for ammonia assimilation is one of the main functions of the “incomplete” TCA
cycle in cyanobacteria (Steinhauser et al., 2012). The TCA cycle is fuelled by CO- fixation
products via lower glycolysis and from there, 20G enters the GS/GOGAT cycle. The
availability of 20G as a carbon skeleton essentially influences the rate of nitrogen
assimilation (Esteves-Ferreira et al., 2018). Changing 20G levels signalize changes in the
C/N balance. While assimilation of ammonium reduces the 20G pool, carbon allocation
towards the TCA cycle after CO, fixation leads to increased levels. Likewise, an
accumulation of 20G signalizes a limitation of nitrogen sources and a C/N imbalance
towards carbon. These metabolic signals can be read out by the regulatory signal

transduction protein PIl in Synechocystis (Forchhammer & Selim, 2020).
6.5.3 Regulation of nitrogen metabolism by the Pl protein in Synechocystis

Pll proteins are a family of trimeric proteins that are highly conserved among plants and
cyanobacteria as well as heterotrophic bacteria (Forchhammer et al., 2022). They can
integrate metabolic signals by binding specific effector molecules. In general, this binding
causes conformational changes in the protein structure, which enables PII proteins to interact
with various targets to maintain the C/N homeostasis (Forchhammer & Liiddecke, 2016). In
Synechocystis, ATP and ADP can bind to PIl where they compete for the same binding sites.
When Mg?*-ATP is already bound, PIl can additionally bind 20G. These interactions cause
changes of conformation in the target-binding loop structures (T-loops) depending on the
effector molecule (Merrick, 2015). These structural rearrangements of Pll thereby reflect the
integrated information about cellular levels of bound metabolites and thus enable specific
interaction with a range of target proteins. A signal transduction towards these targets can
then cause cascades of metabolic regulation processes to react to energy imbalances and
reconstitute the C/N ratio. One primary cyanobacterial target protein is the N-acetyl-L-
glutamate kinase (NAGK) which controls arginine biosynthesis (Heinrich et al., 2004). During
low 20G levels due to sufficient nitrogen sources, PIl with bound ATP can form an activating
complex with NAGK leading to a higher flux towards arginine (Liddecke & Forchhammer,
2015). Arginine can then be utilised for the formation of cyanophycin, the cyanobacterial
nitrogen storage compound (Stephan et al., 2000). High 20G levels lead to the dissociation
of the PII-NAGK complex (Maheswaran et al.,, 2004). Likewise, PII-ADP cannot bind to
NAGK, making this regulation also dependent on energy sensing.

In excess nitrogen conditions, PIlI can bind to the small protein PipX, a coactivator of NtcA,
which is a global cyanobacterial nitrogen control transcription factor (Espinosa et al., 2007).
At higher 20G levels indicating nitrogen depletion, the PII-PipX complex dissolves and PipX
can bind to NtcA again to regulate expression of nitrogen assimilation related genes

(Espinosa et al., 2014). An example how PII can additionally regulate the carbon metabolism
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is given by its interaction with phosphoenolpyruvate carboxylase PEPC. PEPC is the second
major enzyme for carbon fixation in Synechocystis and is activated by PII-ATP in the
presence of 20G (Scholl et al., 2020).

6.5.4 PirC as novel interactor with Pll in Synechocystis

A second exemplary protein discussed in this dissertation regarding its possible regulatory
role in the central carbon metabolism is PirC, a small protein in Synechocystis of 112 amino
acids, that is highly conserved among cyanobacteria (Orthwein et al., 2021). It is encoded by
gene sll0944 and had initially been identified as an interactor of unknown function with the
protein PIl in Synechocystis (Watzer et al., 2019). It is part of the NtcA regulon (Giner-Lamia
et al.,, 2017) and was shown to be upregulated and highly abundant in nitrogen starvation
conditions (Spat et al., 2018), and repressed under low CO, conditions (Spat et al., 2021).
The pirC gene is located upstream of the gene for the glycogen synthase GIgA1 required for
glycogen synthesis that is highly activated during the acclimation to nitrogen deprivation.
However, co-immunoprecipitation (ColP) studies identified Pgam1 (SIr1945) as second
strong interaction partner with PirC in presence of 20G and ATP. As Pgam1 is a key enzyme
of the triosephosphate hub, this finding suggested PirC as an important regulatory link
between central carbon and nitrogen metabolism in Synechocystis. The significance of PirC
for Pgam1 regulation and its eponymous role as “Pll-interacting regulator of carbon
metabolism” have been investigated in this dissertation and are discussed in more detail

below.
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7 AIMS OF THIS INVESTIGATION

The scientific aims of this dissertation all concern the regulatory diversity and flexibility of the
central metabolism of the cyanobacterium Synechocystis sp. PCC 6803. Fluctuating
environmental conditions as well as varying intracellular metabolite and energy levels require
a quick acclimation and respective regulatory mechanisms. This ensures that metabolic
fluxes during alternations of photoautotrophic and heterotrophic lifestyle modes remains
efficient. In this regard, this dissertation focuses on carbon allocation regulation as well as
synthesis and glycolytic mobilization of storage metabolite glycogen. The investigational
approach and the presentation of results in the respective scientific context fall into three
categories.

First, changing CO. conditions require regulations of the central carbon routes. The
preference for specific glycolytic pathways and the underlying mechanisms are largely
unknown. By physiological analysis of mutant strains deficient in different key enzymes of the
EMP, ED and OPP pathways, the importance of each of these catabolic routes was
investigated. In CO shift experiments, we aimed to identify the roles of these pathways
during acclimation to drastic changes in availability of Ci. Therefore, glycogen and metabolic
analyses were performed to study putative CO2-dependent effects.

Second, Synechocystis is also exposed to changing availabilities of organic carbon sources
as well as fluctuating light conditions and day-night rhythms. Light availability determines
carbon assimilation in the CBB cycle by supplying reduction equivalents from
photosynthesis. External sugars like glucose can be taken up and metabolized in catabolic
routes that require respective regulations in light. Therefore, we aimed to investigate the role
of the small protein Cp12 as regulator of the CBB cycle in reaction to different light intensities
and conditions that would change the redox status of the cell. Notably, one interactor of Cp12
is GapDH, which is a central enzyme in the triosephosphate hub and therefore an important
branching point for carbon allocation. Thus, the goal was to broaden the knowledge about
Cp12 as a regulator of the central carbon metabolism beyond its significance in day-night
regulation of the CBB cycle.

Third, nitrogen and carbon assimilation are tightly connected in cyanobacteria and a
maintained C/N homeostasis is key to an efficient central metabolism. The small protein PirC
had been identified as interactor with the central nitrogen regulator Pll as well as with the key
triosephosphate hub enzyme Pgam1. This suggested PirC as a candidate regulatory protein
for nitrogen starvation with close relation to the regulation of carbon allocation. In nitrogen
shift experiments with coupled analyses of metabolite levels, we aimed to elucidate the
significance of these protein-protein interactions for carbon storage and during nitrogen

depletion.
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8 GENERAL DISCUSSION

8.1 Regulation of the central carbon metabolism during changing CO:

conditions
8.1.1 General overview

Cyanobacteria regularly experience fluctuating levels of Ci in aquatic habitats depending on
pH, temperature and salinity that influence the solubility of CO. and conversion to
bicarbonate (Kupriyanova et al., 2023). The availability of Ci determines the carbon fixation
capacity through the CBB cycle, on the assumption of continuous light conditions. Ci fixed in
excess is redirected to glycogen synthesis to prepare for low photosynthetic conditions, e.g.
at night, and to maintain the C/N homeostasis by adjusting the intracellular C/N ratio
(Forchhammer & Selim, 2019).

To a large extent, regulation of the central carbon metabolism involves adjusting the CCM as
a way to maintain CO; fixation efficiency in limiting conditions. In contrast to the central
carbon metabolism, which is in the focus of this dissertation, the CCM activity is strongly
regulated at transcriptional level (Burnap et al.,, 2015; Hagemann et al.,, 2021). The
transcription factor NdhR represses the expression of genes in the largest Ci regulon in
Synechocystis under high CO; conditions (Figge et al., 2001, Klahn et al., 2015). NdhR is
fine-tuned by 20G and 2PG to sense intracellular C/N ratios (Muro-Pastor et al., 2001, Jiang
et al.,, 2018, Zhang et al., 2018). Another transcription factor, CmpR, activates the BCT1
transporter under low carbon conditions (Omata et al., 2001, Nishimura et al., 2008).
Moreover, there are indications for the cyanobacterial regulator CyAbrB2 to regulate the
repressor NdhR and to affect PSI subunit expression during acclimation to carbon limitation
(Orf et al., 2016; Ishii & Hihara, 2008). In addition to these transcriptional regulations, the
cyanobacterial CCM is also regulated by a Pll-paralog, which is co-expressed with the
sodium/bicarbonate symporter SbtA in the sbtAB operon. The protein SbtB has structural
similarities to Pll-signalling proteins (Selim et al., 2018). It can bind to second messenger
adenyl nucleotides cAMP and c¢-di-AMP and is involved in low Ci acclimation in
Synechocystis (Mantovani et al., 2022). It was recently suggested that SbtB acts a valve plug
regulator for SbtA to prevent leakage of bicarbonate (Haffner et al., 2023).

Synechocystis cells grown in high CO. conditions accumulate high levels of glycogen,
whereas they mobilize this stored glycogen when carbon supply is limited. A sudden
decrease of natural Ci levels requires a rapid acclimation of the cyanobacterial metabolism
for carbon assimilation and catabolic glycolytic routes. In that, carbon is drained from the
CBB cycle via glycolysis and TCA cycle to maintain biosynthesis of amino acids while

photorespiration is activated (Jablonsky et al., 2016). This condition can be simulated by CO-
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shift experiments in liquid culture. To this end, Synechocystis cultures grown with supplied
5% CO:2 (high CO2 conditions, HC) are shifted to ambient air conditions with 0.04% CO: (low
CO; conditions, LC) by manually abruptly cutting off the excess CO, aeration. Such CO- shift
protocols have been established to study CO,-dependent changes of the central metabolism,
combined with metabolite and transcript analyses. Previous studies revealed that
Synechocystis cells undergo a global metabolic reprogramming upon HC to LC shifts
(Eisenhut et al., 2008b) with a distinct metabolic signature. Here, CBB cycle activity
decreases while the accumulation of metabolites like 2PG, glycine and a transient increase
of 3PGA point to an active photorespiration. Simultaneously, glycogen breakdown is
enhanced, and most amino acid levels decline (Orf et al., 2016). Shifts from HC to LC do not
cause significant changes in transcript levels for primary carbon metabolism enzymes (Klahn
et al., 2015). Likewise, proteomic studies revealed that carbon fixation proteins respond more
strongly to light intensity changes, but barely to different Ci availability (Jahn et al., 2018;
Spat et al., 2021, Barske et al., 2023). Such findings point toward biochemical control rather
than transcriptional regulation in Synechocystis to enable a quick acclimation without
comparatively high energetic costs for proteomic responses (Jablonsky et al., 2016).

There are multiple strategies for biochemical regulation of enzymes in the central carbon
metabolism of Synechocystis in order to adjust carbon allocation in changing Ci levels. One
possibility is to influence the activity of bidirectional enzymes, often present as isoenzymes in
Synechocystis, at crucial branching points in the triosephosphate hub like Pgam1, GapDH1,
GapDH2 and Pgk. A potential regulation of these enzymes enables Synechocystis to adjust
carbon allocation in anabolic or catabolic direction during acclimation to varying Ci conditions
(Koksharova et al., 1998; Jablonsky et al., 2014). Another way is protein phosphorylation of
key enzymes in the triosephosphate hub as transient modification. Previous studies revealed
alterations in the Synechocystis phosphoproteome depending on CO; availability for
important carbon-related proteins like Cp12 and BCT1 subunits (Spat et al., 2021). In the
glycogen hub, crucial phosphorylation sites of the key enzyme Pgm1 for glycogen
mobilization were discovered (Doello et al., 2022).

Redox regulation is another way of adjusting the metabolism to changing Ci conditions. In
Synechocystis, anabolic and catabolic routes of the central carbon metabolism operate only
in the cytoplasm with overlapping intermediates, thus bearing the risk of futile cycles.
Reducing equivalents like NADPH are produced by the photosynthetic electron transport
chain and are utilised for reductive reactions of the CBB cycle. Therefore, a strategy to adjust
carbon allocation is to sense the cellular redox status (Ansong et al., 2014). While key
enzymes in the CBB cycle of plants like Prk and GapDH are redox-regulated in a thioredoxin-
mediated way, the majority of cyanobacterial CBB cycle enzymes are not directly redox-
regulated (Lindahl & Florencio, 2003; Tamoi et al., 2005).
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8.1.2 Glycolytic routes in changing CO. conditions

Glycogen metabolism is not bound to day-night changes. Fluctuating glycogen levels in
response to changing Ci and nitrogen availability have been reported for Synechocystis in
constant light (Doello et al., 2018) and photosynthetic fluxes via the OPP pathway into the
CBB cycle have been described (Young et al., 2011). Preferred routes for glycogen
breakdown in constant light had been largely unknown. The discovery of the ED pathway in
cyanobacteria by Chen et al. (2016) proposed another possible route of glycogen
mobilization during the day as it does not share intermediates with the CBB cycle which
would risk futile cycles. The catabolic routes of OPP pathway, ED pathway and EMP
pathway can function as glycolytic shunts that replenish the CBB cycle in photoautotrophic
conditions (Makowka et al., 2020).

Glycogen formation and breakdown depends on Ci availability. This dissertation discusses
new findings that revealed a regulation of glycogen mobilization in light during changing CO-
conditions. Results by Lucius et al. (2021) indicate a major contribution of the ED shunt for
rapid acclimation to fluctuating Ci levels. This was concluded from physiological and
metabolomic studies for a set of defined mutants in a CO: shift.

Synechocystis deletion mutants described in Chen et al. (2016) were used that are deficient
in genes encoding respective key enzymes of the glycolytic ED, OPP and EMP routes (Table
1). By knocking out the gene for the Synechocystis glucose 6-phosphate dehydrogenase
Zwf, the mutant Azwf has both OPP and ED pathways blocked. Only the OPP pathway is
blocked in Agnd after deletion of the gene for the 6-phosphogluconate dehydrogenase Gnd.
The mutant Apfk has the genes for both isoforms of the phosphofructokinases PfkB1 and
PfkB2 deleted, thus interrupting the EMP pathway. In the mutant Aeda, the gene for the 2-
dehydro-3-deoxy-6-phosphogluconate (KDPG) aldolase Eda is knocked out to specifically
disrupt the ED pathway (Figure 4).

Table 1: Details of mutant strains used in CO: shift experiments for Publication 1 (Lucius et al., 2021)

Strain | Deleted gene Deleted enzyme Pathway blocked

2-dehydro-3-deoxy-6-

Aeda | sll0107 (eda) phosphogluconate aldolase (Eda)

Entner-Doudoroff pathway

6-phosphogluconte Oxidative pentose
Agnd | sli0329 (gnd) dehydrogenase (Gnd) phosphate pathway
Abfk sll1196 (pfkB1) | Phosphofructokinase (PfkB1) Embden-Meyerhof-Parnas
P sll0745 (pfkB2) | Phosphofructokinase (PfkB2) pathway

Oxidative pentose
phosphate pathway,
Entner-Doudoroff pathway

Glucose 6-phosphate

Azwf | slr1843 (zwf) dehydrogenase (Zwf)

32



General Discussion

— — — — —»| GLYCOGEN
7

Cco,
glucose-6P 6P-gluconate /‘ ribulose-5P
NADP+ NADPH NA‘DPL NADPH ATP )
ADP
2-keto-3-deoxy-6P- , v
fructose-6P gluconate ribulose-1,5P
~ ATP
Pfk Eda » Pyruvate
ADP
fructose-1,6P = — — glyceraldehyde-3P
MEPT]" GapDH 1/2
NAD(P)H |
glycerate-1,3P co~ |- 0.
Oxidative pentosephosphate pathway (OPP) ADP Pak Y .
mmm Entner Doudoroff pathway (ED) - 9 /" | RubisCO
mem Glycolysis (EMP pathway) glycerate-3P < ”glycolate-ZP
1 Calvin Benson Bassham cycle (CBB) Pgam
Zwf  —glucose-6P dehydrogenase glycerate-2P Pamp————
Gnd - 6P-gluconate dehydrogenase -

Eda - KDPG aldolase
Pfk  — phosphofructokinase [

Prk  — phosphoribulokinase

TCA cycle, nitrogen
assimilation,...

Figure 4: Central carbon metabolism of Synechocystis with indication of affected enzymes in the
studied mutant strains. Adapted from Lucius et al. (2021). GapDH - Glyceraldehyde 3-phosphate
dehydrogenase, Pgam — Phosphoglycerate mutase, Pgk — Phosphoglycerate kinase, RubisCO —
Ribulose 1,5-bisphosphate carboxylase/oxygenase

The experimental strategy chosen by Lucius et al. (2021) for the analysis of CO,-dependent
glycogen mobilization is a HC-LC-HC shift experiment in continuous light (HC — High CO: of
5%; LC — Low CO: of 0.04% at ambient level). This setup enabled the investigation of both
the metabolic acclimation to a sudden decrease in Ci supply, as well as a re-acclimation to
saturating CO- conditions. The results from glycogen analysis and metabolic analysis by LC-
MS were compared between the defined mutants considering the importance of the
respective deleted glycolytic routes.

Cells of Synechocystis WT, Azwf, Agnd, Apfk and Aeda were first cultivated in liquid cultures
under HC conditions for CO- acclimation (Lucius et al., 2021). As expected, the WT showed
high glycogen levels in HC conditions in preparation for future Ci limitations and to adjust the
cellular C/N ratio. Glycogen rapidly decreased in the WT within 24 hours after the shift to LC
conditions, representing a quick mobilization to rebalance carbon fluxes in the central carbon
metabolism towards the TCA cycle and downstream cellular biosynthesis pathways. This
was accompanied by a simultaneous growth delay. After the subsequent shift back to HC
levels, WT cells rapidly accumulated glycogen again as increased CO, fixation promotes

gluconeogenesis. Cells resumed growth within 24 hours after this second shift.
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Similar behaviours during the HC-LC-HC shifts were observed for Azwf, Agnd and Apfk
regarding growth and glycogen metabolism. This suggests that an ED pathway with an intact
Eda enzyme in these mutants is sufficient to utilise stored glycogen in constant light and
rebalance the metabolism in a WT-like manner in acclimation to changing CO, conditions.
Comparable absolute levels in cellular glycogen contents between this set of three single
deletion mutants and the WT over the course of the two shifts also indicate that the EMP and
OPP pathways play only a minor role in glycogen utilisation in constant light. This was
expected as the OPP pathway is the preferred glycolytic route in darkness (Yang et al.,
2002).

In contrast, Aeda showed a significantly different pattern in cellular glycogen levels (Lucius et
al., 2021). Initial levels were around two times higher compared to all other examined
Synechocystis strains. Therefore, the synthesis of glycogen in HC conditions is not impaired
when the ED pathway is interrupted. After the HC-LC shift, glycogen is consumed
comparatively slow. However, most notably, glycogen levels did not increase again in
reaction to the LC-HC shift but stayed stable for at least three hours afterwards. Furthermore,
after 24 h under resupplied HC conditions, Aeda showed a significant growth delay
compared to WT and the other mutants. Apparently, Synechocystis relies on the glycolytic
ED shunt or Eda activity to replenish and thus reactivate the CBB cycle after Ci limitation
periods, as discovered by Makowka et al. (2020). Thus, EMP and OPP pathways cannot
compensate the dysfunctional ED shunt in light. This enhances the knowledge about
glycogen metabolism in constant light beyond its role for heterotrophic carbon supply in night
phases of a diurnal cycle.

Although no apparent differences were detected for growth and glycogen metabolism
between WT, Azwf, Agnd and Apfk, distinct physiological differences of each affected
pathway exist on a metabolic level (Lucius et al., 2021). All cultures included in the HC-LC-
HC shift were sampled at specific time points to check for gradual metabolic effects in regard
to acclimation to the two contrary CO: shifts. The first three hours after each shift document a
gradual acclimation and progressing in glycogen metabolism, while samples taken after 24
hours revealed steady state metabolite data after responding to the CO- shifts. Steady state
metabolite levels in the context of the entire carbon metabolism are illustrated in Figure 5
(Publication 1, Figure 9). Unfortunately, 20G could only be quantified in few samples,
which did not permit to include it in the final comparison of the different mutants. However, it
should be mentioned that expected rapid changes in 20G levels after HC or LC shifts were
not detected by Lucius et al. (2021) as reported before (e.g., Eisenhut et al., 2008b),
whereas 2PG levels changed as expected. Hence, the regulatory role of 20G as a signal for

different Ci conditions needs more investigations.
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Figure 5: Steady states of selected metabolites in the context of entire carbon metabolism (Lucius et
al., 2021). Dashed arrows indicate that more than one enzymatic reaction is required to catalyse this
step. 2PG - 2-Phosphoglycolate, 3PGA — 3-Phosphoglycerate, CBB — Calvin-Benson-Bassham cycle,
HC — High CO:2 conditions (5%), LC — Low CO2 conditions (0.04%), PEP — Phosphoenolpyruvate,
RuBP — Ribulose 1,5-bisphosphate, TCA — Tricarboxylic acid cycle. For denomination of mutant

strains, see Table 1.
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A principal component analysis (PCA) identified certain metabolites that lead to a distinction
of the mutant strains from each other and from the WT during Ci acclimation (Publication 1,
Figures 4 and 5). Among this selection are the RuBisCO products 3PGA and 2PG. In the
WT, these two metabolites accumulate in LC acclimation because of increased oxygenation
reaction of RuBisCO (2PG) and a decreased metabolization during readjustment of the CBB
cycle (3PGA). Mutant strains Azwf, Agnd and Apfk accumulated 3PGA amounts comparable
to WT or at slightly increased levels. The same is true for 2PG levels upon the HC-LC shift.
An ED pathway, that is blocked at the Eda step, suggests a preference for the OPP shunt as
a replacement. Here, release of CO, at the Gnd decarboxylation step might reduce
photorespiration in low Ci conditions. Such a blockage would also prevent replenishment of
the CBB cycle with triosephosphates as Eda also plays a role in glycogen breakdown in low
CO; conditions. These implications are supported by distinctly lower accumulations of 2PG
and 3PGA in Aeda after the HC-LC shift in comparison with the WT (Publication 1, Figure
6).

The importance of the ED pathway for Ci acclimation is further underlined by specific amino
acid levels in response to the shifts. The Eda-deficient strain accumulates high amounts of
proline as stress response during LC acclimation and shows increased arginine levels
(Publication 1, Figure 8). For other organisms, proline accumulation has been reported for
maintenance of a redox balance in case of elevated NADPH levels (Fichman et al., 2015;
Zhang & Becker, 2015). Another possibility is a metabolite spillover from accumulated
arginine in response to the first CO, shift, as a conversion from arginine to proline via
ornithine by AgrE has been reported for cyanobacteria (Zhang & Yang, 2019). Moreover,
Eda also has an annotated function as (4S)-4-hydroxy-2-oxoglutarate aldolase (database
KEGG, entry Sll0107), catalysing the conversion of 4-hydroxy 2-oxoglutarate in glyoxylate
and pyruvate and thus participates in amino acid metabolism, which correlates with the
observed strong over-accumulation of proline in the mutant Aeda.

Altogether, an intact ED shunt supports the rapid reactivation of growth by elevated Ci levels
after limiting periods of LC. This confirms the growth impairment of Aeda in photoautotrophic
conditions reported in previous studies (Chen et al., 2016; Makowka et al., 2020). On a first
view, these results could indicate that the ED pathway represents the main glycolytic route
for glycogen utilisation under LC conditions. However, the integration of all data from the
study by Lucius et al. (2021) rather indicate a regulatory role of the Eda enzyme in
acclimation to changing Ci conditions instead of an increased flux through the ED pathway.
In Azwf, the glycolytic ED pathway is disrupted at the G6P-dehydrogenase (Zwf) step, an
enzyme acting upstream of the divergence of ED and OPP routes. Hence, the flux through
ED and OPP pathways should be blocked in mutant Azwf. However, significantly fewer

physiological and metabolic differences were found between WT and Azwf compared with
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Aeda. These data rule out that the flux through the ED pathway might be the most important
reason for the observed phenotypic differences, but rather the impact of Eda or its substrate
on metabolic regulation is crucial. This is supported by recent bioinformatics and
experimental findings that there is no detectable flux through the ED pathway in mixotrophic
conditions accompanied with the absence of key intermediate KDPG in Synechocystis
(Bachhar & Jablonsky, 2022; Schulze et al., 2022). The actual regulatory role of Eda is so far

unknown.

8.1.3 Cp12-dependent regulation in changing CO; conditions

The CBB cycle activity for fixation of CO, depends on availability of Ci, ATP and reducing
equivalents from the photosynthetic light reaction in the form of NADPH. In Synechocystis,
NADPH is used by the anabolic reaction of glyceraldehyde 3-phosphate dehydrogenase
GapDH2 (Sl11342) in the triosephosphate hub, producing GAP from G1,3BP as part of the
RuBP regeneration and for gluconeogenesis. In darkness and low light conditions, the CBB
cycle is downregulated in Synechocystis by inhibition of GapDH2 and Prk due to Cp12
association. However, according to our results, Cp12 regulation also plays a role during
acclimation to changing COz levels in constant light (Lucius et al., 2022). This is indicated by
results from CO- shift experiments comparing Synechocystis WT and mutant Acp72 which is
deficient in the Cp12-encoding gene ss/3364. Cultures of these strains were first grown at
HC conditions, then shifted to LC levels. LC-MS and GC-MS analyses were performed to
analyse levels of metabolites that are part of the CBB cycle and the central carbon
metabolism routes in general. Among this set of metabolites, the levels of the RuBisCO
substrate RuBP strongly increased in Acp72 in response to the HC-LC shift compared to the
WT. Similarly, levels of dihydroxyacetone phosphate (DHAP), the more detectable isomer of
GAP, increased in the Cp12-deficient strain upon the shift (Publication 2, Figure 2). This
points at a more active CBB cycle with increased activities of Prk and GapDH2 due to the
lack of Cp12 inhibition, whereas WT cells reduce CBB cycle activity after a HC-LC shift. The
lack of Cp12 does not affect the activity and abundance of GapDH2 and Prk in
Synechocystis (Blanc-Garin et al., 2022), in contrast to other organisms like Arabidopsis
thaliana in which a Cp12-deficiency causes decreased Prk expression (Lopez-Calcagno et
al., 2017).

CO; fixation and the photosynthetic light reaction are tightly connected. A sudden decrease
of CO; fixation due to low Ci levels can saturate the sink capacity of the CBB cycle for
photosynthetic NADPH. An over-reduction of the photosystems by subsequent NADPH
accumulation must be prevented. For example, cyclic electron flow decreases the production

of reactive oxygen species that would otherwise damage the photosynthetic machinery. This
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quick process protects PSI and leads to a decreased photosynthetic rate (Alvarenga-Lucius
et al., 2023). The consequent oxidized cellular state could potentially initiate the Cp12-
mediated inhibition of the CBB cycle by binding of GapDH2 and Prk, even in constant light.
Growth experiments of Acp72 and WT cultures grown under HC or LC conditions,
respectively, show similar growth phenotypes. However, during CO. shifts, metabolic
changes during Ci acclimation become pronounced (Lucius et al., 2022). These results show
that Cp12-dependent regulation is relevant during other redox imbalances caused by

environmental fluctuations apart from day-night transitions.

8.1.4 Connection between PirC and CO- availability

No direct connection between the function of PirC and different CO2 availability has been
described so far. However, its expression on RNA and protein levels is clearly different under
HC and LC conditions (Klahn et al., 2015, Spéat et al., 2021, Barske et al., 2023). Moreover, a
main regulatory target of Synechocystis PirC, phosphoglycerate mutase Pgam1, was
previously predicted as a key control point in carbon metabolism from modelling data of
Synechococcus 7942 (Jablonsky et al., 2014). Metabolomic data from HC-LC shifts on
Synechocystis and Synechococcus 7942 suggest that under LC conditions, the catabolic
Pgam1 reaction is increased to provide lower glycolysis and subsequent TCA cycle with
newly fixed carbon, which sustains ammonia assimilation via the GS/GOGAT cycle,
diminishing glycogen synthesis. This is indicated by LC-shift induced accumulation of the
Pgam1 reaction product 2PGA (Eisenhut et al., 2008b; Schwarz et al., 2011). Furthermore,
the overexpression of PirC led to an increased glycogen accumulation in sufficient CO-
availability (Muro-Pastor et al., 2020) indicating a regulatory impact of PirC on carbon flux
redirection. Further detailed insights into the regulatory mechanism of PirC on Pgam1 in

Synechocystis are described in 8.3.3.
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8.2 Regulation of the central carbon metabolism during supply with external

glucose
8.2.1 General overview

Apart from Ci, aquatic habitats provide various forms of organic carbon sources. One of the
most abundant organic sugars in aquatic and marine ecosystems is glucose (Skoog et al.,
1999). Glucose mostly originates from dead organic matter as a component of dissolved
polysaccharides (Benner et al., 1992). Blooms of phytoplankton, for example in coastal
regions, may temporarily significantly increase the glucose availability for microbial growth
(Ittekkot et al., 1981). Heterotrophic aquatic bacteria can use this organic carbon source,
whereas external glucose supply may also facilitate mixotrophic growth for certain
cyanobacteria. Synechocystis is a photosynthetic cyanobacterium capable of
photoautotrophy and uptake of extracellular sugars like glucose via transporter GlcP
(Schmetterer, 1990). Therefore, Synechocystis can grow heterotrophically in darkness at the
expense of stored glycogen and external glucose, but also mixotrophically in light.
Mixotrophy for Synechocystis describes the capacity of the central carbon metabolism to
have anabolic reactions of CO; fixation, and catabolic reactions of glycolytic routes, running
simultaneously. Synechocystis is facultatively mixotrophic (Pelroy et al., 1972), and performs
non-compartmented mixotrophy in contrast to plants which can spatially separate trophic
modes. This makes the regulatory mechanisms for such simultaneous opposing fluxes
especially interesting research topics.

Previous studies confirmed that CO fixation in the CBB cycle is not interrupted by supply of
external glucose in light (Nakajima et al., 2014). Interestingly, growth rates of Synechocystis
are found to be higher in mixotrophic conditions than the sum of photoautotrophic and
heterotrophic yield (Lopo et al., 2012; Chen et al., 2016), suggesting mixotrophy as a

separate mode of lifestyle instead of just a mechanism to overcome nutrient scarcity.

8.2.2 Glycolytic routes in heterotrophic and mixotrophic growth conditions

In light, external glucose and glycogen-derived glucose are mostly entering the CBB cycle.
For this, the different glycolytic routes operate as truncated shunts to replenish and fine-tune
the CBB cycle in cyanobacteria (Nakajima et al., 2014; Sharkey & Weise, 2016; Makowka et
al., 2020). Flux analyses in mixotrophic conditions showed that this routing mechanism aids
to maximize fixation of CO2 in Synechocystis (Schulze et al., 2022). Growth in darkness with
supplied glucose has been simulated for metabolomics experiments by creating
photoheterotrophic conditions using photosynthetic electron transport chain inhibitors like

atrazine (Nakajima et al., 2014; Yoshikawa et al., 2013). If grown in complete darkness,
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glucose-tolerant Synechocystis will only grow when given a short daily light pulse, termed as
“light-activated heterotrophy” (Anderson & Mcintosh, 1991).

Glycogen breakdown with concomitant CO- fixation in light resembles mixotrophic growth
conditions (Doello et al., 2018). As Eda-deficient Synechocystis mutants show delayed
mixotrophic growth (Chen et al., 2016), the influence of the ED route on glycogen
metabolization in continuous light is underlined again. However, in mixotrophic conditions, no
flux through the ED pathway towards KDPG could be detected using GC-MS-based *C-
based metabolic flux analyses (Schulze et al., 2022). This indicates that Eda might operate
on another regulatory layer apart from different metabolic activity. Therefore, its exact role is
still controversial and needs further investigation. Additionally, the absence of Eda leads to
impairment of growth in day-night cycles, as well as fluctuating light (Schulze et al., 2022).
Thus far, no insights on the role of the ED pathway in heterotrophic conditions have been
published for Synechocystis.

The OPP pathway is the dominating glucose metabolic route for Synechocystis in light-
activated heterotrophic conditions, because strains deficient in Zwf and Gnd showed a strong
growth impairment in darkness with glucose supplied (Yang et al., 2002; Jansén et al., 2010;
Wan et al.,, 2017). Furthermore, in vivo Zwf activity is increased under heterotrophic
conditions (Kurian et al., 2006). The EMP pathway as glycolytic route shares the
intermediate F6P with the CBB cycle which is produced by phosphoglucose isomerase
(PGI). The metabolic shunt was therefore termed “PGI shunt” for refuelling the CBB cycle at
the step of F6P (Makowka et al., 2020). G6P is the entry point for the OPP, PGl and ED
shunts. Carbon flux analysis at this node in mixotrophic growth revealed that glucose flux
divides mainly into the PGI shunt as shortened EMP pathway and the OPP shunt, with a

small remainder allocated to glycogen synthesis (Schulze et al., 2022).
8.2.3 Cp12 regulation during glucose supply

In previous studies, physiological investigations on cyanobacterial Cp12 had mostly been
conducted on Synechococcus 7942 cultures. However, this strain cannot utilise externally
supplied glucose, in contrast to Synechocystis (Zhang et al., 1998). Therefore, these studies
had not taken into account the potential role of Cp12-dependent regulation for the adjustment
of the cyanobacterial metabolism in the presence of external glucose.

In this dissertation, the connection between redox regulation of Cp12 complex formation and
external glucose supply was investigated. For this, a set of Synechocystis strains expressing
mutated Cp12 versions that are deficient in binding to GapDH2 and/or Prk were used.
Denominations of these mutants along with a brief description are listed in Table 2.

The WT variant of Cp12 expressed by gene ss/3364 in Synechocystis harbours two cysteine

pairs and thus belongs to the group of Cp12-N/C according to Stanley et al. (2013). In
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oxidizing conditions, these cysteines form two respective disulfide bridges to partially
structure the Cp12 protein near to its GapDH-binding domain at the C-terminus and the Prk-
binding domain in proximity to the N-terminus. This structural order by redox regulation
basically enables Cp12 to function as inhibitor of the two target CBB cycle enzymes. Thus,
complementation mutant strains were generated in the Synechocystis Acp12 background,
expressing different variants of Cp12, lacking either the N-terminal cysteines Cys19 and
Cys29, or the C-terminal pair by Cys60 and Cys69, along with a strain expressing a Cp12
variant lacking all four cysteines (Lucius et al., 2022). These strains permit the analysis of the
relative importance of Cp12-mediated inhibition of either GapDH2 or Prk. However,
cyanobacterial Prk also possesses cysteine residues that allow direct redox regulation of this

enzyme independent from the Cp12-mediated mechanism (Fukui et al., 2022).

Table 2: Details of mutant strains with Acp72 background used in Publication 2 (Lucius et al., 2022).

Strain Deleted cysteines Affected binding domain
Acp12::cp12-ACysN N-terminal Cys19 and Cys29 Prk

Acp12::cp12-ACysC C-terminal Cys60 and Cys69 GapDH2
Acp12::cp12-ACysNC Cys19, Cys29, Cys60, Cys69 GapDH2 and Prk

Acp12 Entire gene ss/3364 deleted GapDH2 and Prk

So far, no apparent role was suggested for Cp12 in Synechocystis during mixotrophic growth
in standard experimental light conditions of 50 to 100 ymol photons m? s™. In constant light,
cells are mainly in a reduced state due to high NADPH levels from the photosynthetic light
reaction and thus Cp12 is in its conditionally disordered state.

External glucose can be utilised for glycogen formation or channelled into glycolytic routes,
hence, it should theoretically further support cellular growth. However, in lower light
intensities of 12.5 ymol photons m2 s, mutant Acp72 shows a clearly diminished growth
when grown in liquid medium supplied with glucose (Blanc-Garin et al., 2022). This necessity
for Cp12 in decreasing light under glucose influence is further confirmed by the inability of
Acp12 to grow heterotrophically in darkness on glucose (Lucius et al., 2022). Thus, Cp12
appears crucial for glucose catabolism in low photosynthetic activity. Further, the lack of
Cp12 leads to growth inhibition under photoheterotrophic conditions in constant light with
added DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) (Lucius et al., 2022; Blanc-Garin et
al., 2022). DCMU is a photosynthetic electron chain inhibitor blocking the electron transfer
from PSII to plastoquinone, thereby preventing photosynthetic NADPH production (Hader,
1975). Thus, in the presence of DCMU, the cell mainly relies on reducing power generated
from glucose oxidation that is sufficient for the Synechocystis WT but does not work for

Acp12 cells, most likely caused by a cellular redox imbalance.
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In diurnal growth of alternating 12-hour phases of light and darkness without external glucose
supply, Acp12 displays a WT-like growth and thus, Cp12 regulation appears dispensable
under this condition in Synechocystis (Lucius et al., 2022; Blanc-Garin et al., 2022). For other
cyanobacterial strains such as Synechococcus 7942, a Cp12-deficient strain even shows
impaired growth after long-term acclimation to diurnal growth (Tamoi et al., 2005). However,
when diurnal growth experiments are performed with the Synechocystis WT and the Cp12-
deficient strain in the presence of glucose, the Acp72 mutant is unable to grow in alternating
12-hour dark/light phases whereas the WT was not affected (Lucius et al., 2022; Blanc-Garin
et al., 2022). Growth experiments in 12-hour diurnal conditions in glucose-containing medium
(Publication 2, Figure 4) revealed a WT-like growth for Acp72::cp12-ACysN. In contrast,
strains Acp12::cp12-ACysC and Acp12::cp12-ACysNC with affected GapDH2 binding show a
strong growth impairment comparable to Acp72 with a rather late acclimation to such light
and glucose conditions. Binding of GapDH2 by Cp12 mediates an improved glucose
utilisation from the medium and enables the proper breakdown of glycogen reserves. This
was concluded from a strong delay in all Acp12 strains with deleted GapDH2 binding domain
cysteines during assays for determination of glucose and glycogen. Glucose might cause a
redox imbalance for the cell in situations where GapDH2 should be inactive. Catabolic
production of NADPH from glucose oxidation then could be opposed by anabolic NADPH
consumption by GapDH2 in Synechocystis leading to futile wasteful cycles. In darkness, Zwf
and Gnd of the OPP pathway are the only enzymes that produce NADPH from oxidation of
glucose. Therefore, the NADPH pool is limited and should only be available for metabolic
enzymes that require this exact reducing equivalent and cannot accept NADH. In low
photosynthetic activity in darkness or low light, GapDH1 is the active GapDH isoenzyme
which only utilises NADH, while GapDH2 is inhibited by Cp12. This inhibition prevents
GapDH2 from depleting the NADPH pool in such conditions and could explain the Acp12
phenotypes in dark phases with supplied glucose. Inhibition of GapDH2 by Cp12 seems to
be of higher relevance than binding of Prk for proper acclimation to glucose supply in dark
phases (Lucius et al., 2022). However, the exact regulatory mechanisms how the glucose
import and immediate metabolization is affected requires further research.

In vivo experiments can elucidate details about true functions of regulatory mechanisms and
provide another dimension of cellular response analyses to actual environmental changes. In
case of Cp12, for the first time, in vivo dynamics of Cp12-mediated binding of Prk and
GapDH2 could be visualized in dark/light changes in Synechocystis (Lucius et al, 2022).
Synechocystis strains expressing eYFP-tagged versions of GapDH2 or Prk, respectively,
were used to determine the chronology of Cp12-GapDH-Prk complex formation by
fluorescence microscopy imaging. Clear aggregates visible as fluorescent spots formed in

cells of the eYFP strains upon darkness. Signals became first visible in the eYFP-GapDH
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cells and appeared time-displaced in eYFP-Prk cells (Publication 2, Figure 1). The temporal
sequence of this spot formation thus confirms the primary binding of GapDH2 by Cp12 in
dark/oxidizing conditions and the subsequent incorporation of Cp12-bound Prk into the
Cp12-GapDH-Prk complex. Upon re-illumination, the fluorescent spots dispersed first in the
eYFP-Prk strain and then in cells with eYFP-tagged GapDH2. This dissociation resembles
the reverse sequence of complex formation. As negative control, no fluorescent spots formed
in the Cp12-deficient strain Acp72. The fluorescent signals appeared as roughly five to ten
bright circular spots per cell in the eYFP-tagged strains. The reasons for this pattern and
potential influence of other cellular mechanisms on the complex localization remains
unknown thus far. According to the number of spots formed in darkness, an association of
complex formation close to carboxysomes might be reasonable. However, fluorescent Cp12
spots do not overlay signals of fluorescence-tagged carboxysome-related proteins in a
respective Synechocystis mutant (unpublished results, Kirstin Gutekunst group). Also, an
aggregation of supramolecular Cp12 complexes by interacting eYFP fluorescence protein
tags cannot be excluded yet.

In vivo analysis of the intracellular redox status was chosen to assess the lethal phenotype of
Acp12 in dark phases combined with supplied external glucose. Measurements of the in vivo
oxidation level of NAD(P)H revealed an importance of Cp12 during redox state regulation
dependent on light intensity (Lucius et al., 2022). This was assessed by monitoring the
NAD(P)H fluorescence for WT, Acp12, Acp12::cp12-ACysN, Acp12::.cp12-ACysC and
Acp12::cp12-ACysNC during acclimation to different light intensities and during a subsequent
high light pulse followed by an immediate shift to darkness. The high light pulse reduces the
major part of the photo-reducible NAD(P)" pool to NAD(P)H. The rate of re-oxidation of
NADPH to NADP* after the dark shift thus depends on the level of CBB cycle regulation
during the light acclimation before the light pulse, because uninhibited GapDH2 would
quickly oxidize NADPH in darkness via its respective anabolic reaction.

In fact, the experimental results suggest a gradually increased association of Cp12 with
GapDH2 in decreasing light intensities (Publication 2, Figure 6). Therefore, the CBB cycle
is not only downregulated by Cp12 in dark/light phases but also fine-tuned in lower light
intensities and fluctuations thereof. This is indicated by a faster NAD(P)H oxidation rate in
darkness for the WT the higher the pre-acclimation light intensity was set. During acclimation
to lower light, the CBB cycle is gradually downregulated by partial Cp12-mediated binding of
GapDH2 and thus the re-oxidation rate is lower in WT cells. The crucial role of Cp12 for this
re-oxidation is confirmed by redox measurements on the Cp12-deficient mutant. There,
Acp12 displays consistently high oxidation rates after the dark shift, independent of previous
light settings. Due to the lack of Cp12, the GapDH2 pool is permanently unbound and greatly

contributes to NADPH oxidation in darkness. Intermediate re-oxidation rates for mutants
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Acp12::cp12-ACysC and Acp12::.cp12-ACysNC again support the superordinate role of
binding of GapDH2 by Cp12 instead of Prk for this regulatory mechanism. These in vivo
NAD(P)H measurements suggest a strong redox imbalance during low light acclimation by
lack of Cp12 that is potentially increased during addition of external glucose, leading to a

lethal phenotype.
8.3 Regulation of the central carbon metabolism during nitrogen limitation

8.3.1 General overview

Nitrogen limitation causes deficiencies in synthesis of nitrogen-containing macromolecules
like pigments, proteins and nucleic acids in Synechocystis. Therefore, limiting nitrogen
conditions require adjustments to the metabolism for acclimation and cell survival (Yoshihara
& Kobayashi, 2022). Because 20G connects carbon and nitrogen metabolism in
Synechocystis, regulations of nitrogen assimilation in limiting conditions are ultimately
accompanied by regulations of carbon catabolism and anabolism (Forchhammer & Selim,
2019). Nitrogen/carbon signal transduction by specific 20G-binding proteins like PIl and
NtcA trigger regulatory cascades for metabolic adjustment and maintenance of the C/N
homeostasis.

In prolonged absence of combined nitrogen sources, Synechocystis transitions into a
dormant state called chlorosis (Neumann et al., 2021). A visible response is the bleaching
reaction, in which photosynthetic pigments, initially phycobilisomes as the cyanobacterial
light-harvesting antennae and later chlorophyll, are degraded under nitrogen shortage.
Phycobilisome degradation is mainly initiated by the protein NbIA that is transcriptionally
activated by NtcA at high 20G levels (Luque et al., 2001). The disassembly of
phycobiliproteins and the pigments therein leads to a yellow phenotype of Synechocystis
cells. If the absence of nitrogen sources persists, cell growth is arrested and metabolic
activity is gradually minimized as cells enter a dormant state for long-term survival in nutrient
limitation (Klotz & Forchhammer, 2017; Hauf et al., 2015).

When combined nitrogen sources are limited, products of photosynthetic CO- fixation are
redirected towards synthesis of glycogen (Klotz et al., 2016). In late stage chlorosis, PHB
slowly accumulates in granular structures promoted by glycogen turnover (Klotz et al., 2019).
The enhanced synthesis of glycogen reserves also serves as a preparation for recovery from
chlorosis when nitrogen availability induces recovery of growth. The mobilization of stored
glycogen during awakening from chlorosis supports the metabolism with energy and carbon
skeletons (Doello et al.,, 2018). This is an essential process, as Synechocystis mutants
deficient in glycogen synthesis do not enter chlorosis and die by nitrogen starvation (Grindel
et al., 2012).
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8.3.2 Role of glycolytic routes for resuscitation from chlorosis

The awakening of dormant cyanobacteria from chlorosis after nitrate addition requires an
early phase of glycogen breakdown (Klotz et al., 2016). Under these conditions, glycogen
degradation relies on the catabolic activity of GlgP2, the main glycogen phosphorylase in
Synechocystis (Doello et al., 2018). The released sugar phosphates can be used in different
glycolytic routes whereas the ED pathway and especially the OPP pathway are the crucial
routes upon new availability of nitrogen after chlorosis. Nitrogen recovery studies on
Synechocystis mutant strains deficient in key enzymes Eda, Zwf and Gnd of ED and OPP
pathways, respectively, showed a lack of glycogen degradation along with a poor
resuscitation ability (Doello et al., 2018). In Azwf, 6-phosphogluconate accumulation leads to
delayed resumption of CO; fixation by inhibition of RuBisCO, which emphasizes the
respective importance of the OPP pathway (Doello et al., 2018). Furthermore, Synechocystis
can anticipate a necessary glycogen mobilization in response to resupplied nitrogen (Klotz et
al.,, 2016). This is indicated by increased expression of zwf and gnd during nitrogen

starvation and chlorosis (Doello et al., 2018; Spat et al., 2018).

8.3.3 Regulation of the triosephosphate hub in nitrogen limitation

The triosephosphate hub in the central carbon metabolism of Synechocystis takes part in the
acclimation to limiting nitrogen conditions. Here, phosphoglycerate mutase Pgam1 is blocked
and the isoenzymes GapDH1 and GapDH2 participate in the reallocation of fixed carbon
towards glycogen storage. The increase of glycogen is a direct response to low nitrogen
levels (Klotz et al., 2015).

3PGA represents the first stable intermediate after CO- fixation by RuBisCO cycle and most
of 3PGA remains in the CBB cycle. However, part of 3PGA can be taken out by the
conversion into 2PGA via Pgam in catabolic direction. Therefore, Pgam is a crucial branching
point for carbon allocation in the triosephosphate hub and new findings providing evidences
for its role in nitrogen starvation are further elucidated in this dissertation. Orthwein et al.
(2021, Publication 3) discovered that the activity of Pgam1, the product of gene slr1945, is
regulated by the small protein PirC via competitive inhibition.

PII binds PirC in low 20G levels and releases it in high 20G levels, which reflect nitrogen-
sufficient and nitrogen-limiting conditions, respectively. Released PirC can then bind to
Pgam1 and inhibits its activity at high cellular C/N ratios. The Pgam1 inhibition redirects
carbon flux towards formation of glycogen storage. This facilitates adjustment of the C/N
homeostasis and also prepares the cell for potential long-term nitrogen starvation. When
cells are replenished with nitrogen again, PirC is bound again to PII, and amounts of PirC
decrease gradually (Doello et al., 2018). A model of this regulation is shown in Figure 6

(Publication 3, Figure 5).
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PirC was first characterized via affinity tests in vitro in which it co-eluted with ATP or ADP-
bound PIl, but not with ATP and 20G (Orthwein et al., 2021), which is a common
characteristic of Pll-interacting partners (Zeth et al., 2014). Bio-layer interferometry (BLI)
analysis revealed that presence of effectors ATP or ADP significantly amplified binding
properties. Also, an inhibitory effect of 20G on PII-PirC interaction was first observed. This
concludes that occupancy of all three effector binding sites of PIl by 20G prevents complex
formation with PirC. The effect of high 20G levels, together with the identification of an NtcA-
binding domain of PirC thus suggested a nitrogen-related function of the small protein. The
significance of PirC for acclimation to nitrogen depletion was then detected by physiological
analyses. After one month of nitrogen starvation in continuous light, a deletion mutant ApirC
showed slightly slower pigment degradation and delayed growth compared to WT, and,
strikingly, exhibited reduced glycogen accumulation compared to WT and the native
complementation strain ApirC::pirC. Conversely, ApirC accumulated a significantly higher
PHB content during nitrogen depletion. These findings first showed the importance of PirC
for redirection of carbon fluxes towards glycogen and PHB during acclimation to decreasing
nitrogen availability.

In an independent study by Muro-Pastor et al. (2020), increased levels of PirC (alternatively
named “CfrA”) by overexpression revealed a proportional glycogen accumulation. During
resuscitation from nitrogen depletion, a PirC-deficient mutant displayed faster glycogen
consumption and a more rapid re-greening compared to WT. This indicated that in nitrogen
resuscitation, a gradual degradation of PirC might be required to decrease a potential
inhibiting behaviour of this small protein.

Further coimmunoprecipitation experiments were carried out to potentially identify other
targets of PirC in carbon metabolism. Upon addition of 20G/ATP, the 2,3-
bisphosphoglycerate-independent phosphoglycerate mutase Pgam1 (SIr1945) emerged as
the main PirC interactor. These results suggested a regulatory switch to modulate Pgam1
activity in nitrogen starvation by binding or release of PirC by PIl. A negative regulation of
Pgam1 by PirC would explain observed altered glycogen and increased PHB levels in ApirC,
as Pgam1 directs fixed carbon from the CBB cycle towards lower glycolysis, producing
acetyl-CoA as precursor metabolite of PHB. In enzymatic assays, PirC inhibited recombinant
Pgam1 in a competitive manner by raising the K, value for the substrate 3PGA, rather than
decreasing the Viax. Addition of PirC in excess caused a more than tenfold reduction of
Pgam1 catalytic activity. In these assays, PIl was found to counteract inhibition of Pgam1 by
PirC in absence of 20G. High 20G levels re-enabled PirC to inhibit Pgam1, as when PIl was

absent.
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Figure 6: Model of regulation of central carbon metabolism by PirC, Pll, and Pgam1 interactions
(Orthwein et al.,, 2021). 2-OG - 2-Oxoglutarate, 2-PGA - 2-Phosphoglycerate, 3-PGA - 3-
Phosphoglycerate, ADP-Glc — ADP-Glucose, CBB — Calvin-Benson-Bassham cycle, FAS — Fatty acid
synthesis, Glc-1P — Glucose 1-phosphate, GIgC — Glucose 1-phosphate adenylyltransferase, PGAM
— Phosphoglycerate mutase, PHB — Polyhydroxybutyrate, TCA — Tricarboxylic acid cycle.

Physiological analysis by Muro-Pastor et al. (2020) revealed that overexpression of PirC in a
Pll-deficient mutant leads to a lower total protein content. This indicates that excess PirC,
unbound by PII, constantly inhibits Pgam1 activity, thus blocking the metabolic flux in lower
glycolysis towards TCA cycle and amino acid biosynthesis.

To further assess the role of PirC regulation on a metabolic level, a nitrogen shift experiment
coupled with metabolome analysis was performed on short-term (48 h) nitrogen-depleted
cells of WT and ApirC (Orthwein et al., 2021). Similar to CO- shift experiments, such abrupt
change of nutrient availability requires an immediate reaction to adjust metabolic flow and
maintain the C/N homeostasis. Specific differences in metabolite steady-state levels between
both strains were detected upon nitrogen depletion (Publication 3, Figure 4). Notably, 20G
levels rose immediately in ApirC after the nitrogen shift and remained elevated, while levels
gradually decreased in WT. This result shows that the inhibition feedback of a functioning
Pgam-PirC regulation causes a reduced metabolic flux towards the TCA cycle in nitrogen
depletion, by which the initial responsive accumulation of 20G is slowly wearing off. 3PGA
levels remained low for ApirC, whereas increasing levels for the WT indicate inhibition of
Pgam by PirC. This observation confirms that in nitrogen depletion, regulation via PirC
causes 3PGA accumulation which is redirected to glycogen formation. Furthermore, rising
3PGA levels activate GIgC, which catalyses the conversion of G1P to ADP-glucose in the
glycogen hub (Preiss, 1984). This mechanism enables PirC-mediated stimulation of glycogen
synthesis while lower glycolysis is simultaneously restricted. High pyruvate levels in ApirC
indicate an increased conversion of 3PGA to 2PGA by flux through Pgam, aligning with
increased PHB levels derived from acetyl-CoA. Overall, our metabolic investigations deliver
evidence that in nitrogen depletion, the Pgam downstream reaction is normally curbed by

PirC as not enough nitrogen is available for subsequent amino acid biosynthesis.
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So far, no fully segregated Pgam1 (SIr1945) mutant could be obtained for Synechocystis,
preventing significant physiological studies on strains lacking this enzymatic function.
However, these difficulties suggest that Pgam1 is essential for the central carbon metabolism
of Synechocystis, and cannot be substituted by any other enzyme, thus enhancing the
significance of Pgam1 as a key control point for carbon allocation. Equally, this finding makes
the existence of other functional Pgam isoenzymes in Synechocystis unlikely.

A potential for biotechnological applications after characterization of PirC regulation could
already be demonstrated (Koch et al., 2020). In nitrogen starvation, there is a constant
turnover of glycogen during progressing chlorosis and dormancy (Koch et al., 2019). This
residual flux creates acetyl-CoA as precursor for PHB. In a PirC-deficient strain, this flux is
increased because Pgam1 is uninhibited in low nitrogen conditions leading to a significant
increase in PHB storage (Orthwein et al., 2021). There, these properties of ApirC to redirect
carbon metabolism towards synthesis of PHB were used in part to engineer a Synechocystis
strain that showed the highest accumulation of PHB under nitrogen limitation so far, reaching
over 80% PHB per cell dry weight (Koch et al., 2020). Beyond that, first results using PirC-
deficient Synechocystis mutants could demonstrate a conditional increase of ethanol
production (Béhm et al., 2023).

Kinetic and binding studies revealed competitive inhibition of Pgam1 by PirC. In the future, a
structural analysis of the complex formation could elucidate further details of the regulation.
Other potential interaction partners of PirC have been identified by coimmunoprecipitation
experiments. Among candidates are dihydrolipoamide dehydrogenase, dihydrolipoamide
acetyltransferase, and pyruvate dehydrogenase E1 beta as three components of the
pyruvate dehydrogenase (PDH) complex in Synechocystis (Muro-Pastor et al., 2020), as well
as an ortholog of CcmP encoded by the gene sIr0169 (Orthwein et al.,, 2021). In
Synechococcus, CcmP is a carboxysome shell protein with a central pore potentially
functioning in metabolite transport (Larsson et al., 2017). Identification of other regulatory
properties of PirC for metabolite flux in the central carbon metabolism is therefore an

interesting goal for future research.
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9 CONCLUDING REMARKS AND OUTLOOK

The results of this dissertation help to broaden the knowledge about how Synechocystis
regulates its central carbon metabolism based on certain environmental conditions, like
changing availabilities of inorganic and organic carbon, as well as acclimation to and

resuscitation from nitrogen limitation.

We discovered that the Entner-Doudoroff pathway somehow contributes to glycogen
breakdown during high to low CO; shifts in Synechocystis. Future research on the postulated
regulatory function of key enzyme Eda would increase understanding of cyanobacterial
glycogen metabolism during light phases. Other regulatory layers that determine the
preference for a specific glycolytic route in dependence of certain environmental fluctuations

could be targets for future experiments.

Further, our results show that Cp12 contributes to redox regulation in conditions with
supplied external glucose and can fine-tune the CBB cycle and carbohydrate metabolism in
Synechocystis. This extends the role of Cp12 beyond dark-night regulation and also reveals
contribution to acclimation to changing CO, conditions. This dissertation presents one of the
first sets of results from in vivo analyses on Cp12 complex formation in Synechocystis. If
further potential targets or interactors of Cp12 can be identified, this could unravel an
extended regulatory network of this versatile conditionally disordered protein. In this regard,
another auspicious layer of regulation that requires further research efforts is the influence of

phosphorylation of Cp12 itself and related effects on the CBB cycle.

Lastly, the novel Pll-interactor PirC identifies phosphoglycerate mutase Pgam1 as a key
control point of carbon storage metabolism in Synechocystis. The characterization of the
PirC-mediated regulation of such a crucial branching point for carbon allocation harbours
great potential for biotechnological applications as it implies new ways to redirect fluxes
towards target metabolites or biopolymers such as PHB. Also, structural analysis of
enzymatic complexes could help to further elucidate the inhibitory mechanism of PirC on

Pgam1.

In conclusion, the cyanobacterial central metabolism is elusively complex where hidden
regulatory layers and unknown protein interactions involved in the switch between

photoautotrophy and heterotrophy will offer research topics for decades to come.
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Cyanobacteria perform plant-like oxygenic photosynthesis to convert inorganic carbon
into organic compounds and can also use internal carbohydrate reserves under specific
conditions. A mutant collection with defects in different routes for sugar catabolism was
studied to analyze which of them is preferentially used to degrade glycogen reserves
in light-exposed cells of Synechocystis sp. PCC 6803 shifted from high to low CO»
conditions. Mutants defective in the glycolytic Embden—Meyerhof-Parnas pathway or in
the oxidative pentose-phosphate (OPP) pathway showed glycogen levels similar to wild
type under high CO, (HC) conditions and were able to degrade it similarly after shifts
to low COs (LC) conditions. In contrast, the mutant Aeda, which is defective in the
glycolytic Entner-Doudoroff (ED) pathway, accumulated elevated glycogen levels under
HC that were more slowly consumed during the LC shift. In consequence, the mutant
Aeda showed a lowered ability to respond to the inorganic carbon shifts, displayed a
pronounced lack in the reactivation of growth when brought back to HC, and differed
significantly in its metabolite composition. Particularly, Aeda accumulated enhanced
levels of proline, which is a well-known metabolite to maintain redox balances via
NADPH levels in many organisms under stress conditions. We suggest that deletion
of eda might promote the utilization of the OPP shunt that dramatically enhance
NADPH levels. Collectively, the results point at a major regulatory contribution of the ED
pathway for the mobilization of glycogen reserves during rapid acclimation to fluctuating
CO» conditions.

Keywords: CO, acclimation, glycolytic pathways, metabolome, mutant, sugar catabolism
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INTRODUCTION

Cyanobacteria evolved oxygenic photosynthesis approximately
2.7 billion years ago (Hohmann-Marriott and Blankenship,
2011). By this process, they can efficiently convert inorganic
carbon (Ci), either as CO; or bicarbonate into organic material at
the expense of light energy. This capability makes cyanobacteria
an interesting chassis for the CO,-neutral production of organic
fuels or feedstock (e.g., Hagemann and Hess, 2018). The Calvin-
Benson-Bassham (CBB) cycle is the main Ci incorporating
route with ribulose 1,5-bisphosphate carboxylase/oxygenase
(RubisCO) as key enzyme, which incorporates either CO, into
ribulose 1,5-bisphosphate (RuBP) leading to two molecules
3-phosphoglycerate (3PGA) or O, into RuBP resulting in the
appearance of 3PGA and 2-phosphoglycolate (2PG). The latter
intermediate turned out to be toxic for the CBB cycle and
associated metabolic pathways (e.g., Fliigel et al., 2017) and must
be efficiently recycled via the photorespiratory 2PG metabolism,
which likely evolved in parallel with oxygenic photosynthesis in
ancient cyanobacteria (Eisenhut et al., 2008a).

The available amount of Ci for photosynthesis changed in
different time scales in the environment of cyanobacteria. In
the long term, it dramatically decreased to the present low CO,
content of about 0.04% in the Earth’s atmosphere mainly due to
the photosynthetic activities of cyanobacteria, algae and plants. In
parallel, the amount of O; rose to 21%. This gas ratio appeared to
be problematic for RubisCO, because it has a rather low affinity
and specificity for CO, (Tcherkez et al, 2006). Especially in
aquatic habitats, the Ci levels are also fluctuating in short time
scales depending on the pH, salinity and temperature influencing
the solubility of CO, and its conversion into bicarbonate.
To respond to limiting Ci conditions, cyanobacteria evolved
an inorganic carbon-concentrating mechanism (CCM), which
enables them to accumulate CO; in the vicinity of RubisCO,
permitting the enzyme to work under saturated CO, conditions
thereby suppressing the oxygenase reaction (Kaplan et al., 2008).
The CCM activity in model strains such as Synechocystis sp.
PCC 6803 (hereafter Synechocystis) is mainly regulated at the
transcriptional level due to the action of several regulatory
proteins such as NdhR, CmpR, CyAbrB2, and SbtB (reviewed in
Hagemann et al., 2021).

In addition to the transcriptional changes, the shift from high
to low Ci conditions had pronounced effects on the metabolic
composition of cyanobacteria (Eisenhut et al., 2008b; Schwarz
et al, 2011). In the case of Synechocystis, these alterations seem
to be mainly regulated on the biochemical level (Jablonsky et al.,
2016), because the abundances of transcripts and proteins for
almost all enzymes involved in primary carbon metabolism
remained unchanged under different Ci conditions (Klihn et al.,
2015; Spdt et al, 2021). A defined metabolic signature was
observed in Synechocystis cells shifted from high Ci (HC, 5%
CO,) to low Ci (LC, ambient air of 0.04% CQO;), which is at
least partly conserved in Arabidopsis plants (Orf et al.,, 2016).
This metabolic change indicates that the carbon export from
the CBB cycle into lower glycolysis is stimulated under LC
conditions, which might involve the newly identified regulator
protein of phosphoglycerate mutase PirC (Orthwein et al., 2021).

Furthermore, HC-grown Synechocystis cells accumulate high
glycogen levels. Upon shifts to LC conditions glycogen becomes
degraded and long-term LC-acclimated cells are virtually free of
glycogen reserves (Eisenhut et al., 2007).

Hence, different Ci conditions do not only affect carbon
anabolism via the CCM and the CBB cycle but have marked
influences on carbon partitioning and glycogen accumulation or
degradation. Basically, four different routes have been identified,
which are involved in the metabolism of glucose released from
glycogen breakdown in Synechocystis and other cyanobacteria.
In darkened cells, the oxidative pentose-phosphate (OPP)
pathway has been shown to be mainly responsible for the
utilization of accumulated glycogen reserves (Pelroy et al., 1972;
Makowka et al, 2020). Two different glycolytic routes, the
Embden-Meyerhof-Parnas (EMP) and the Entner-Doudoroff
(ED) pathway are also active in cyanobacteria (Chen et al,
2016). Recently it has been shown that the ED pathway, which
shows the lowest overlap with the CBB cycle, plays the main
role for carbon catabolism in the light during recovery from
long-term nitrogen limitation (Doello et al., 2018). Furthermore,
these pathways also support the reactivation of the CBB cycle
during transition from darkness into light, however, under this
condition they transiently do not operate at their full length but
instead probably form short shunts (Makowka et al., 2020). As
fourth route, the phosphoketolase pathway can also contribute
to glucose catabolism under specific conditions in Synechocystis
(Bachhar and Jablonsky, 2020; Chuang and Liao, 2021).

In the present study, exclusively the roles of three routes, the
OPP, EMP and ED pathways were characterized. We analyzed
which of these glucose catabolic routes is mainly involved in
the mobilization of glycogen reserves during HC to LC shifts.
For this purpose, the response to fluctuating Ci conditions was
compared between the Synechocystis wild type (WT) and a set of
mutants defective in the OPP, the glycolytic EMP or ED pathways
(Figure 1). Our results indicate a major regulatory impact of the
glycolytic ED pathway on glycogen accumulation in the light and
its mobilization during HC to LC shifts, which is crucial for a
rapid acclimation to fluctuating CO, conditions.

MATERIALS AND METHODS

Strains and Synechocystis Mutants
All analyzed wild-type and mutant strains of Synechocystis sp.
PCC 6803 used in this study are described by Chen et al. (2016).

Shift Experiments

Cells of the Synechocystis: WT and the mutants were pre-
cultivated in batch cultures under high Ci-conditions (5% CO,
HC) in buffered BG-11 medium (Rippka et al., 1979; TES pH
8.0) containing the respective antibiotics at 30°C and 100 pwmol
photons m~2 s~ ! in glass tubes until the cell suspension reached
the desired OD at 750 nm (OD759) of 0.8 to 1.0. After 24 h of
acclimation the Synechocystis cultures were diluted to OD750 = 0.8
with fresh BG-11 (pH 8.0). After cultivation for another hour,
samples for LC-MS and glycogen analysis were harvested and
OD75¢ was determined. To shift cultures from HC to low CO,
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FIGURE 1 | Experimental design and affected enzymes in the studied strains. (A) All strains were pre-cultured under high CO» (5%, HC) and then shifted for 24 h
into low CO» (ambient air, 0.04%, LC) and afterwards again into HC conditions. At defined time points (indicated by arrows) samples were taken for glycogen and
metabolome analyses. (B) Schematic display of the primary carbon metabolism in cyanobacteria with the CBB cycle, the oxidative pentose-phosphate (OPP)
pathway, the glycolytic Embden-Meyerhof-Parnas (EMP) and the Entner-Doudoroff (ED) pathways. The absence of specific enzymes in the mutants Apfk, Azwf,
Agnd, and Aeda are indicated by red crosses. (blue — EMP pathway, red — ED pathway, yellow — OPP pathway, green — CBB cycle).

(LC, 0.04% CO, in ambient air) conditions, cells were then
centrifuged and resuspended in identical volume of BG-11 (pH
7.0) before continuing bubbling cultivation with ambient air.
After 24 h, cultures were shifted back from LC to HC conditions
by changing the aeration supply back to air containing 5% CO,.
Samples were taken one, two, three and 24 h after each CO; shift
and ODy5p was measured as proxy for growth and biomass (see
Figure 1A).

Glycogen Quantification

Cellular glycogen content determination was modified after
Griindel et al. (2012), as described in Makowka et al. (2020).
During the CO; shift experiments, 5 mL of cells were harvested
in duplicates and pelleted by centrifugation. The pellet was
resuspended in 300 pL 30% (w/v) KOH and cells were incubated
at 95°C for 2 h. After addition of 900 L ethanol, samples were

incubated at —20°C over night. Samples were then centrifuged
(10 min, 10000 g, 4°C) for glycogen precipitation. Pellets were
washed with 1 mL absolute and 1 mL 70% ethanol and then dried
at 50°C. These pellets were resuspended in 200 L sodium acetate
buffer (100 mM, pH 4.5) containing 21 U amyloglucosidase and
incubated at 60°C for 90 min. After centrifugation (10 min,
10000 g, RT), the released glucose was determined in the
supernatants using o-toluidine reagent. Glucose contents were
calculated using a glucose calibration curve.

Metabolite Analysis

During the CO; shift experiments cells were harvested in
duplicates of 5 mL at each respective time point on nitrocellulose
filters (25 mm, Porafil, Macherey-Nagel) and resuspended
in 1 mL ethanol (80%, HPLC grade, Roth, Germany). The
metabolites were later normalized according to their respective
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OD750nm and sample volumes. Low molecular mass compounds
were extracted from the cells with ethanol at 65°C for 2 h. One
microgram of carnitine was added per sample as an internal
standard. After centrifugation, the supernatants were collected
and freeze-dried. The dry extracts were dissolved in 800 pl MS-
grade water and filtered through 0.2 pum filters (Omnifix®-E
Braun, Germany). The cleared supernatants were analysed using
the high-performance liquid chromatograph mass spectrometer
system (LCMS-8050, Shimadzu, Japan). In brief, 1 pl of each
extract was separated on a pentafluorophenylpropyl (PFPP)
column (Supelco Discovery HS FS, 3 pm, 150 x 2.1 mm) with a
mobile phase containing 0.1% formic acid. The compounds were
eluted at a rate of 0.25 ml min~! using the following gradient:
1 min 0.1% formic acid, 95% distilled water, 5% acetonitrile,
within 15 min linear gradient to 0.1% formic acid, 5% distilled
water, 95% acetonitrile, 10 min 0.1% formic acid, 5% distilled
water, 95% acetonitrile. Aliquots were continuously injected
in the MS/MS part and ionized via electrospray ionization
(ESI). The compounds were identified and quantified using the
multiple reaction monitoring (MRM) values given in the LC-
MS/MS method package and the LabSolutions software package
(Shimadzu, Japan). The metabolites were determined as relative
metabolite abundances, which were calculated by normalization
of signal intensity to that of the internal standard carnitine and
optical density per sampling volume.

Data Evaluation and Statistical Analysis

The experiments were repeated at least three times with
independent cultivations. Data evaluation for LC-MS was done
by first calculating the averages of absolute metabolite contents
per sampling point within each biological replicate and then
calculating the fold change to the respective WT HC pre-shift
(set to 1) data. Final metabolite values were obtained by then
calculating the average of all three biological replicates” fold
change data. The growth and glycogen datasets are representative
of three biological replicates. A Student’s ¢-test with significance
level of 5% (p < 0.05) was performed. A significant deviation
of every single data point of a mutant strain compared to
respective WT data is marked by an asterisk. Heat map data
were calculated for each metabolite as fold changes (log;o) to HC
pre-shift values (set to 1) in WT cells. Heat maps were created
in program MultiExperiment Viewer (TM4 MeV). Principal
component analyses (PCAs) were performed using the program
Minitab® (version 17.1.0., Minitab Inc.) with metabolite fold
change values compared to the respective WT HC pre-shift data
(set to 1). The first two principal components cover 52.5% of the
total variance of the dataset data set, as calculated by the software
during data analysis.

RESULTS

To analyze which glucose catabolic route is mainly responsible for
the mobilization of glycogen reserves during HC to LC shifts, cells
of the Synechocystis WT and a set of mutants defective in specific
key enzymes of the OPP, the glycolytic EMP or ED pathways
were compared under different CO, availability. Specifically,

the previously described mutants Apfk [EMP pathway blocked
due to the absence of two isoforms of phosphofructokinase
(Ptk)], Azwf [OPP and ED pathways blocked due to the
absence of glucose 6-phosphate dehydrogenase (Zwf)], Agnd
[OPP pathway blocked due to the absence of 6-phosphogluconate
dehydrogenase (Gnd)], and Aeda [ED pathway blocked due
to the absence of 2-dehydro-3-deoxyphosphogluconate aldolase
(Eda)] were used (Chen et al., 2016) (Figure 1B). All strains were
first acclimated for at least one week to HC conditions (5% CO,),
then shifted to LC (ambient air with 0.04% CO,) for 24 h and
subsequently brought back to HC for 24 h (HC to LC to HC
shifts; Figure 1A). At different time points samples were taken
for glycogen and metabolome analysis, while the growth of the
cultures was monitored via measurements of optical densities at
750 nm (OD750).

Alterations of Glycogen Levels in Strains
During HC-LC-HC Shifts

Different patterns of changes in the glycogen pool were observed.
As expected, the WT cells reduced the initial HC level of
glycogen during the 24 h LC period and restored it in the
following HC period (Figure 2A). This glycogen level pattern
was principally also found in the mutants Apfk, Azwf and Agnd.
However, the Aeda mutant showed marked differences. Cells of
this strain accumulated significantly higher glycogen levels under
HC conditions, which were not mobilized to a significant extent
during the first hours of the LC period (Figure 2A). Only at the
end of the LC period the glycogen level decreased. Furthermore,
the somehow reduced glycogen pool was not recovered in the
mutant Aeda during the next HC period as in the other strains.

All mutants decreased growth to almost zero during the 24 h
LC period (Figure 2B). Growth resumed stepwise during the
following HC period for WT and mutants Apfk, Azwf and
Agnd. However, the mutant Aeda showed a pronounced lack
in the reactivation of growth under the HC conditions. These
results clearly show that absence of Eda has a strong impact
on glycogen accumulation and remobilization in Synechocystis
during HC to LC shift, and that this capability is essential for a
rapid acclimation to fluctuating CO; conditions.

Global Changes of the Metabolome in
Strains During HC-LC-HC Shifts

Next, we aimed to analyze whether the mutation of different
glucose metabolizing pathways is also impacting the general
carbon and nitrogen metabolism. A targeted metabolome
approach was used that permitted to quantify 26 metabolites in
three independent experiments. The quantified compounds
include mostly amino and organic acids, whereas the
phosphorylated intermediates up- and downstream of the
mutations could not be detected by this method. The metabolic
analysis shows that many metabolites responded to the HC-
LC-HC shift conditions in these strains (the entire dataset is
displayed in the Supplementary Table 1). These changes are
illustrated in the corresponding heat map showing that selected
metabolites respond differentially to the HC-LC-HC shifts
in the different strains, while many metabolites show similar

Frontiers in Plant Science | www.frontiersin.org

December 2021 | Volume 12 | Article 787943

65



fpls-12-787943 December 4, 2021 Time: 15:18 #5

Lucius et al. Glycogen Breakdown in Synechocystis
4.0
A - - ECC 1pr:e shift Cellular glycogen content B O WwT Growth during HC-LC-HC
= oan during HC-LC-HC shift 351 @ Aeda .
—_ [ LC3h * v  Agnd
v, [ LC 24h 1 3.04 A Apfk §
80 | mmm HC 1h
£ O  Azwf
< I HC 2h I 2
4 I HC 3h g 2.5 4
8 60 1 I HC 24h I 8
5 = 2.0
3 g °
c [ 4
g 40 - b= 1.5 g
g g § o
6>' 1.0 g E g e
20 1 v 8 v
0.5 4
0 - = 0.0 T T T T T T T T T
WT Apfk Agnd Azwf Aeda % ‘o, (oe (oe <°e &0, &0‘3 &o‘) &oe
% s % 5 Yy s 4 5 v
\5‘6’&

FIGURE 2 | Glycogen pools and growth of the different strains during HC-LC-HC shifts. (A) Glycogen amounts were determined enzymatically. Asterisk indicates
significant differences (p < 0.05) of every single Aeda value compared with respective wild-type (WT) data. (B) Growth of the different strains during HC-LC-HC
shifts. The optical density at 750 nm (OD7s0) was measured at every sampling point during the shift experiment and is used as proxy for growth (n = 3). Significant
difference (p < 0.05) between Aeda and all other strains are marked by an asterisk (representative for three biological replicates).

WT Aeda Agnd Apfk Azwf

HC LC LC LC LC HC HC HC HC HC LC LC LC LC HC HC HC HC HC LC LC LC LC HC HC HC HC HC LC LC LC LC HC HC HC HC HC LC LC LC LC HC HC HC HC
1h 2h 3h 24h 1h 2h 3h 24h 1h 2h 3h 24h 1h 2h 3h 24h 2h 3h 24h 1h 2h 3h 24h 1h 2h 3h 24h 1h 2h 3h 24h 1h 2h 3h 24h 1h 2h 3h 24h

AMP

Alanine

Asparagine

. Aspartic Acid

Citric Acid

Glutamic Acid

Glutamine

Glycine

Isocitric Acid

‘ N . Isoleucine

\ Lactic Acid

‘ Leucine

Lysine
Malic Acid

Methionine

Phenylalanine

3-Phosphoglycerate

2-Phosphoglycolate

Serine

. ‘ ‘ . Succinic Acid

Threonine

. ‘ Tryptophan

Tyrosine

- Valine

FIGURE 3 | Heat maps displaying the metabolic changes in different strains during HC-LC-HC shifts. The relative changes in the amounts of 26 metabolites are
shown. The metabolite level in wild-type cells (WT) in the initial HC phase was set to one. All other metabolite values in the different strains at each sampling point are
shown as fold changes (log1o values) related to HC value in WT cells (red — increases, blue — decreases) (n = 3).

patterns in the mutants and the WT (Figure 3). For example, product 3-phosphoglycerate (3PGA) showed lower increases
the RubisCO oxygenase reaction product 2-phosphoglycolate after the LC shift. Glutamate and some other amino acids such as
(2PG) showed the expected rapid accumulation in the WT and  methionine showed an opposite behavior (Figure 3).

all mutants after LC shift. As expected, 2PG levels resumed in The global metabolic changes in the different strains under
the subsequent HC period, whereas the RubisCO carboxylation  changing Ci conditions were further analyzed using principal
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component analysis (PCA). This analytical tool projects a high-
dimensional dataset into a low-dimensional space. Multiple
measurement parameters of an analysis are transformed into few
principal components in a new orthogonal coordinate system.
The thus obtained PCA score plot displays similarities regarding
all quantified metabolites at each sampling time point during
the HC-LC-HC shift in the respective genotypes (Figure 4). The
multidimensional dataset in which every measured metabolite
represents one dimension per sample has therefore been reduced
to a two-dimensional score plot with only two principal
components. These two components are the most important for
data interpretation as they explain 52.5% of the total measured
variance between all data, which can be considered as the
most significant contribution to their separation. Every data
point in the score plot thus represents one experimental sample
defined by genotype, CO, treatment and sampling time that is
plotted according to its specific metabolic composition measured
in the LC-MS analysis. As observed before for the glycogen
accumulation patterns, the metabolic changes in the mutant
Aeda showed clear differences compared to the WT and the
other mutants. The metabolite composition in Aeda is always
above all other strains in the second dimension (Figure 4). It
shows higher first component values regarding the metabolite
composition in the initial HC state and the first LC samples.
This separation indicates that the increased glycogen level and
its slow consumption in cells of mutant Aeda induces a general
different metabolic composition and a delayed acclimation to
LC conditions, respectively. Among the other genotypes, a clear
separation of metabolic composition is found under HC versus
LC conditions, mainly defined by the second component. Apart
from Aeda, HC metabolic compositions in the mutants scatter
together with WT in the first component and are generally shifted
to lower second component values for all LC samples. Among
these LC metabolic compositions, WT and mutant Agnd are
very close to each other, while it differs slightly more between
WT and mutants Apfk and Azwf (Figure 4). Generally, the first
principal component is mostly sufficient to distinguish HC and
LC treatments while the second component mainly reveals the
difference of Aeda and all other strains.

Next, we aimed to analyze how far specific metabolites are
determining the separation of genotypes and CO; treatments in
the PCA shown in Figure 4. The accompanying PCA loading
plot (Figure 5) displays, which of the measured metabolites has
the highest influence on defining the two principal components.
The loading plot points out that the metabolites 3PGA and 2PG
show the highest contribution to the first component and thus
might be mainly responsible for the clear separation of most
HC from LC samples in the score plot. The low angles between
the respective vectors indicate a high positive correlation of
these metabolites in the dataset. Vectors for proline, arginine,
and glutamine point at the direction of the observed Aeda LC
cluster in the score plot and therefore might represent metabolites
responsible for the separation of these data. Their almost 180°
angles toward glutamic acid and succinic acid vectors suggest
a strong negative correlation between their metabolic behavior
during the HC-LC-HC shift (Figure 5). Hence, these metabolites
deserved closer inspections, since their changes could be related

to alterations in carbon flux or nitrogen assimilation due to the
different mutations.

Specific Changes of the Metabolome in
Strains During HC-LC-HC Shifts

The previous PCA indicates that specific metabolites show
significant differences in their response to different Ci conditions
in the mutants compared to WT. Marked changes were observed
for the RubisCO reaction products 3PGA and 2PG (Figure 6).
3PGA increased approximately 4-fold after the shift of HC-
acclimated cells to LC, while the 3PGA contents returned to
lowered levels during the subsequent HC period. The 3PGA
increase under lowered CO, availability rather points at a
diminished metabolism of this compound in the CBB cycle
than at an increased RubisCO carboxylation activity. Obviously,
readjusting the CBB cycle activity needs more time during LC
acclimation. Basically, similar patterns were observed in the
different mutant strains, especially in the mutant Azwf. However,
the extent of changes differed in the other mutants. 3PGA became
more strongly accumulated in the mutants Apfk and Agnd. In
the mutant Agnd it declined immediately to the initial HC levels
when cells were again shifted to HC (Figure 6). Compared to
all other strains, the mutant Aeda showed the smallest increase
of 3PGA in LC-shifted cells. Similar observations were made of
the oxygenase reaction product 2PG, which, however, showed
a higher stimulation in LC-shifted cells compared to the initial
HC level that indicates the expected higher stimulation of the
oxygenation than the carboxylation activity of RubisCO under
this condition. Again, the mutant Aeda showed a significantly
smaller increase than WT, while all other mutants have the
tendency to increase 2PG to a higher extent than WT. In all
strains, the 2PG level returned immediately to the low, initial HC
level after the retransfer into HC (Figure 6).

Some organic acids, especially intermediates of the TCA cycle
showed a different response in the mutants compared to WT as
well under different Ci conditions. Citric acid is almost without
changes in WT and mutants Apfk and Azwf. However, its content
decreased 24 h after LC shift in the mutants Agnd and Aeda,
thereafter it returned stepwise to the initial level in the subsequent
HC period (Figure 7). Succinate was stepwise accumulated in the
WT after LC shift, but it remained unchanged under different
Ci regimes in mutant Aeda. The mutants Azwf and Agnd
accumulated more succinate under HC conditions and do not
show the increase under LC conditions (Figure 7). In contrast to
succinate, no large deviations were seen in the pattern of malate.
Its level declined in most strains 2-3 h after LC shift, but this drop
was not observed for the mutant Agnd (Figure 7).

Finally, some amino acids showed marked deviations between
WT and mutants under the different Ci conditions. In this regard
it is remarkable to see the very pronounced accumulation of
proline in the mutant Aeda (Figure 8). Its content is about 10
times higher in HC-cultivated cells of this mutant cells compared
to all other strains and increased to 40-fold higher levels in LC-
shifted cells. The LC-stimulated accumulation of proline was also
seen in the other strains, however, to a much smaller extent.
Proline is a well-known regulatory metabolite that maintains
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redox balances via the modulation of NADPH levels in bacteria,
animals and plants during many stress conditions (Fichman et al.,
2015; Zhang and Becker, 2015). Its reversible biosynthesis from
glutamate requires two NADPH. Hence, proline synthesis and
oxidation can either protect cells from redox stress due to the
overproduction of reactive oxygen species (ROS) or alternatively
support ROS formation to induce programmed cell death. The
accumulation of proline in Aeda thus points at much larger

perturbations in NADPH levels in this mutant when shifted from
HC into LC conditions. After the subsequent HC shift, proline
returned to the initial levels in all strains.

In addition to proline, arginine accumulates also to 4-fold
higher levels in mutant Aeda compared to WT. Arginine
increased in all strains after the LC shift, where the second highest
stimulation was observed in mutant Agnd that reached almost
the levels of Aeda (Figure 8). Glutamate represents by far the
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most abundant amino acid in Synechocystis and serves as amino
donor in most transaminase reactions. Together with glutamine,
it is part of the GS/GOGAT cycle for ammonia assimilation
in cyanobacteria as in plants. Higher glutamate amounts than
in WT were observed in the mutants Apfk, Agnd, and Azwf,
but not in Aeda in the HC-acclimated cells prior to the shifts
(Figure 8). Its amount decreased in all cases during the first
hours in LC-shifted cells, but returned to the initial level after
24 h LC with the exception of mutant Agnd. In the latter
mutant the initial glutamate level became only restored after
24 h growth under HC conditions. Again, only in the case of
Agnd stronger deviations were found for glutamine compared
to WT (Figure 8). This mutant accumulated less glutamine and
showed the strongest decline in its content after the LC shift.
It is also interesting to note that glutamine became strongly
re-accumulated in cells of the mutants Apfk and Azwf after
the subsequent HC shift. To support the understanding of the

metabolic changes, selected metabolites are displayed in the
context of entire carbon metabolism for the initial HC and end
of the subsequent LC or HC periods in Figure 9.

DISCUSSION

Glycogen is the main carbon storage in cyanobacteria, which
is synthesized via photosynthesis and gluconeogenesis under Ci
excess conditions during the day and becomes consumed via
the OPP pathway and respiration to produce carbon precursors
and energy at night. In addition to the diurnal glycogen cycle,
it has been shown that glycogen levels are also fluctuating
in Synechocystis in constant light, when carbon or nitrogen
availability is changing (e.g., Eisenhut et al., 2007; Doello et al.,
2018). In contrast to other glycolytic routes, intermediates of the
ED pathway are not overlapping with the CBB cycle and pyruvate
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values and standard deviations of fold changes are displayed from all three independent experiments.

can be provided directly without the need for lower glycolysis
(Chen et al,, 2016). This makes the ED pathway particularly
suitable for carbon catabolism in the light without interfering
with photosynthetic CO; fixation. The results from the present
study point at a major, but most likely regulatory contribution
of the ED shunt for the mobilization of glycogen reserves in the
light, which contributes to the rapid acclimation to fluctuating
CO; conditions. This main conclusion is based on the clearly
elevated glycogen pool and its delayed mobilization upon shift
to LC in combination with dramatically elevated levels of proline
in the Aeda mutant. Similar observations, i.e., a decelerated
glycogen consumption in the presence of an active CBB cycle
were made, when the Synechocystis mutant Aeda was grown at
constant LC conditions in the light (Makowka et al., 2020).
Obviously, the presence of Eda has a great impact on the
entire carbon and associated nitrogen metabolism and supports
a rapid reactivation of growth after periods of LC when HC

became newly available. This finding was not expected, because
the strong decrease in glycogen pools after long-term shifts into
LC conditions has been interpreted such that in the presence of
limited Ci and thereby lowered CBB cycle activity, the breakdown
of the organic carbon reserve glycogen is used to replenish the
metabolism of Synechocystis at least in the transient phase before
the CCM is fully activated (Eisenhut et al, 2007). However,
the view that CBB cycle and glucose catabolic routes operate
separately in light-exposed cyanobacteria has been modified
during the last years.

Flux analyses and physiological studies in Synechocystis under
photomixotrophic and photoautotrophic conditions revealed
that external glucose or glycogen-derived glucose are metabolized
in the light by entering the CBB cycle. For this purpose, glucose
catabolic pathways do not operate at their full length as in
darkness but instead form glycolytic shunts that enter and fine-
tune the CBB cycle (Young et al., 2011; Nakajima et al., 2014;
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FIGURE 9 | Steady states of selected metabolites in the context of entire metabolism. Dashed arrows indicate that more than one enzymatic reaction is required to
catalyze this step. (FC — fold change).

Sharkey and Weise, 2015; Matsuda et al., 2017; Shinde et al., 2019;
Makowka et al., 2020). High fluxes under photomixotrophic
steady state conditions were reported for the OPP shunt, whereas
fluxes via the ED shunt were either not analyzed or minor
(Nakajima et al., 2014; Wan et al., 2017). It has recently been
shown that the OPP and the ED shunts contribute to the

pools of the CBB cycle, when cells are shifted from darkness
to light and glycogen is utilized to replenish the CBB cycle for
a quick start of photosynthesis (Makowka et al., 2020). Similar
observations were made in the cyanobacterium Synechococcus
elongatus 7942 during dark-light shifts. Glycogen catabolism via
the OPP shunt was shown to replenish intermediates of the CBB
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cycle and to activate CBB cycle enzymes, probably by modulation
of NADPH levels (Shinde et al., 2019). Shifts between darkness
and light or HC and LC conditions are alike in that sense that
redox pools and the CBB cycle get perturbed and require fine-
tuning. One advantage of possessing several glycolytic pathways
is the potential to modulate NADPH and ATP levels distinctly
dependent on the route chosen (discussed in more detail by
Makowka et al., 2020).

Basically, carbon from glycogen breakdown can enter the
CBB cycle either via the OPP or glycolytic shunts. By deletion
of the ED shunt, replenishment of the CBB cycle via the OPP
shunt is likely promoted. As a consequence, CO, which is
released by Gnd in the OPP shunt might reach elevated levels in
Aeda. Thus, this elevated decarboxylation activity should reduce
photorespiration and is consistent with the reduced amount of
2PG that was observed in Aeda (see Figure 6). In addition,
NADPH levels could increase in Aeda, because 6 NADPH are
formed in the case of the OPP shunt, if three molecules of glucose
6-phosphate regenerate three molecules of ribose 5-phosphate.
The dramatically enhanced level of proline (and to a lesser
extent also arginine, see Figure 8) in Aeda might be a response
to these elevated amounts of NADPH. Proline synthesis from
glutamate requires two NADPH whereas synthesis of arginine
from glutamate requires one NADPH. Proline is produced as
response to stress in several organisms to maintain osmotic
equilibrium and particularly redox balance, thereby mitigating
the effects of ROS by the modulation of NADPH levels (Fichman
etal,, 2015; Zhang and Becker, 2015). Along this line, we propose
that the over-accumulation of proline, a substance compatible
with cellular metabolism in high concentrations, might function
to consume excess amounts of NADPH accumulating in
Aeda under LC conditions. An earlier metabolome study that
quantified several sugar phosphates during acclimation from HC
to LC conditions found elevated levels of 6-phosphogluconate in
the WT, which points to the involvement of OPP and/or ED shunt
for LC acclimation (Eisenhut et al., 2008b). Shifts from HC to LC
were furthermore accompanied by increased 2PGA/3PGA ratios,
which was assumed to result from increased export of 3PGA
from the CBB cycle into lower glycolysis at the phosphoglycerate
mutase step (Eisenhut et al., 2008b; Huege et al., 2011; Jablonsky
etal., 2016; Orf et al,, 2016). This finding is again well in line with
the view that glucose from glycogen supports the replenishment
of the CBB cycle during HC to LC shifts that allows for an
increased export of 3PGA from the CBB cycle in the direction
of the TCA cycle.

The notion that the observed metabolic alterations of Aeda
are rather based on regulatory aspects instead of missing fluxes
is further supported by the fact that we observed much fewer
alterations between Synechocystis WT and the mutant Azwf
than with Aeda under the different Ci conditions. The defect
of Azwf is upstream of the divergence of the OPP pathway
and the ED glycolytic route. In the previous metabolic scenario
presented by Chen et al. (2016) a second route from glucose to
6-phosphogluconate was indicated, which circumvents glucose 6-
phosphate and thus Zwf. Preliminary attempts to verify this route
failed, therefore, from these observations we can rule out that a
such route exists in Synechocystis (unpublished results of team

Gutekunst). In the absence of such a bypass, the entire carbon
flux from glycogen into the OPP and the ED pathways needs
to include Zwf. Because we observed comparable changes in the
mutant Azwf and the mutant Agnd, the latter being specifically
blocked in the OPP pathway but not in the glycolytic ED route,
we conclude that the observed changes in the mutant Aeda are
rather based on regulatory effects than changed carbon flux due
to the absence of Eda. It has been also shown that in Azwf the
replenishment of the CBB cycle via glycogen involves another
glycolytic shunt than the ED pathway, namely the PGI shunt (for
details see Makowka et al., 2020).

Collectively, our data show that deletion of eda deteriorates
acclimation to fluctuating Ci conditions and furthermore has
dramatic effects on metabolic profiles. The most prominent
changes in Aeda in comparison to the WT are enhanced glycogen
levels under HC conditions, slowed glycogen consumption
under LC conditions, retarded reactivation of growth upon
shift to HC, and a dramatic accumulation of proline. Because
proline is a well-known metabolite that accumulates under
several stress conditions, we assume that the absence of Eda
results in imbalances of redox homeostasis. In line with earlier
observations (Doello et al., 2018; Makowka et al., 2020) our
study provides new evidence that Eda is of importance under
fluctuating conditions rather than at metabolic steady states by
fine-tuning the central carbon metabolism on a regulatory level.
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CP12 fine-tunes the Calvin-
Benson cycle and carbohydrate
metabolism in cyanobacteria

Stefan Lucius®, Marius Theune?®?, Stéphanie Arrivault®,
Sarah Hildebrandt®, Conrad W. Mullineaux>,
Kirstin Gutekunst®® and Martin Hagemann™

Department Plant Physiology, University Rostock, Rostock, Germany, 2Molecular Plant Physiology,
Bioenergetics in Photoautotrophs, University Kassel, Kassel, Germany, *Botanical Institute, University
Kiel, Kiel, Germany, “Max Planck Institute of Molecular Plant Physiology, Emeritus Group System
Regulation, Potsdam, Germany, School of Biological and Behavioural Sciences, Queen Mary
University of London, London, United Kingdom

The regulatory protein CP12 can bind glyceraldehyde 3-phosphate
dehydrogenase (GapDH) and phosphoribulokinase (PRK) in oxygenic
phototrophs, thereby switching on and off the flux through the Calvin-Benson
cycle (CBC) under light and dark conditions, respectively. However, it can be
assumed that CP12 is also regulating CBC flux under further conditions associated
with redox changes. To prove this hypothesis, the mutant Acp12 of the model
cyanobacterium Synechocystis sp. PCC 6803 was compared to wild type and
different complementation strains. Fluorescence microscopy showed for the first
time the in vivo kinetics of assembly and disassembly of the CP12-GapDH-PRK
complex, which was absent in the mutant Acp12. Metabolome analysis revealed
differences in the contents of ribulose 1,5-bisphosphate and dihydroxyacetone
phosphate, the products of the CP12-regulated enzymes GapDH and PRK,
between wild type and mutant Acpl2 under changing CO, conditions. Growth
of Acpl2 was not affected at constant light under different inorganic carbon
conditions, however, the addition of glucose inhibited growth in darkness as well
as under diurnal conditions. The growth defect in the presence of glucose is
associated with the inability of Acp12 to utilize external glucose. These phenotypes
could be complemented by ectopic expression of the native CP12 protein,
however, expression of CP12 variants with missing redox-sensitive cysteine pairs
only partly restored the growth with glucose. These experiments indicated that the
loss of GapDH-inhibition via CP12 is more critical than PRK association.
Measurements of the NAD(P)H oxidation revealed an impairment of light
intensity-dependent redox state regulation in Acpl2. Collectively, our results
indicate that CP12-dependent regulation of the CBC is crucial for metabolic
adjustment under conditions leading to redox changes such as diurnal
conditions, glucose addition, and different CO, conditions in cyanobacteria.

KEYWORDS

diurnal cycle, fluorescence tagging, photomixotrophy, glyceraldehyde 3-phosphate
dehydrogenase, phosphoribulokinase, redox regulation, Synechocystis 6803
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Introduction

Cyanobacteria are the only prokaryotes performing oxygenic
photosynthesis. This process evolved about 3 billion years ago in
ancient cyanobacteria and was later conveyed via endosymbiosis
into a eukaryotic host cell giving rise to the evolution of all
eukaryotic phototrophs, i.e. algae and plants (Hohmann-
Marriott and Blankenship, 2011). The light energy captured by
photosynthetic complexes is first converted into NADPH and
ATP, which are used to energize CO, conversion into organic
carbon. All oxygenic phototrophs use the Calvin-Benson cycle
(CBC) for CO, fixation. Cyanobacteria evolved an efficient
inorganic carbon-concentrating mechanism, which supports
CO, fixation via ribulose 1,5-bisphosphate carboxylase/
oxygenase (RubisCO) under limiting and fluctuating CO,
conditions (reviewed in Hagemann et al., 2021), which is
active in the light and becomes inactivated in the dark via a
phytochrome-sensing mechanism (Oren et al., 2021). During the
past years, cyanobacteria received much attention as so-called
green cell factories, which can also be used to develop sustainable
CO;-neutral biotechnology to produce energy and feedstock
(e.g., Hagemann and Hess, 2018; Appel et al., 2020; Liu
et al,, 2022).

Photosynthetic light processes and CBC activities need to be
coordinated in the diurnal light/dark cycle in all oxygenic
phototrophs. This coordination is regulated at different layers
and includes mainly redox-signaling to activate or inactivate
specific CBC enzymes. It has been shown that CBC regulation
involves the action of the small, intrinsically disordered protein
CP12 in almost all cyanobacteria, algae and plants (reviewed in
Lopez-Calcagno et al., 2014; Gurrieri et al., 2022). Canonical
CP12 proteins are characterized by two cysteine (Cys) pairs, one
near the N-terminal and another near the C-terminal part, that
can form disulfide bonds, which permits CP12 to bind the two
CBC enzymes glyceraldehyde 3-phosphate dehydrogenase
(GapDH) and phosphoribulokinase (PRK), respectively.
Biochemical and structural analyses showed that first two
GapDH tetramers are bound and then two PRK dimers are
recruited by four oxidized CP12 molecules (Wedel and Soll,
1998; McFarlane et al., 2019; Yu et al.,, 2020). The complex is
formed under oxidizing conditions, particularly during the night
in photosynthetic cells, leading to the inhibition of the two
enzymes and the CBC in general. Under reducing conditions, i.e.
in the light phase, the complex becomes unstable mainly due to
the action of thioredoxin(s) or directly through elevated
NADPH levels leading to the release of GapDH and PRK and
activation of the CBC (Suppl. Figure S1). In addition to disulfide
bond formation between the Cys pair at the N-terminal part of
CP12, the conserved AWD_VEEL motif of CP12 is involved in
the inactivation of PRK activity (reviewed in Gurrieri et al.,
2022). Recently, it has been reported that CP12 in cyanobacteria,
as well as in Chlamydomonas, can be phosphorylated under
specific conditions (Wang et al., 2014; Spit et al., 2021), however,
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how far CP12 phosphorylation contributes to or regulates
ternary complex formation is not known.

CP12 proteins have been investigated in different
cyanobacterial model strains, which showed that many of the
basic features of CP12 function are conserved between
cyanobacteria and plants (reviewed in Lopez-Calcagno et al,
2014; Gurrieri et al., 2022). It should be noted that cyanobacteria
encode two different GapDH proteins. GapDH1 (in
Synechocystis sp. PCC 6803 encoded by sIr0884) can only use
NAD(H) and is involved in glycolytic carbon catabolism,
whereas GapDH2 (in Synechocystis sp. PCC 6803 encoded by
sll1342) can use both, NAD(H) and NADP(H), and is specifically
involved in the CBC (Koksharova et al., 1998; own non-
published results). Ternary CP12-GapDH2-PRK complex
formation under oxidizing conditions has been shown in vitro
for Synechocystis sp. PCC 6803 (Wedel and Soll, 1998) and
Synechococcus elongatus PCC 7942 (Tamoi et al., 2005) by
biochemical measurements such as size-exclusion
chromatography (SEC). In the latter strain, the CP12 encoding
gene was inactivated and the corresponding mutant showed
slower growth under diurnal conditions supporting the in vivo
role of the CP12 complex formation for coordination of
photosynthetic activities in light/dark cycles (Tamoi et al,
2005). Very recently, a ¢pl2 mutant of Synechocystis sp. PCC
6803 which showed severe growth changes in the presence of
glucose has been analyzed. Furthermore, distinct redox changes
were observed in the absence of CP12, which were used to
improve the photosynthetic production of terpenes in this
biotechnological chassis (Blanc-Garin et al., 2022). In addition
to the canonical CP12 proteins that are conserved in structure
and function between cyanobacteria and eukaryotic
phototrophs, many cyanobacterial strains harbor genes
encoding for CP12-like proteins (Stanley et al, 2012). The
CP12-like protein from Microcystis aeruginosa PCC 7806 has
been analyzed on structural and biochemical levels, which
showed that it cannot establish the ternary complex known
from canonical CP12 proteins but can inhibit PRK activity in an
AMP-dependent manner (Hackenberg et al., 2018). A CP12-like
protein from Synechococcus sp. PCC 7002 was also not able to
complement the phenotypic changes of the Synechocystis sp.
PCC 6803 ¢pI2 mutant (Blanc-Garin et al., 2022).

Several hints exist that CP12 also regulates CBC flux and
possibly other functions under conditions associated with redox
changes (e.g., Lopez-Calcagno et al., 2014). Therefore, we aimed
to analyze the impact of CP12 under different growth conditions
in Synechocystis sp. PCC 6803 (hereafter Synechocystis). Using
mutants expressing GapDH and PRK tagged with a
fluororescent protein allowed us to investigate the dynamics of
CP12-dependent CBC regulation for the first time in vivo.
Fluorescence microscopy verified that GapDH or PRK
complexes do not appear in our Acpl2 mutant, which also
showed distinct metabolic changes such as over-accumulation
of ribulose 1,5-bisphosphate (RuBP) and dihydroxyacetone
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phosphate (DHAP), the products of GapDH and PRK. The
mutant had difficulties to grow in the presence of glucose under
diurnal and dark conditions, because it showed strongly reduced
glucose utilization compared to wild type (WT). These
phenotypes could be complemented by ectopic expression of
the native CP12 protein, however, expression of CP12 variants
with missing redox-sensitive Cys pairs only partly restored the
growth with glucose. Furthermore, measurements of the NAD
(P)H oxidation kinetic in mutant AcpI12 showed an inability to
regulate it properly according to the external light intensities
compared to WT cells. Collectively, our results indicate that
CP12-dependent regulation of the CBC is crucial for metabolic
adjustment under conditions leading to redox changes such as
diurnal conditions, glucose addition, and different CO,
conditions in cyanobacteria.

Material and methods

Molecular cloning and
mutant generation

For all experiments, the glucose-tolerant wild-type strain of
Synechocystis sp. PCC 6803 was used (all strains and mutants are
listed in Suppl. Table S1). The construct for complete deletion of
cp12 in Synechocystis was assembled in pJET1.2 (Thermo Fisher
Scientific). A fragment consisting of the ¢p12 gene with added
Sall and Ndel restriction sites and the respective adjacent gene
flanks was obtained by PCR from genomic Synechocystis WT
DNA and ligated into the vector. The ¢pI12 sequence was cut out
entirely via the added restriction sites and replaced by a
kanamycin resistance cassette derived from pUC4K. The
complementation constructs were assembled in pVZ322
(Zinchenko et al,, 1999). The cpI12 gene variants with adjacent
putative promoter sequences were synthesized (BaseGene BV,
Leiden, The Netherlands; Suppl. Figure 52) and ligated into the
vector via Pst] and Xhol sites. The gentamycin resistance cassette
on pVZ322 was cut out via Sacl and replaced by a spectinomycin
resistance derived from pUCA4S. The cp12 deletion construct was
introduced into Synechocystis WT cells by direct transformation.
The complementation constructs were transferred to Acp12 via
conjugation. All constructs were verified by sequencing.
Schematics of plasmid constructs are provided in Suppl.
Figure S3.

To generate PRK-eYFP and GapDH-eYFP tagged strains,
plasmids were synthesized (Genscript, New Jersey, USA) that
harbored the following elements: 250 bp upstream of the C-
terminal end of the gene of interest without the STOP codon,
BamHI and EcoRI restriction sites, and 250 bp downstream of
the site of insertion in a pUC57-Simple backbone. In a separate
plasmid, the tag containing a linker region with a TEV cleavage
site and a 6xHis-tag were cloned into the pRSETA-Cr_FDX1-
GST-His expression vector (Boehm et al., 2016). The resulting
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vector was opened with Nhel/Smal and the amplified eYFP was
inserted via Gibson cloning. Subsequently, the gentamycin
antibiotic resistance cassette was amplified and inserted into
the EcoRV cut vector via Gibson cloning. Both plasmids were
then cut with BamHI and EcoRI resulting in an opened plasmid
with the target regions and a cutout fragment containing the
tags. These were ligated resulting in the final plasmid
transformed into Synechocystis to create the eYFP-tagged
strains. A list of all primers that were used in this study is
provided in Suppl. Table S2.

Growth experiments

Cells of Synechocystis were pre-cultivated in shaking 250 ml
Erlenmeyer flasks under ambient air conditions at 30°C in
buffered BG11 medium (Rippka et al., 1979; TES pH 8.0) with
respective antibiotics (mutant Acp12 with 50 pg ml™* kanamycin,
complementation strains with 50 pug ml™" kanamycin and 40 pg

ml™" spectinomycin, YFP-tagged strains with 5 pg ml”’

gentamycin) at a light intensity of 100 pmol photons m™ s
until an optical density at 750 nm (ODjs5,) of 0.8 to 1.0. Cells
were then harvested by centrifugation and resuspended in fresh
BGI1 medium for an acclimation of 24 h in the light. These
precultures were then diluted to the desired starting OD;s5,
which depended on the growth condition during the experiment.
Experiment cultures were grown in 50 ml BG11 in shaking
100 ml Erlenmeyer flasks. For monitoring growth, samples of
1 ml were taken daily from the flasks to measure OD;5, using the
spectrophotometer Genesys 10S UV-Vis (ThermoScientific).

Metabolite analysis

Cells of Synechocystis WT and Acp12 were pre-cultivated for
one week in glass tubes bubbling in either low CO, (ambient air
with 0.04% CO,, LC) or high CO, (5%, HC) conditions in
buffered BG11 medium with respective antibiotics at 100 pmol
photons m™s™. Cells were then harvested by centrifugation and
resuspended in fresh BG11 medium to ODjs5, of 1.0. After 24 h
of acclimation, cultures were adjusted to OD-s( of 1.0 with fresh
BGI1. To start the experiment, these cultures were kept growing
for 3 h in their respective CO, condition. To shift cultures from
HC to LC, cells were harvested by centrifugation and
resuspended in equal volume of fresh BG11, then connected to
ambient air aeration. For shifts from LC to HC, cultures were
directly switched to HC bubbling. Right before, as well as 1 h and
3 h after the respective CO, shifts, four samples of 8 ml were
harvested with glass pipettes per culture and quenched directly
in 16 ml 70% methanol cooled by dry ice. Quenched cells were
pelleted by centrifugation (7 min, 10000 g, 4°C), supernatants
were discarded, and cell pellets were quickly frozen in liquid
nitrogen and stored at -80°C until extraction. For metabolite
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extraction, quenched cell pellets were resuspended in -20°C cold
47% methanol/chloroform (5:1, v/v), followed by four cycles of
freezing suspensions in liquid nitrogen, 1 h storage in -80°C and
thawing on ice. Extracts were lyophilized (Christ Alpha 2-4
lyophilizer, Christ, Germany), resuspended in 250 pl water and
filtered (MultiScreen filter plate with Ultracel-10 membrane,
Millipore). RuBP and DHAP were quantified by liquid
chromatography linked to tandem mass spectrometry (LC-
MS/MS) using reverse phase LC (Arrivault et al., 2009).

Glycogen and glucose quantification

Cellular glycogen was determined according to Griindel et al.
(2012) with modifications described by Lucius et al. (2021).
During growth experiments, two 5 ml samples of cells were
harvested from the flasks and pelleted by centrifugation. The
pellet was resuspended in 300 pl 30% KOH (w/v) and then
incubated at 95°C for 2 h. After adding 900 pl ice-cold pure
ethanol, samples were incubated over night at -20°C. For glycogen
precipitation, samples were first centrifuged (10 min, 10000 g, 4°
C) and pellets then washed with 1 ml absolute and 1 ml 70%
ethanol. The washed pellets were then dried at 50°C. Dry pellets
were resuspended in 200 pl sodium acetate buffer (100 mM, pH
4.5) containing 21 U amyloglucosidase and incubated for
enzymatic digestion of glycogen at 60°C for 90 min. After
centrifugation (10 min, 10000 g, RT), glucose in supernatants
was determined using o-toluidine reagent. Glucose contents were
calculated using a glucose calibration curve. For quantification of
glucose in the medium, two 1 ml samples of culture per time point
were harvested during growth experiments. After centrifugation
(10 min, 5000 g), the glucose in supernatants was directly
determined using o-toluidine reagent.

Glucose 6-phosphate dehydrogenase
activity

Activity of glucose 6-phosphate dehydrogenase (Zwf) was
determined in Synechocystis crude protein extracts. For light
samples, cultures cultivated photoautotrophically in constant
light were used, while dark samples were collected after
incubation in darkness for three hours. For protein extraction,
cells from 15 ml of liquid culture at an OD;5, of 1 were harvested
by centrifugation (10 min, 3000 g, 4°C) and pellets were frozen
for 1 h at -20°C. The pellet was then resuspended in 400 pl Tris-
HCI buffer (100 mM, pH 7.4). Cells were homogenized by
sonication and the lysate was cleared by centrifugation
(20 min, 3000 g, 4°C). The protein concentration in the
supernatant was determined using Bradford reagent. The Zwf
enzyme activity assay was carried out in 96-well plates with a
total volume of 200 ul per well. Each enzymatic test was
conducted in protein extraction buffer containing 10 pg
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protein extract and final concentrations of 1 mM NADP" and
5 mM glucose 6-phosphate as substrate at 30°C. To mimic
reducing conditions, dithiothreitol (DTT, final concentration 5
mM) was added to selected assays as reducing agent, while
others were not treated with DTT. The baseline at 340 nm was
measured for 10 min before adding the substrate and monitoring
changes in ODsy for 30 min. The Zwf activity was calculated
from 10 min of linear increase of OD34, equivalent to NADPH
evolution during the enzymatic reaction.

Microscopy

To prepare cells for microscopic analyses, they were usually
pre-cultivated for up to 5 days in shaking flasks in BG11 medium
containing respective antibiotics at 28°C and 100 pumol photons
m? s constant illumination. For experimental cultures, cells
were transferred to glass tubes and inoculated with fresh BG11 to
an OD;5, of 0.15. Then the strains were cultivated at 28°C and
100 pumol photons m™ s constant illumination with ambient air
bubbling for three days.

For live cell imaging, 10 pl of cell suspension were dropped
on BGll-containing agar plates and incubated at 28°C in
darkness for 1 h to let excess liquid evaporate. Next, a BG11
agar cylinder (@ 1cm) was cut out with a 3D-printed cutter and
placed in reverse on a coverslip. This coverslip was placed in
reverse on a purpose-built stainless-steel slide (26 mm x 76 mm
x 10 mm stainless-steel block with a centered 20 mm hole and a
glass slide as cover). The coverslip was fixed with standard
petroleum jelly on the stainless-steel slide. The stainless-steel
slide was engineered by the research group of Conrad W.
Mullineaux (Queen Mary University of London, UK). The
slide was modified and manufactured in the in-house
University workshop (Christian-Albrechts-University of Kiel,
Germany). All experiments were done using an LSM-880
confocal laser scanning microscope (Zeiss, Germany) equipped
with a 63x oil immersion objective. Living cells were excited
using the 514 nm line of an Argon laser, while fluorescence was
detected from 516 — 579 nm for the eYFP channel and 650 - 695
nm for chlorophyll fluorescence (Figure 1). Pinhole size was set
to 2 airy units (eYFP channel) while laser power, detector gain
and scan speed were adjusted to achieve fast scan speeds and
decent image quality (equal for all images taken; Metadata
available at Suppl. Data 1). Fast scan speed and low laser
power were essential to limit photoactive illumination. Cells
were first illuminated using the bright-field lamp at 15%
intensity (~100 pumol photons m™ s) for 5 min to set them
into a photosynthetically-active state. Then, the image sequence
was started by switching off the brightfield illumination and one
image was taken every 10 s during darkness (illumination time
per cell around 50 ms every 10 s). After 300 s, the brightfield
illumination was switched on and a new image sequence was
started, taking one picture every 0.47 s.
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FIGURE 1

In vivo dynamics of CP12-dependent localization changes of the CBB enzymes GapDH?2 and PRK in living Synechocystis cells during light/dark
transition. (A) Fluorescence micrographs of Synechocystis cells that express GapDH2 or PRK tagged with eYFP in wild type (left two panels) or in
Acpl2 mutant background (right two panels). All cells were fixed either in light or dark conditions before observation. (B) Light-exposed

GapDH2-eYFP and PRK-eYFP strains were

observed over 300 s after transferring into dark and subsequently 30 s into light conditions,

respectively (selected time points are shown). (C, D) Kinetics of complex appearance (C) or disappearance (D) were estimated by plotting the
time-dependent change in normalized standard deviations representing the heterogeneity of fluorescence signal distribution inside the cells
after transfer from light into darkness (C) or back into light (D).
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For investigating PRK-eYFP and GapDH2-eYFP
distribution at different illumination levels, cells were fixed at
precisely defined light intensities. In these experiments, cells
were cultivated as described above, harvested after 3 days from
glass tubes, washed with fresh BG11, and adjusted to ODys; of 1
using BG11. After measuring the NAD(P)H oxidation rate (see
2.8) at one defined light intensity, 25% glutaraldehyde was added
to a final concentration of 2%. Illumination conditions were kept
constant for 5 min until all cells had been fixed properly. Then,
cells were prepared for microscopic analysis as described above.
Microscope settings were also similar, but Z-stacks ranging
through the single cell layer in 0.38 pm steps were taken
(Metadata available at Suppl. Data 1).

For High-resolution images of PRK-eYFP and GapDH2-eYFP,
cells were fixed either at constant light of 100 umol photons m™ s™
illumination or in complete darkness. For microscopy the Airy-
Scan detector was used (Figure 1). To measure the eYFP channel,
the 488 nm line of an Argon laser and a double band-path filter 420
- 480 nm and 495 - 550 nm was used, while the chlorophyll
fluorescence was detected using a 633 nm laser-diode and a 570 -
620 nm band path + 645 nm long-path filter (Metadata available at
Suppl. Data 1). Each channel was detected as a Z-stack ranging
through the single cell layer in 0.15 pM steps. Finally, Airy-Scan
data were processed and transformed into common Z-Stacks using
Zen-Software (Zeiss, Germany).

Image analysis

Live cell images were processed by first concatenating the
dark and light stacks in ImageJ (Schindelin et al., 2012) before
splitting stacks into stacks of eYFP and chlorophyll fluorescence
images. Next, Z-stack max projections were performed on the
chlorophyll stacks, creating single-layer pictures. These images
were used in an ilastik instance (Berg et al., 2019) trained to
distinguish cells from the background creating probability masks
used in Image] to create regions of interest (ROI) for each cell.
These ROIs were used to measure the mean fluorescence
intensity and the standard deviation of the eYFP signal in each
cell on each image in a stack. The standard deviation was then
divided by the mean fluorescence intensity to calculate the
normalized standard deviation, representing the heterogeneity
of the signal distribution (Mahbub et al., 2020). Pictures of cells
fixed at different light intensities were analyzed similarly. The Z-
Stacks were converted to a single two-channel image using max
Z-projection tool in Image] prior to analysis.

NAD(P)H measurements
In vivo NAD(P)H redox dynamics were analyzed using the

NAD(P)H module in combination with the Dual-KLAS-NIR
system (Walz, Germany). Cultivation of cells was done as
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described before for microscopic analysis (see 2.6). Cells from
50 ml culture were harvested by centrifugation (4000 g for
3 min), washed twice with BG11-0 (BG11 without nitrogen
source), and finally suspended in BG11-0 to an OD;s, of 1. Cells
were kept in 50 ml tubes at 28°C and 100 pmol photons m™ s
until measured for up to 3 h and then transferred into darkness
30 min before each measurement. 1.25 ml cell suspension were
filled into a quartz cuvette placed into the Optical Unit ED-
101US/MD connected to the Dual-KLAS-NIR system. Cells
were incubated for 3 min during constant stirring at defined
light intensities to let the cells acclimate to these conditions
before the NAD(P)H oxidation rates were measured four times.
One of the two actinic LED arrays was disabled to achieve a
lower illumination level. A slow-kinetic trigger run was used
containing a 1 s phase with the light intensity investigated, 600
ms high light pulse (3200 umol photons m™ s™') and 13.4 s
darkness. Between each measurement, cells were incubated for
30 s at the investigated light intensity. The last three of the four
measured kinetics were averaged, exported and analyzed using R
in R-Studio (RStudio Boston, USA). The photo-reducible NAD
(P)H level was calculated by subtracting the value at the end of
the dark period from the whole measurement and dividing the
maximum value between 1 s and 1.6 s by the NAD(P)H level
from 0 s to 1 s. The oxidation rates were determined by fitting an
exponential function to the measurement from the beginning of
the dark period at 1.6 s until the slope was less than 5*10°°,

Protein analysis and Western-blotting

Whole cell extract from Synechocystis strains were generated
by glass bead breakage as described (Appel et al., 2020). The
amount of broken cells was estimated by measuring Chlorophyll
ain 2.5 ul of whole cell extract, which was dissolved in methanol
to a final volume of 1 ml. Then, the absorption at 666 nm was
measured to calculate the chlorophyll a content. Proteins were
separated on 10% (w/v) denaturing SDS-Bis/Tris gels using an
MES running buffer and Western-blotting were performed as
described by Appel et al. (2020). Primary antibodies used in this
study were Mouse anti Penta Histidine (Bio-Rad Laboratories,
California, USA), Mouse anti Green Fluorescent Protein (Bio-
Rad Laboratories, California, USA), and Peroxidase AffiniPure
Rabbit Anti-Mouse IgG + IgM (Jackson ImmunoReasearch
Europe, Ely, UK).

Results

Absence of CP12 prevents in vivo
complex formation with GapDH and PRK

To analyze the impact of CP12 on carbon metabolism in the
model cyanobacterium Synechocystis, we generated a completely
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segregated mutant Acpl2. Deletion of the native cpl2 gene
(ss13364) was achieved by replacing the entire coding sequence
of CP12 with a kanamycin-resistance cartridge. Genotyping by
PCR confirmed complete loss of the gene in Acpl2 (Suppl
Figure S4).

In the past, the appearance of the ternary CP12-GapDH-
PRK complex was usually proven by biochemical measurements
such as SEC, native gel electrophoresis, plasmon resonance
analysis, or FRET-measurements in vitro (e.g., Avilan et al,
1997; Wedel and Soll, 1998; Moparthi et al., 2015). We aimed to
obtain the first in vivo documentation of complex formation in
Synechocystis using a fluorescence-tagging approach. To this
end, the native GapDH2 (S111342) or PRK (SIl11525) encoding
genes were replaced by constructs, in which their coding
sequences were C-terminally fused with eYFP-encoding
sequences and expressed from their native promoters.
Genotyping revealed that in the case of PRK, the native gene
could be completely replaced by the eYFP-tagged copy, while
GapDH2 did not fully segregate (Suppl. Figure S5). These eYFP-
tagged strains expressed the expected fusion proteins (Suppl.
Figure S6). When grown under photoautotrophic conditions,
they showed only minor growth difference compared to the
Synechocystis WT, which verifies that the eYFP-tagged enzymes
were functional in the CBC (Suppl. Figure S7). Fluorescence
microscopy showed strong eYFP fluorescence dispersed
homogeneously in cells exposed to the light, however, after
transfer into darkness within 1-2 min, distinct fluorescing
spots appeared in the GapDH2-eYfp-tagged as well as in the
PRK-eYFP-tagged strains, which disappeared when the cells
were re-exposed to light (Figures 1A, B).

Interestingly, these eYFP complexes could not be further
observed when the ¢pl2 gene was mutated in the eYFP-tagged
strains (Figure 1). Videos showing the kinetics of appearance
and disappearance of fluorescent tagged complexes are shown in
the supplementary data 2. These results show for the first time
the CP12-dependent complex formation with GapDH2 or PRK
during light/dark transitions inside living Synechocystis cells.
Furthermore, the speed of complex formation and
disappearance was quantified in the eYFP-tagged strains. The
results showed that the binding of GapDH?2 occurred faster than
the binding of PRK (Figure 1C), whereas upon re-illumination,
first PRK and then GapDH2 are released from the CP12-
dependent complexes (Figure 1D). The different kinetics are
consistent with the sequential order of binding/releasing the two
proteins to oxidized/reduced CP12 found e.g. during
crystallography (McFarlane et al., 2019).

Phenotyping of mutant Acp12 and
different complementation strains

The applied mutation strategy permitted the use of the cp12
flanking regions in attempts for the expression of CP12 variants
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under control of the native ¢pl2 promoter. To this end, the
native cpl2 gene was reintegrated and the entire construct was
cloned into the self-replicating plasmid pVZ322 to achieve the
complementation strain Acpl2:cpl2-W'T. Furthermore, cpl2
gene variants were synthesized, in which the codons for the N-
terminal Cys pair (Cys19 and Cys29, docking site for PRK), the
C-terminal Cys pair (Cys60 and Cys69, docking site for
GapDH2), or all four Cys codons were changed towards serine
codons, which gave rise to the complementation strains Acp12:
cpl2-ACysN, Acpl2::cpl12-ACysC, and Acpl2::cpl2-
ACysNGC, respectively.

First, we compared the growth of the Synechocystis WT with
mutant Acpl2 under different CO, conditions in normal light
and observed that both strains grew similarly (Suppl. Figure S8).
However, metabolome analysis revealed distinct differences in
the amounts of ribulose 1,5-bisphosphate (RuBP) and
dihydroxyacetone phosphate (DHAP) (Figure 2). RuBP is the
product of the CP12-regulated PRK reaction, while DHAP is in
equilibrium via triose-phosphate isomerase with glyceraldehyde
3-phosphate (Gap), the product of CP12-regulated GapDH2
that is chemically unstable and difficult to quantify by LC-MS/
MS. RuBP steady state contents were enhanced in mutant Acp12
compared to WT when grown at ambient air (low CO, of 0.04%,
LC), while DHAP was higher in mutant cells under high CO,
supplementation (5% CO,, HC). The differences became more
pronounced under transient conditions. Much higher transient
accumulations of RuBP and DHAP were observed in mutant
Acpl2 than in WT 1 h after the shift from HC into LC
conditions, while the RuBP contents were almost similar after
3 h HC to LC transfer (Figure 2). In contrast to the HC to LC
shift, levels of RuBP and DHAP did not differ significantly
between the two strains after the transfer of cells from LC into
HC conditions. These data indicate that the absence of CP12 had
marked influence on in vivo PRK and GapDH activities
especially under non-steady state HC to LC shift conditions.

It has been previously shown that the mutant Acpl2 of
Synechococcus elongatus showed slower growth under diurnal
conditions (Tamoi et al., 2005), however, this was not the case
with the Synechocystis mutant Acpl2 (Figure 3) as reported
recently in an independent study (Blanc-Garin et al, 2022).
This different phenotypes could be related to the different culture
conditions or to the fact that the CP12 protein in S. elongatus is
different, i.e. it misses the N-terminal Cys pair. Synechocystis is a
cyanobacterium that can use external glucose for
photomixotrophic growth (Rippka et al, 1979). In the light
glucose enters the CBC via different glycolytic shunts and
thereby enhances the flux through the cycle and CO, fixation
(Schulze et al., 2022), which also has marked influence on the
cellular redox state (e.g., Wang et al., 2022).

Our mutant AcpI2 could grow with glucose supplementation
under continuous light (Suppl. Figure S9), however, glucose
supplementation completely inhibited growth under diurnal
conditions and in complete darkness compared to WT
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(Figure 3). The glucose sensitive phenotype of Acpl2 was
completely reversed to WT-like growth after ectopic
expression of native CP12 in the strain Acpl2:cpl2-WT
(Figure 3). Furthermore, Synechocystis is capable of so-called
photoheterotrophic growth, i.e. the strain can grow on glucose in
the light when the photosynthetic electron transport is blocked
by the photosystem II-specific inhibitor DCMU (3-(3,4-
dichlorophenyl)-1,1-dimethylurea). As found before (Blanc-
Garin et al,, 2022), the addition of glucose in the light to
DCMU-treated cells of mutant Acpl2 was toxic, whereas the
strain could grow in the absence of DCMU on plates with
glucose in continuous light (Suppl. Figure S9).

The CP12 protein is able to interact with two different CBC
enzymes. The specific impact of GapDH2 or PRK binding on the

observed phenotypic alterations was analyzed in strains
expressing CP12 variants either missing the N-terminal Cys
pair for PRK association, the C-terminal Cys pair for GapDH2
association, or both. It has been shown that the site-specific
mutation of these redox-sensitive Cys residues in CP12
specifically prevents the binding of GapDH2 or PRK
(Moparthi et al,, 2015). Like the complementation strain with
native CP12 (Figure 3), the strain expressing the CP12-ACysN
variant could grow in the presence of glucose in diurnal light/
dark cycles almost like WT (Figure 4A). In contrast, the strain
expressing the CP12-ACysC variant initiated slow growth only
after the second day, while the lag phase in strain Acpl12:cp12-
ACysNC was extended to three days (Figure 4A). These data
indicate that binding and inactivation of GapDH2 activity via
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Growth of different strains in the absence and presence of glucose. The increase of optical density at 750 nm (ODsq) as proxy of biomass was
compared in cultures of the Synechocystis wild type (WT), the mutant Acp12, and the complementation strain Acp12::cp12-WT. Shown are

mean values and standard deviations from three independent cultivations
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CP12 has greater impact on glucose sensitivity than the absence
of PRK association in strain Acp12::cp12-ACysN.

Analysis of glucose utilization in
mutant Acp12 and different
complementation strains

To analyze why the mutant Acp12 could not grow on glucose,
the amount of glucose was quantified in the culture medium of
different strains. WT cells (Figure 4B) and the complementation
strain Acp12::cp12-W'T (not shown) consumed all glucose from the
medium during the first two days. In contrast, cultures of mutant
AcpI2 showed only minor glucose consumption. To rule out that a
secondary mutation might be responsible for the reduced glucose
consumption of mutant AcpI2, the glucose transporter (S10771)
and glucose-kinase (S110593) encoding genes were sequenced
revealing that these genes had identical sequences in mutant as in
WT (data not shown). Like mutant Acp12, the strains with mutated
C-terminal Cys pair Acp12::cp12-ACysC and Acp12:cp12-ACysNC
were strongly affected in glucose consumption. The glucose
consumption of strain AcpI2::cp12-ACysN was delayed compared
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to WT but all glucose disappeared after four days, consistent with
the ability of this strain to grow in the presence of glucose under
diurnal conditions (Figures 4A, B).

Glucose addition not only has a marked impact on the redox
state of Synechocystis cells, the excess organic carbon is also stored as
glycogen. Glycogen pools increased in all strains to almost the same
extent during the first day after glucose addition (Figure 4C). They
remained almost stable during the further days in strains Acpl2,
Acp12:cp12-ACysC and Acp12:cp12-ACysNC that are not able to
grow properly in the presence of glucose in light/dark cycles. In
contrast, WT and strain AcpI2:cp12-ACysN degraded internal
glycogen at the end of the experiment, when the amount of
glucose in the medium was consumed or strongly diminished
(Figures 4B, C). The initial similar ability to accumulate glycogen
in all strains indicates that glucose is entering the cells and is
channeled into glycogen synthesis independently from CP12,
however, the utilization of glucose and later glycogen reserves to
promote growth is strongly affected in strains without CP12 or with
CP12 variants unable to bind GapDH2.

Glucose as well as glycogen catabolism in Synechocystis mainly
use the oxidative pentose phosphate pathway (OPPP) under dark
conditions, which is initiated by the first enzyme glucose 6-
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nm (ODysp) of the Synechocystis sp. PCC 6803 wild type (WT) was compared to mutant strain Acp12 with no CP12, and strains expressing CP12
variants with site-specific mutated Cys pairs, i.e. strains Acp12::cp12-ACysN, Acpl12::cpl2-ACysC, and Acpl2::cpl2-ACysNC, under diurnal
conditions (12 h light/12 h dark) in the presence of 10 mM glucose. Glucose amounts in the medium (B) and cellular glycogen amounts (C) were
quantified daily. Mean values + standard deviations from three biological replicates are shown
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measured in crude protein extracts from cells exposed to light or dark conditions in the presence of saturating glucose 6-phosphate amounts
under oxidizing or reducing (+ 5 mM DTT). Data from one representative experiment are shown.

phosphate dehydrogenase (Zwf). The activity of Zwf was compared
between WT able to use glucose for growth and mutant Acpl2
which was not able to do so. Protein extracts were obtained from
cells either grown photoautotrophically in the light or from the dark
phase. Three-times lower Zwf activities were found in mutant cells
in protein extracts obtained from light- or dark-exposed cells
(Figure 5). It is known that Zwf activity in Synechocystis and
other cyanobacteria is redox-regulated using the regulator protein
OpcA (Sundaram et al, 1998). The redox-regulation of Zwf
occurred to almost the same extent in both strains, i.e. addition of
DTT decreased the Zwf activity compared to oxidizing conditions
to almost 50% (Figure 5).

Analysis of the redox state in
mutant Acp12 and different
complementation strains

The action of CP12 on GapDH2 and PRK activities in light/
dark cycles is redox-dependent. Moreover, the observed
phenotype of mutant AcpI2 in the presence of glucose can also
result from the inability of proper redox regulation. Redox

Frontiers in Plant Science

10

changes in WT, mutant AcpI2, and in strains expressing
different CP12 variants were recorded by measuring NAD(P)H
fluorescence changes in cells, which were pre-acclimated to
different light intensities. Then, the NAD(P) pool was
completely reduced by a saturating light pulse and the re-
oxidation of the NAD(P)H was subsequently recorded in
darkness. In WT cells, the NAD(P)H pool became re-oxidized
to a new steady level within 2-12 s. This re-oxidation process was
faster in cells pre-acclimated to stronger light intensities and was
slower in cells incubated in darkness or weak light before the
saturation pulse (Figure 6A). In contrast, the re-oxidation was
much faster in cells of mutant Acp12. Independent from the pre-
illumination conditions, it was always completed within 2 s,
similar to WT cells exposed to the highest light intensity
(Figure 6B). This difference indicated that the entire GapDH
pool is free in mutant Acpl2 and can take active part in the
utilization of NAD(P)H, while in WT cells an increasing GapDH
pool is bound to CP12 in darkness or under dim light decreasing
the re-oxidation time of NAD(P)H. This interpretation is
supported by the finding that the re-oxidation kinetics in the
mutants with disturbed C-terminal Cys pair for GapDH2
binding, i.e. Acpl2:cpl12-ACysC and Acpl2:cpl2-ACysNC
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Redox changes in the Synechocystis wild type and mutant Acp12 under different light conditions. (A, B) NAD(P)H redox changes measured in
vivo via NAD(P)H fluorescence in wild-type (WT) (A) or mutant Acp12 cells (B). The NAD(P)H pool was reduced to its maximum with a strong
actinic light pulse (600 ms) and its re-oxidation in darkness was observed. The measured cells were pre-acclimated to the 5 different actinic
light intensities or to darkness. (C) NAD(P)H oxidation rates of strains expressing different CP12 variants after pre-acclimation to different actinic
light intensities. (D) Normalized standard deviations representing the heterogeneity of fluorescence signal distribution inside cells. The
distribution of PRK-eYFP and GapDH-eYFP is measured under different actinic light conditions. (E) Scatterplot of the normalized standard
deviation of GapDH-eYFP vs the NAD(P)H oxidation rate under different light intensities.

showed similarly fast NAD(P)H re-oxidation kinetics as mutant
Acpl2. In contrast, the strains expressing native CP12 or the
variant with mutated N-terminal Cys pair for PRK binding, i.e.
Acp12:cp12-WT and Acpl2:cpI2-ACysN are characterized by
WT-like NAD(P)H re-oxidation kinetics (Figure 6C; Suppl.
Figure S10). Moreover, the strains expressing eYFP-tagged
GapDH2 or PRK in the WT background showed also similar
NAD(P)H re-oxidation kinetics as WT (Suppl. Figure S11).
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The different NAD(P)H re-oxidation kinetics in WT cells
after pre-exposure to different light intensities also indicate that
part of GapDH2 is already associated with CP12 under low light
and less associated under high light, i.e. CP12 is not only
mediating CBC activity in light/dark changes but also under
different light intensities. This observation initiated attempts to
measure the appearance of GapDH2-eYFP or PRK-eYFP
complexes in cells exposed to different actinic light intensities
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under the fluorescence microscope. These measurements show
an exponential increase of PRK-eYFP and particularly of
GapDH2-eYFP complex fluorescence with decreasing light
intensities towards the maximum in complete darkness
(Figure 6D). Plotting the oxidation rate of the NAD(P)H pool
with the normalized standard deviations representing the
heterogeneity of the fluorescence signal of GapDH2-eYFP
resulted in a linear relation (Figure 6E).

Discussion

It is generally accepted that CP12 can bind GapDH and PRK
under oxidative conditions, which occurs especially in darkened
cells of oxygenic phototrophs to inactivate the CBC activity
when light processes are not further working (reviewed in
Lopez-Calcagno et al.,, 2014; Gurrieri et al.,, 2022). However,
there is an increasing body of evidence that CP12-mediated
regulation may extend over the light/dark regulation of CBC
activity. To analyze the role of CP12 regulation in the model
cyanobacterium Synechocystis, we first generated eYFP-tagged
strains in Synechocystis to monitor for the first time CP12-
GapDH2-PRK complex formation in vivo. Expressing eYFP-
tagged PRK or GapDH2 variants in Synechocystis clearly showed
the appearance of CP12-dependent complexes in darkness and
their disappearance in the light. In the dark-shifted cells highly
fluorescent spots appeared, which were not further visible in the
mutant AcpI2. A clear correlation between spot appearance and
the oxidation rate of the NAD(P)H pool was observed (see
Figure 6), which indicated that their appearance is redox-
dependent and resulted in inactivation of at least the GapDH2.
The appearance of a distinct number of obvious large complexes
was not expected and could indicate that CBC enzymes might be
localized at specific parts of the cyanobacterial cell. One possible
location would be near the carboxysome, which harbors all
active RubisCO in the cyanobacterium. Usually one to five
carboxysomes are visible in electron micrographs of
Synechocystis (e.g. Hackenberg et al., 2012), which is similar to
the number of CP12-GapDH2-PRK fluorescent spots, hence,
these complexes might be associated to carboxysome(s) (see
Figure 1). Instead of eYFP-tagging PRK or GapDH2, truncated
versions of the CP12 protein were fused N-terminally with CFP
and C-terminally with YFP to monitor thioredoxin-mediated
redox-changes in Anabaena sp. PCC 7120 or in chloroplasts of
Arabidopsis in vivo via FRET (Sugiura et al., 2019). These redox-
sensing devices showed clear fluorescence increases of YFP
under oxidizing conditions, i.e. when the internal disulfide
bond was established after transfer into darkness, or decreased
YFP fluorescence under reducing conditions, ie. when the
disulfide bond was released via reduced thioredoxin(s) after
illumination. As found in our tagged strains (see Figures 1C, D),
the reduction of CP12 via thioredoxins in the light occurred
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faster than its oxidation after transfer into darkness (Sugiura
et al., 2019).

Our fluorescent-tagged strains further allowed us to follow
the different kinetics of GapDH2 and PRK binding to and release
from CP12 in dark/light cycles. As expected from the structural
model (McFarlane et al, 2019), GapDH-eYFP complexes
appeared faster and disappeared more slowly than the PRK-
eYFP complexes. Hence, the fluorescent-tagged Synechocystis
strains also verified the predicted sequential order of CP12-
complex formation in vivo. Moreover, the rate of complex
formation was followed in darkened cells after their pre-
incubation under different light intensities. The different
kinetics clearly showed that in vivo at lower light, when the
photosynthetic activity and hence the CBC flux is diminished,
already a substantial part of GapDH2 is bound to CP12, whereas
under high light conditions inducing high photosynthetic
activities much less GapDH2 is CP12-associated (see Figure 6).
These results provide clear evidence that CP12 is not only a
device to switch on and off CBC activities in diurnal light/dark
cycles, but it also fine-tunes CBC activities and light processes
during the day under different light and accompanied redox
conditions in the Synechocystis cell. Differences in the available
light, especially high light incubations, have been shown also to
induce intracellular fluctuations in the available CO,, because
many genes encoding proteins for acclimation to low CO,
conditions were clearly induced in the transcriptome of
Synechocystis exposed to high light conditions (Hihara et al,
2001). The observed changes in the amounts of RuBP and
DHAP in Acpl2 cells under non-steady state conditions in
cells switched from HC into LC conditions (see Figure 2)
provide another indication that the enzymes GapDH2 and
PRK are more active in the absence of CP12 compared to WT
cells even under continiuous light conditions.

The most severe phenotype in the Acp12 cells was observed
when the cells can consume added glucose in darkness as has
been recently also reported by Blanc-Garin et al. (2022). These
results indicate that in addition to CBC, the redox-dependent
CP12-mediated regulation has a broader impact on
carbohydrate metabolism than just regulating the CBC. Our
results indicate that glucose uptake and glycogen metabolism is
not primarily affected, but the glucose catabolism via the OPPP
is strongly diminished. This hypothesis is supported by the
reduced activity of Zwf in cells of AcpI2 (see Figure 5). The
glucose-sensitive phenotype could be explained by the absence
of proper GapDH2 and PRK regulation, initiation offutile cycles,
and/or more enzymes of primary C-metabolism being regulated
by CP12. The latter assumption is supported by the reported
association of aldolase, which also plays an important role in
sugar metabolism in oxygenic phototrophs, to the CP12-
GapDH-PRK complex in Chlamydomonas (Erales et al., 2008).
However, the main function of CP12-mediated inactivation of
GapDH2 and PRK is usually related to the avoidance of futile
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cycles between CBC and OPPP. The non-oxidative portion of
the OPP overlaps to a large extent with the regenerative part of
the CBC by the used enzymes but are involved in sugar
catabolism and anabolism, respectively (reviewed in Lopez-
Calcagno et al,, 2014; Gurrieri et al., 2022). In this regard, the
proper regulation of GapDH2 activity seems to be more
important than PRK regulation, because expressing CP12
variants with mutated C-terminal Cys pairs necessary to bind
GapDH2 show much fewer capabilities to complement the
glucose-sensitive phenotype of Acpl2 (see Figure 4) or the
observed redox imbalance (see Figure 6C). GapDH2 can use
NADPH and is mainly involved in the conversion of glycerate
1,3-bisphosphate into Gap, while the GapDHI1 that is supposed
to be mostly active under dark conditions in WT cells
(Koksharova et al., 1998) catalyzes the reverse reaction in WT
cells. Hence, the dual activities of the two GapDH isoenzymes
during the night could prevent proper glycolytic breakdown of
glucose under dark conditions in Acpl2. Moreover, the
utilization of NADPH by GapDH2 can likely also result in
redox imbalance, because in WT cells NADPH is mostly
produced in the dark via the OPPP, which is necessary to fuel
important other enzymatic reactions of primary metabolism.
Hence, redox imbalances especially in the presence of glucose
could be another reason for the inability of AcpI2 to grow on
glucose. However, in contrast to the independent study by
Blanc-Garin et al. (2022) we could not detect glucose
sensitivity at constant light. This deviation could be related to
the different culture conditions in the two studies. In our
experiments we grew cells at higher light intensities than in
the experiments reported by Blanc-Garin et al. (2022). Our data
in Figure 6 clearly indicate that at low light conditions part of
CP12 is already associated with GapDH2, while this interaction
is not detectable at higher light intensities.

Of course, mutation of CP12 could also impact the amount
of its binding partners GapDH2 and PRK. Decreased PRK
expression has indeed been reported in cpl2 mutants of
Arabidopsis, whereas the amount of GapDH and many other
CBC enzymes was not changed (Lopez-Calcagno et al., 2017).
However, the GapDH2 and PRK activities remained unchanged
in another Acpl2 mutant of Synechocystis (Blanc-Garin et al.,
2022). As shown in the previous study and by us, expressing
CP12 variants with N-terminal changed Cys pair involved in
PRK-binding permits complementation of glucose utilization
(see Figure 4) and results in WT-like redox changes (see
Figure 6C). It has been shown that in addition to redox-
dependent regulation of PRK via the CP12-GapDH complex,
PRK activity in cyanobacteria and plants is directly redox-
regulated by two internal Cys pairs, which can undergo redox-
dependent disulfide bond formation thereby modulating PRK
activity. Fukui et al. (2022) recently analyzed the contribution of
this redox regulation and showed that especially the C-
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terminally located Cys pair in PRK is subject to thioredoxin-
mediated redox regulation. Oxidation of this Cys pair
contributes to decreased PRK activity in the cyanobacterium
Anabaena sp. PCC 7120, whereas its oxidation supports the
binding of PRK into the CP12-GapDH complex in both, the
cyanobacterium as well as Arabidopsis (Fukui et al., 2022).
Hence, proper PRK regulation is achieved on more layers in
cyanobacteria than just CP12, which seems to be the major
regulatory measure to regulate GapDH2 and the photosynthetic
CBC activity.

Collectively, our results indicate that CP12-dependent
regulation of the entire carbon metabolism including the CBC
and OPPP is crucial for metabolic adjustment under conditions
leading to redox changes. In addition to diurnal conditions, we
present evidence that redox changes due to glucose addition,
different CO, or light conditions also depend on CP12-mediated
metabolic fine-tuning in cyanobacteria. In this regard, the proper
regulation of GapDH2 seems to be more important than PRK
regulation, because the GapDH isoenzymes catalyze opposite
reactions in carbon anabolism and catabolism and also use large
amounts of NADPH or NADH, thereby significantly contributing
to redox changes under the different growth conditions.
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Supplementary Table S1. List of strains investigated in the present study.

Strain name Description
Synechocystis WT Synechocystis sp. PCC 6803, glucose-tolerant wild type (WT)
Acp12 WT with deleted native cp12 gene ss/3364, replaced by KanR gene aphll

Acp12::cp12-WT

Acp12 with pVZ322 harboring native ¢cp72 gene and SpecR gene aadA

Acp12::cp12-ACysN

and SpecR gene aadA

Acp12 with pVZ322 harboring cp12 gene with replaced cysteines C19S-C29S

Acp12::cp12-ACysC

and SpecR gene aadA

Acp12 with pVZ322 harboring cp12 gene with replaced cysteines C60S-C69S

Acp12::cp12-ACysNC

C19S-C29S-C60S-C69S and SpecR gene aadA

Acp12 with pVZ322 harboring cp12 gene with replaced cysteines

GapDH-eYFP

WT with c-terminal eYFP-tagged GapDH2 (s//1342) and GentR gene

PRK-eYFP

WT with c-terminal eYFP-tagged PRK (sl/1525) and GentR gene

GapDH-eYFP::Acp12

aphll

GapDH-eYFP with deleted native cp72 gene ss/3364 replaced by KanR gene

PRK-eYFP::Acp12

aphll

PRK-eYFP with deleted native cp72 gene ss/3364 replaced by KanR gene

Supplementary Table S2. List of oligonucleotides used in the present study.

Primer name | Sequence 5’-3’ Application

cpl12-fw ATGAGCAATATTCAAGAAAAAATCGAAC genotying Acp12 strains

cpl12-rv CTAGTCGTCGTAAATGCGGCAC genotying Acp12 strains

cp12-flank-fw | GTACAAGGCCGCAATGGTGAG genotying of Acp12,
GapDH2-eYFP:: Acp12 and
PRK-eYFP:: Acp12 and
creation of Acp12 strains

cp12-flank-rv TAGGCGAATTAAGCCAACGTCTGTC genotying of Acp12,
GapDH2-eYFP:: Acp12 and
PRK-eYFP:: Acp12 and
creation of Acp12 strains

cp12-fw-Sall GTCGACATGAGCAATATTCAAGAAAAAATCGAAC generation of Acp12 strains

cp12-rv-Ndel CATATGCTAGTCGTCGTAAATGCGGCAC generation of Acp12 strains

cp12-Fus-P2 TATTGCTCATGTCGACAAAGTTTAACCGCCTACGATTG generation of Acp12 strains

cp12-Fus-P3 CGACGACTAGCATATGGGGCTGATGGGGCAAACCC generation of Acp12 strains

YFP-for AGGGCGGCGCTAGCATGGTGAGCAAGGGCGAGGAGCTGTT generation of pRSETA-
Cr_eYFP-His

YFP-rev GTGATGGTGATGGTGATGCCCGGGCTTGTACAGCTCGTCCA | generation of pPRSETA-
Cr_eYFP-His

YFP-His- CACCATCACCATCACTAAGATGTCGACGGATGAAGGCACGAA | generation of pPRSETA-

GENT-Fw Cr_eYFP-His Gent

GENT-Rev CAAGCTTCGAATTCCTAGATGTCGACCGAATTGTTAGGTGG | generation of pPRSETA-
Cr_eYFP-His Gent

GapDH2-fw TTAAAGGAGTGTTGGAATACACCGATTTGG Genotyping of GapDH2-
eYFP strain

GapDH2-rv ATGGGGAAAGTTTCGCCGGG Genotyping of GapDH2-
eYFP stain

PRK-fw TAGAGGAAATGGTTTATGTGGAAAACCACC Genotyping of PRK-eYFP
strain

PRK-rev GGCATCATTATCCTCCCCAGAAATAAGC Genotyping of PRK-eYFP
strain
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Figure S1: Schematic view on CP12-mediated redox regulation of GapDH and PRK.
Under reducing conditions, i.e. in the light, the CP12 is disordered due to the reduction of all
four cysteine residues (depicted as dark dots) via thioredoxin (Trx). The two enzymes
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and phosphoribulokinase (PRK) are
active and participate in the CO»-fixing Calvin-Benson-Bassham cycle (CBB cycle). Under
oxidizing conditions, i.e. in the darkness, the CP12 is structured due to the disulfide bond
formations at the N- or C-terminal cysteine residues, which then permitted to bind GAPDH and
PRK thereby inactivation the CBB cycle.
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a tta aac ttg gga atc ggt gta gtt gac ccc atg ctt tcc cgg agg aaa ctg ttg tga acc tgt gat cat
Leu Asn Leu Gly Ile Gly Val Val Asp Pro Met Leu Ser Arg Arg Lys Leu Leu --- Thr Cys Asp His
ttt cac aat tct tca tac tat ccc cgg tgg tgg ccc cca ggg ccg tat ggg gca agt tga ggt cag caa agt
Phe His Asn Ser Ser Tyr Tyr Pro Arg Trp Trp Pro Pro Gly Pro Tyr Gly Ala Ser --- Gly Gln Gln Ser
gag gaa aac cgc ata ttc ccg ttg tgg ttc ctt cta ccc aaa gcc aac caa att cge taa cat gaa tga gec
Glu Glu Asn Arg Ile Phe Pro Leu Trp Phe Leu Leu Pro Lys Ala Asn Gln Ile Arg --- His Glu --- Ala
1 tta ctc tct gta gac aat cgt agg cgg tta aac ttt atg agc aat att caa gaa aaa atc gaa cag gag cta
1 Leu Leu Ser Val Asp Asn Arg Arg Arg Leu Asn Phe Met Ser Asn Ile Gln Glu Lys Ile Glu Gln Glu Leu
37 gcc aac gct aga caa acc gat gaa gcc tct ccg gcg gag gcg gcc tgg gat geg gtg
13 Ala Asn Ala Arg Gln Thr Asp Glu Ala Ser Pro Ala Glu Ala Ala Trp Asp Ala Val
108 gaa gag cta gaa gcg gaa gcc gocc cac caa cgt caa caa cat ccc acc caa act acc ctg gaa aag t
37 Glu Glu Leu Glu Ala Glu Ala Ala His Gln Arg Gln Gln His Pro Thr Gln Thr Thr Leu Glu Lys
181 gac gaa aac ccc gac gct gct gag tac gac gac tag . B
complementation insert cp72-WT
61 Asp Glu Asn Pro Asp Ala Ala Glu Tyr Asp Asp --- P L
a tta aac ttg gga atc ggt gta gtt gac ccc atg ctt tcc cgg agg aaa ctg ttg tga acc tgt gat cat
Leu Asn Leu Gly Ile Gly Val Val Asp Pro Met Leu Ser Arg Arg Lys Leu Leu --- Thr Cys Asp His
ttt cac aat tct tca tac tat ccc cgg tgg tgg ccc cca ggg ccg tat ggg gca agt tga ggt cag caa agt
Phe His Asn Ser Ser Tyr Tyr Pro Arg Trp Trp Pro Pro Gly Pro Tyr Gly Ala Ser --- Gly Gln Gln Ser
gag gaa aac cgc ata ttc ccg ttg tgg ttc ctt cta ccc aaa gcc aac caa att cgc taa cat gaa tga gcc
Glu Glu Asn Arg Ile Phe Pro Leu Trp Phe Leu Leu Pro Lys Ala Asn Gln Ile Arg --- His Glu --- Ala
1 tta ctc tct gta gac aat cgt agg cgg tta aac ttt atg agc aat att caa gaa aaa atc gaa cag gag cta
1 Leu Leu Ser Val Asp Arg Leu Asn Phe Met Ser Asn Ile Gln Glu Lys Ile Glu Gln Glu Leu
37 gcc aac gct aga caa acc gaa gcc tct ccg g gcc tgg gat gcg gtg
13 Ala Asn Ala Arg Gln Thr Glu Ala Ser Pro Ala Trp Asp Ala Val
109 gaa gag cta gaa gcg gaa gcc gcc cac caa cgt caa caa cat ccc acc caa act acc ctg gaa aag
37 Glu Glu Leu Glu Ala Glu Ala Ala His Gln Arg Gln Gln His Pro Thr Gln Thr Thr Leu Glu Lys
181 gac gaa aac ccc gac gct att tac gac gac complementation insert Gp12-ACysN
61 Asp Glu Asn Pro Asp Ala Ile Tyr Asp Asp
a tta aac ttg gga atc ggt gta gtt gac ccc atg ctt tce cqgg agg aaa ctg ttg tga acc tgt gat cat
Leu Asn Leu Gly Ile Gly Val Val Asp Pro Met Leu Ser Arg Arg Lys Leu Leu -—- Thr Cys Asp His
ttt cac aat tct tca tac tat ccc cgg tgg tgg ccc cca ggg ccg tat ggg gca agt tga ggt cag caa agt
Phe His Asn Ser Ser Tyr Tyr Pro Arg Trp Trp Pro Pro Gly Pro Tyr Gly Ala Ser --- Gly Gln Gln Ser
gag gaa aac cgc ata ttc ccg ttg tgg ttc ctt cta ccc aaa gec aac caa att cge taa cat gaa tga gcc
Glu Glu Asn Arg Ile Phe Pro Leu Trp Phe Leu Leu Pro Lys Ala Asn Gln Ile Arg --- His Glu --- Ala
1 tta ctc tct gta gac aat cqgt agg cgg tta aac ttt atg agc aat att caa gaa aaa atc gaa cagq gag cta
1 Leu Leu Ser Val Asp Arg Leu Asn Phe Met Ser Asn Ile Gln Glu Lys Ile Glu Gln Glu Leu
37 gcc aac gct aga caa g acc gat gaa gcc tct ccg gcg gcc tgg gat geg gtg
13 Ala Asn Ala Arg Gln Thr Asp Glu Ala Ser Pro Ala Ala Trp Asp Ala Val
109 gaa gag cta gaa gcg gaa gec gocc cac caa cgt caa caa cat ccc acc caa act acc ctg gaa aag ttc
37 Glu Glu Leu Glu Ala Glu Ala Ala His Gln Arg Gln Gln His Pro Thr Gln Thr Thr Leu Glu Lys Phe
181 gac gaa aac ccc gac gct gct gag > att tac gac gac tag Y
complementation insert cp712-ACysC
61 Asp Glu Asn Pro Asp Ala Ala Glu Ile Tyr Asp Asp --- P P ¥
a tta aac ttg gga atc ggt gta gtt gac ccc atg ctt tcc cgg agg aaa ctg ttg tga acc tgt gat cat
Leu Asn Leu Gly Ile Gly Val Val Asp Pro Met Leu Ser Arg Arg Lys Leu Leu --- Thr Cys Asp His
ttt cac aat tct tca tac tat ccc cgg tgg tgg ccc cca ggg ccg tat ggg gca agt tga ggt cag caa agt
Phe His Asn Ser Ser Tyr Tyr Pro Arg Trp Trp Pro Pro Gly Pro Tyr Gly Ala Ser --- Gly Gln Gln Ser
gag gaa aac cgc ata ttc ccg ttg tgg ttc ctt cta ccc aaa gcc aac caa att cgc taa cat gaa tga gcc
Glu Glu Asn Arg Ile Phe Pro Leu Trp Phe Leu Leu Pro Lys Ala Asn Gln Ile Arg --- His Glu --- Ala
1 tta ctc tct gta gac aat cgt agg cgg tta aac ttt atg agc aat att caa gaa aaa atc gaa cag
1 Leu Leu Ser Val Asp Asn Phe Met Ser Asn Ile Gln Glu Lys Ile Glu Gln Glu Leu
a7 gcc aac gct aga caa gt gaa gcc tct ccg gog gcg gcc tgg gat gcg gtg
13 Ala Asn Ala Arg Gln Glu Ala Ser Pro Ala Ala Ala Trp Asp Ala Val
109 gaa gag cta gaa gcg gaa gcc gcc cac caa cgt caa caa cat ccc acc caa act acc ctg gaa aaqg
37 Glu Glu Leu Glu Ala Glu Ala Ala His Gln Arg Gln Gln His Pro Thr Gln Thr Thr Leu Glu Lys
181 gac gaa aac ccc gac gct get att tac gac : :
’ complementation insert cp712-ACysNC
61 Asp Glu Asn Pro Asp Ala Ala Ile Tyr Asp Asp --- P P 4

Supplementary Figure S2: Insert sequences for Acp72 complementation constructs.
Variants of cp712 gene sequence have been synthesized and cloned into vector pVZ322. Black
boxes indicate locations of cysteines or their replacement for serines, respectively. Black
letters mark putative native promoter sequence of cp72. Red letters mark cp72 gene sequence.
A - native cp12. B - N-terminal cysteine pair replaced by serines. C - C-terminal cysteine pair
replaced by serines. D - both cysteine pairs replaced by serines.
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Supplementary Figure S3: Schematic drawings of plasmids for the generation of Acp712
and complementation strains. A: cp72 deletion mutant construct. B: example for generation
of ¢p12 complementation strains.

S SIS
& F VP S VP
o "L» AV v P PO I VI v
NN 'Q’ \.ﬁ" 40/ \j« 4\1 fO*
Q‘QQ % LR R R - % Pl 'LQQ Eo
S LN € Y b ALY N SN
o N
b & o P bp T R

300
200

A B

Supplementary Figure S4: Genotyping by PCR of Acp12 and complementation strains.
A - amplification with cp12 gene specific primers cp12-fw/cp12-rv. B - amplification with cp12
gene flanking primers cp12-flank-fw/cp12-flank-rv that bind 500 bp upstream or downstream
of ¢cp712. DNA from the different strains used for PCR is given for each lane. PCR results
confirm complete segregation of all mutant strains.
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Supplementary Figure S5: Genotyping by PCR of eYFP-tagged strains.

A - Amplification of the cp72 gene using primers cp12-flank-fw/cp12-flank-rv that bind 500 bp
upstream or downstream of cp72. B- Amplification of the gapDH2 gene using primers
GapDH2-fw/GapDH2-rv that bind 250 bp upstream or downstream of the gapDHZ2 gene. C-
Amplification of the prk gene using primers PRK-fw/PRK-rv that bind 250 bp upstream or
downstream of the prk gene. The template-DNAs were isolated from different strains as
specified above each lane. PCR results confirm complete segregation of all mutant strains
except GapDH2-eYFP.
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Supplementary Figure S6: Verification of the protein expression of the GapDH2-eYFP-
His and PRK-eYFP-His by Western-blotting.

Cells were cultivated under photoautotrophic conditions in BG11. Whole-cell extracts were
used to verify that the attached eYFP-His of the respective tagged proteins are expressed and
that the fluorophores are bound to the protein of interest. The same amount of chlorophyll (0.15
Mg) was loaded to each lane. Anti-GFP and anti_His antibodies showed a signal at the
expected sizes: PRK-eYFP-His ~53 kDa; GapDH2-eYFP-His ~68kDa.
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Supplementary Figure S7: Growth of eYFP-tagged strains under standard conditions.
Growth of eYFP tagged strains was monitored under photoautotrophic conditions with bubbling
by ambient air.
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Supplementary Figure S8: Growth of wild type and mutant Acp72 under permissive
conditions. Cultures were grown at ambient air (0.04% CO-, LC) and high CO; conditions (5%
COo, HC). The increase of OD7y is displayed compared as proxy of biomass.

102



4 days in continuous light 7 days in 12h/12h

100 10" 102 108 10° 10" 102 10%
Wi @ @ @ ® 0 &
£ no Glucose
rp12| @ @ 0B ® O ¢ o DL
Acp12:cp2WT| @ @ & e O @
wr|l @ @ e
10 mM Glucose
fepte 10 uM DCMU
Acp12:cpT2WT| @ @ ]

10 days in continuous light
10° 10" 102 103 104

i@ @ @ 8 5
Acp12 ' . ‘ a;ﬁ',. S ,1-.2 B’I(I\:AM(?Jucose
Acp12:cp12WT| @) ® & « .-

Supplementary Figure S9: Photoheterotrophic growth in the presence or absence of
DCMU on plates. Liquid cultures were grown in shaking flasks under photoautotrophic
conditions for three days. Samples of 1 ml culture were taken and their OD7s0 was adjusted to
0.7 (dilution 10°) with fresh BG-11 for the drop dilution assays. A dilution series up to 10* was
created for each strain and drops of 2 ul culture were pipetted in a grid on 1.5% bacto agar
BG-11 plates containing combinations of 10 mM glucose and 10 yM DCMU or none of these
additions. The plates were then incubated in either continuous light or diurnal conditions for
the indicated time periods.
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Supplementary Figure S$10: Photo-reducible NAD(P)H level in different strains at
increasing light conditions.
Cells of strains expressing different CP12 variants were acclimated to different actinic light

conditions. Then, they were used for measurements in the NADPH-Modul (Walz, Germany) to
determine the NAD(P)H reduction in darkness after a 600 ms long strong actinic light pulse.
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Supplementary Figure $S11: NAD(P)H oxidation kinetics in GapDH-eYFP and PRK-eYFP
cells adapted to different light intensities

NAD(P)H redox changes measured in vivo via NAD(P)H fluorescence in GapDH-eYFP (A) or
PRK-eYFP cells (B). The NAD(P)H pool was reduced to its maximum with a strong actinic
light pulse (600 ms) and its re-oxidation in darkness was observed. The measured cells were
pre-acclimated to the 5 different actinic light intensities or to darkness.
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Nitrogen limitation imposes a major transition in the lifestyle of
nondiazotrophic cyanobacteria that is controlled by a complex
interplay of regulatory factors involving the pervasive signal
processor P,. Immediately upon nitrogen limitation, newly fixed
carbon is redirected toward glycogen synthesis. How the meta-
bolic switch for diverting fixed carbon toward the synthesis of
glycogen or of cellular building blocks is operated was so far
poorly understood. Here, using the nondiazotrophic cyanobacte-
rium Synechocystis sp. PCC 6803 as model system, we identified a
novel Py interactor, the product of the s//0944 gene, which we
named PirC. We show that PirC binds to and inhibits the activity
of 2,3-phosphoglycerate-independent phosphoglycerate mutase
(PGAM), the enzyme that deviates newly fixed CO, toward lower
glycolysis. The binding of PirC to either P, or PGAM is tuned by the
metabolite 2-oxoglutarate (2-OG), which accumulates upon nitro-
gen starvation. In these conditions, the high levels of 2-OG disso-
ciate the PirC-P, complex to promote PirC binding to and
inhibition of PGAM. Accordingly, a PirC-deficient mutant showed
strongly reduced glycogen levels upon nitrogen deprivation,
whereas polyhydroxybutyrate granules were overaccumulated
compared to wild-type. Metabolome analysis revealed an imbal-
ance in 3-phosphoglycerate to pyruvate levels in the pirC mutant,
confirming that PirC controls the carbon flux in cyanobacteria via
mutually exclusive interaction with either P, or PGAM.

glycogen metabolism | polyhydroxybutyrate | cyanobacteria |
nitrogen starvation | carbon flow

Cellular homeostasis relies on the capacity of living systems to
adjust their metabolism in response to changes in the envi-
ronment. Therefore, organisms must be able to sense the meta-
bolic state and tune it in response to environmental fluctuations. It
has been proposed that cyanobacteria do not extensively rely on
direct environmental sensing but rather are primarily concerned
about their internal metabolic state (1). This “introvert” lifestyle
requires that they constantly and precisely monitor their intra-
cellular milieu in order to detect imbalances caused by external
perturbations. The maintenance of carbon/nitrogen (C/N) ho-
meostasis is one of the most fundamental aspects of cellular
physiology. For photoautotrophic organisms like cyanobacteria, it
is essential to tightly interconnect CO, fixation and nitrogen as-
similation. To fulfill this task, cyanobacteria use a sophisticated
signaling network organized by the pervasive Py-signaling protein.
Py proteins are fundamental for this task in most free-living
prokaryotes and chloroplasts of green plants (2). They act as
multitasking signal integrators, combining information on the
metabolic C/N balance through interaction with the metabolite
2-oxoglutarate (2-OG) and on the cellular energy state by com-
petitive adenosine triphosphate (ATP) or adenosine diphosphate
(ADP) binding. 2-OG is ideally suited as a status reporter me-
tabolite for C/N balance, as this tricarboxylic acid (TCA) cycle
intermediate represents the precursor metabolite into which

PNAS 2021 Vol. 118 No. 6 e2019988118

ammonia is incorporated through the nitrogen assimilatory reac-
tions catalyzed by the glutamine-synthetase—glutamate-synthase
(GS/GOGAT) cycle (3).

The interaction of Py; proteins with various effector molecules,
the conformational changes that ensue from these interactions,
and their perception by the targets have been elaborated in great
detail [recently reviewed (3-6)]. The three intersubunit clefts of
the trimeric Py proteins contain intercommunicating effector-
molecule-binding sites; ADP and ATP compete for occupying
these sites, and binding of ATP, but not ADP, creates a coor-
dination sphere for the effector 2-OG through a bridging Mg**
ion. Depending on the effector molecules bound, the large and
flexible target-binding loops (termed T-loops), protruding from
the effector binding sites, can adopt specific conformations,
allowing signal receptor proteins to read out the metabolic in-
formation through protein—protein interactions (5). A variety of
key metabolic enzymes, transcription factors, and transport
proteins use this signaling path to tune their activity in response
to the metabolic state. Py in its different conformations can di-
rectly interact with various target proteins such as the N-acetyl-L-
glutamate kinase, catalyzing the committed step in arginine

Significance

In this work, we identified the regulatory mechanism of the
key control point of cyanobacterial carbon metabolism, the
glycolytic phosphoglycerate mutase (PGAM) reaction, con-
verting 3-PGA into 2-PGA and thereby exporting organic car-
bon from the photosynthetic Calvin cycle. We show that PGAM
activity is controlled by a small modulator protein PirC (product
of s//0944), which inhibits the enzyme through protein—protein
interaction. The availability of PirC for PGAM inhibition is
controlled by the pervasive carbon/nitrogen balance regulator
Py, which sequesters PirC at low 2-oxoglutarate levels and re-
leases it at high 2-oxoglutarate levels. PirC-mediated inhibition
of PGAM triggers glycogen accumulation, and disrupting this
regulation allows the redirection of carbon flux, a decisive re-
quirement for transforming cyanobacteria into green factories.

Author contributions: K.F. designed research; T.0., J.S., P.S., S.L., and M.K. performed
research; B.M. contributed new reagents/analytic tools; T.O., J.S., P.S., B.M., M.H., and
K.F. analyzed data; and K.F. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

'T.0., J.S., and P.S. contributed equally to this work.

2To whom correspondence may be addressed. Email: karl.forchhammer@uni-
tuebingen.de.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2019988118/-/DCSupplemental.

Published February 1, 2021.

https://doi.org/10.1073/pnas.2019988118 | 1 of 9

106

MICROBIOLOGY




biosynthesis (7, 8); the acetyl-CoA carboxylase, catalyzing the
rate-limiting step in fatty acid biosynthesis (9); the phospho-
enolpyruvate carboxylase, which catalyzes an anaplerotic carbon
fixation (10); or the glutamine-dependent nicotinamide adenine
dinucleotide (NAD™) synthetase (11). Besides tuning the activity
of enzymes, recent analyses revealed that, through direct
protein—protein interaction, the abundant Py proteins can also
regulate transport activities, including an ensemble of nitrogen
transporters such as the nitrate/nitrite transport system, the urea
transport system, and the ammonium transporter (12).

A different mechanism underlies the ability of Py proteins to
modulate gene expression in response to different C/N ratios. In
this case, the effect of Pyy proteins is mediated through binding to
a small signaling mediator protein called PipX (Py-interacting
protein X), which acts as a transcriptional coactivator of the
global nitrogen control transcription factor NtcA. The latter
controls a large regulon of about 80 genes (13). The mediator
PipX swaps between Py- and NtcA-bound states, thereby either
tuning down or stimulating the activity of NtcA, respectively (6,
14). Partner swapping of PipX occurs in response to the effector
molecule 2-OG and the ATP/ADP balance (14).

In a previous Py; protein interaction study, several putative Py
interactors of unknown function were identified (12). The most
prominent hit was the product of the s/[0944 gene, a member of
the NtcA regulon (11, 13). The sl0944 gene product is annotated
in Uniprot (https://www.uniprot.org/uniprot/P77971) as a protein
of unknown function. Close homologs are widespread in the
cyanobacterial phylum, pointing to an important function of this
protein in the cyanobacterial metabolism. We previously ob-
served that sll0944 is up-regulated both at the transcriptional
(15) and posttranscriptional (16) level during the response of the
model cyanobacterium Synechocystis PCC 6803 (from now on
termed Synechocystis) to nitrogen starvation. Following nitrogen
depletion, the CO,-fixation products are redirected toward gly-
cogen synthesis, and, concomitantly, the phycobiliproteins and
the entire photosynthetic machinery are proteolytically degraded,
causing loss of pigments of the cells (referred as chlorosis) (15).
Moreover, the carbon polymer polyhydroxybutyrate (PHB) slowly
accumulates in granular structures, which are derived from gly-
cogen turnover (17, 18). The metabolic activities decrease as the
cells enter into a dormant-like state, in which they can survive for
months. As soon as a combined nitrogen source becomes available
again, chlorotic cells rapidly awake and resume metabolism (15,
18, 19). This is accompanied by a gradual decrease in the levels of
S110944 (19).

This study aimed to clarify the role of the Sl10944 protein in
Synechocystis and its involvement in Py signaling. Our results
indicate that S110944 regulates the glycolytic carbon flux in a Pp-
dependent manner through interaction with the 2,3-phosphoglycerate—
independent phosphoglycerate mutase (PGAM) in response to
the nitrogen status sensed via 2-OG. Specifically, we found that
S110944 swaps between P and PGAM in a 2-OG-dependent
manner. This establishes PGAM as a key control point of cya-
nobacterial carbon flow, as predicted previously by kinetic mod-
eling of the cyanobacterial low-carbon response (20, 21), and
S110944 as the key regulator of cyanobacterial carbon metabolism.
We therefore named the sll0944 product PirC (Pj-interacting
regulator of carbon metabolism).

Results

In Silico Analysis Reveals High Conservation of S110944 (PirC) among
Cyanobacteria. According to the Uniprot database, the gene sll0944
(from now on named PirC) of Synechocystis codes for a 164-
amino-acid-long “uncharacterized protein” (https:/www.uniprot.
org/uniprot/P77971). A databank search for orthologues using the
Basic Local Alignment Search Tool (BLAST) revealed that PirC is
highly conserved among cyanobacteria. All the homologous pro-
teins contain the Domain of Unknown Function 1830 (http://pfam.
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xfam.org/family/PF08865). A conserved NtcA-binding site 5'-
GTN;(AC-3', which is responsible for nitrogen-starvation—induced
expression (22), is situated in front of the respective genes. These
findings suggest that pirC and its orthologs might all be responsive
to nitrogen starvation. Gene neighboring analysis in 53 cyano-
bacterial genomes revealed that in 67% of the cases, the pirC
homologs are flanked by a gene encoding for a radical S-adenosyl
methionine (SAM)-like protein, annotated as Elongator protein 3
(SI Appendix, Fig. S1), which was recently shown to be a non-
canonical transfer RNA acetyltransferase (23). In Synechocystis,
the pirC gene is upstream of glg41, which encodes the major gly-
cogen synthase that is required for acclimation to nitrogen
deprivation (19).

Protein sequence alignments showed that the first 52 N-ter-
minal amino acids of the annotated PirC sequence are not con-
served in any of the other orthologs (SI Appendix, Fig. S2).
Furthermore, the experimentally validated transcriptional start
site from Synechocystis (24) suggests a shorter open reading frame
(ORF) with Met-53 as putative translational start site for PirC.
Our initial heterologous expression of the long and short pirC
variant in Escherichia coli revealed that only the short variant can
be expressed into a properly folded and soluble protein. This
finding supports the notion that the 112-amino-acid-long version
of PirC represents the physiologically relevant protein. Hence, this
short variant was used in all subsequent work.

PirC Is a Strong P,-Binding Partner. A first series of experiments
were set out to verify the putative interaction between Py and
PirC (12). In vitro affinity purification experiments revealed that
recombinant PirC coeluted with strep-tagged Pyy in the presence
of ATP or ADP, but not in the presence of ATP plus 2-OG (SI
Appendix, Fig. S3A4). As expected, in the control samples lacking
strep-tagged Py, the elution fractions did not contain any PirC.
The observation that PirC is unable to interact with ATP- and
2-OG-bound Py; is common to many Pyj-interacting partners and
a sign of binding specificity (25). The influence of effector
molecules on the interaction between PirC and Py; was further
quantitatively analyzed by bio-layer interferometry (BLI). In this
assay, binding of an analyte in solution to a ligand immobilized
on a biosensor surface (or tip) produces a shift in wavelength,
which serves as readout of analyte-ligand interaction. For our
purposes, recombinant C-terminal Hisg-tagged Py was bound to
the Ni-NTA biosensor surface, while strep-tagged PirC was
added as analyte in solution. In the absence of effector mole-
cules, we observed a weak interaction between Pj; and PirC
(Fig. 1 A and B). In the presence of ATP or ADP, PirC binding
to Py strongly increased. Quantitative measurements revealed
apparent Kp values of 37.3 + 2.5 nM and 14.1 + 0.7 nM for
Pp—PirC complex formation in the presence of 2 mM ATP and
ADP, respectively. Similar results were obtained using surface
plasmon resonance (SPR) spectrometry. The maximum response
after injection of PirC in presence of ATP over the Py-loaded
sensor was 270 response units (RUs) when the SPR sensor chip
was loaded with 1,000 RUs of His-tagged Py; (SI Appendix, Fig.
S3B). Given that in SPR spectrometry, the response signal in
RUs is proportional to the mass change on the sensor, the mass
increase of 270 RUs by PirC on 1,000 RUs of Pyj-loaded sensor is
close to one PirC monomer per Py; trimer bound. The inhibitory
effect of 2-OG on Py—PirC interaction was further quantified by
BLI through titration with increasing 2-OG concentrations at a
constant concentration of 2 mM ATP (Fig. 1C). A half maximal
inhibitory concentration (ICsp) of 123.4 + 1.1 pM for 2-OG was
determined, a value close to the Kp, of the third (lowest affinity)
2-OG-binding site of Py (26). Therefore, it seems that occupa-
tion of all three effector binding sites in Py with 2-OG is required
to prevent complex formation with PirC.
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Fig. 1. Complex formation of P, with PirC and modulation by effectors ADP, ATP, and 2-OG. (A) BLI binding assays. His-tagged P, was immobilized on sensor
tips and allowed to associate for 180 s with PirC in presence of either 2 mM ATP (Top), ADP (Middle), or without effectors (Bottom), followed by 300 s
dissociation. The overlay of response curves with increasing concentrations of PirC (9.375 nM to 1,500 nM) is shown. (B) Plot of maximum binding responses
from (A) for the calculation of binding constants (depicted below). (C) Plot of ICso determination for inhibition of PirC—P;, binding by increasing 2-OG con-
centrations at a constant 2 mM of ATP. All experiments were performed in triplicates, and corresponding SDs are shown in B and C.

Physiological Role of PirC in Synechocystis. The high conservation of
pirC in the cyanobacterial phylum, including conservation of the
NtcA-binding site, indicated an important function for PirC
during acclimation to nitrogen depletion, a feature common to
all the members of this phylum. To identify such a function, we
generated a pirC-deficient mutant (ApirC) as well as strains
complemented either with the native pirC gene (ApirC::pirC) or
with pirC variants encoding fluorescent proteins fused to PirC (S/
Appendix, Fig. S4).

Acclimation of these strains to long-term nitrogen starvation
was investigated under continuous light or in a day/night regime.
Growth (as indicated by an increase in optical density) and de-
gree of pigmentation as well as glycogen and PHB content were
monitored over 1 mo. In the wild-type strain pigment degrada-
tion after removal of combined nitrogen required 21 d under
day/night regimes but only 5 to 7 d in continuous light (SI Ap-
pendix, Fig. S5) (15). Pigment degradation was slightly retarded
in the ApirC mutant compared to the wild-type and com-
plemented strain. Moreover, the increase in optical density at
750 nm (OD75¢) of the ApirC mutant was lower than that of the
wild-type and complemented strains (Fig. 24), which indicates
that in the ApirC mutant, the final cell division upon nitrogen
deprivation is delayed. In contrast to these rather modest effects,
a striking phenotype for the ApirC strain was observed with re-
spect to glycogen accumulation. After the removal of combined
nitrogen sources, both the wild-type and complemented strain
showed the typical rapid and steep increase in cellular glycogen
levels, which were maintained throughout the entire period of
nitrogen-starvation—induced chlorosis. By contrast, glycogen con-
tent in the ApirC mutant reached only 28% of the wild-type level
and subsequently declined again. As opposed to glycogen, the
ApirC mutant accumulated significantly more PHB (up to 49% of
the cell dry mass) than the wild-type and the complemented strain
(30% and 29% PHB per cell dry mass, respectively) (Fig. 2B). To
confirm this result, PHB granules were visualized by fluorescence
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microscopy after staining the cells with Nile Red or by transmis-
sion electron microscopy (TEM) (Fig. 2C). After 35 d of nitrogen
depletion, a much higher PHB content was observed in the ApirC
mutant than in the wild-type or complemented strain in both
fluorescent and TEM micrographs, confirming the results of the
chemical PHB quantification.

Identification of PirC-Controlled Processes. The altered glycogen
and PHB accumulation patterns in nitrogen-deprived ApirC cells
suggested a crucial role for PirC in carbon storage metabolism
during nitrogen starvation. To elucidate the corresponding mo-
lecular mechanism, we aimed to identify additional molecular
targets of PirC. To this end, coimmunoprecipitation (CoIP) ex-
periments were conducted using crude extract of nitrogen-
starved ApirC cells expressing a PirC-mCitrine fusion protein
(ApirC::pirC-mCitrine). PirC-mCitrine in the crude extract of
ApirC::pirC-mCitrine was precipitated using a GFP-trap con-
sisting of an anti-GFP Nanobody/VyH coupled to magnetic
agarose beads (http://www.chromotek.com). Note that the anti-
GFP nanobodies bind different variants of GFP, including
mCitrine. Chromotek binding control magnetic agarose was used
to determine the unspecific background binding. IPs were per-
formed in the presence of Mg®*, ATP, and 2-OG or in the ab-
sence of additionally supplemented effectors. The eluates from
independent experiments were analyzed after tryptic digestion by
quantitative mass spectrometry to identify coimmunoprecipitat-
ing proteins. In the absence of 2-OG, immunoprecipitation of
PirC-mCitrine only enriched for Py, confirming that Py is the
major PirC-interaction partner in these conditions (SI Appendix,
Fig. S6). The addition of 2-OG/ATP to the extract completely
changed the pattern of coimmunoprecipated proteins: instead of
Py, the enzyme 2,3-bisphosphoglycerate-independent PGAM,
encoded by the gene slr/945, appeared as dominant PirC inter-
actor (SI Appendix, Fig. S7). PGAM converts 3-phosphoglycerate
(3-PGA) into 2-phosphoglycerate (2-PGA) at the beginning of
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three biological replicates. (A) Growth curves of the wild-type (WT), the pirC null mutant (4ApirC), and the complemented (4pirC::pirC) strain as measured by
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Note that Nile Red stains the PHB granules within each cell. Bottom rows: TEM Pictures (5,000x magnification).

lower glycolysis. In addition to PGAM, an ortholog of the CcmP
protein, encoded by the gene sir0169, was also found as a PirC-
interacting protein, but with a lower enrichment factor compared
to PGAM. CcmP has been identified as a minor shell protein in
carboxysomes of Synechococcus elongatus PCC 7249. The tri-
meric shell protein has a central pore that can be opened and
closed, most likely for the movement of metabolites such as the
PGAM substrate 3-PGA (27, 28).

PirC Swaps from P;- to PGAM-Binding in a 2-0G-Dependent Manner,
Thus Inhibiting PGAM Activity during Chlorosis. The observed in-
teraction of PirC with PGAM suggested that PirC negatively
regulates PGAM activity. This assumption is consistent with the
decreased glycogen and increased PHB levels in the ApirC mu-
tant because PGAM diverts newly fixed carbon from the Calvin
cycle toward lower glycolysis, through which acetyl-CoA, the
precursor metabolite of PHB, is produced. To validate the pu-
tative role of PirC in the regulation of PGAM, recombinant
PGAM was purified via an N-terminal Hise-tag for biochemical
characterization.

First, we tested the influence of PirC on PGAM catalytic ac-
tivity using an enzymatic assay, in which the PGAM-catalyzed
conversion of 3-PGA to 2-PGA is coupled with enolase, pyruvate
kinase, and lactate dehydrogenase to the final oxidation of re-
duced nicotinamide adenine dinucleotide (NADH). The His-tag
was removed from recombinant PGAM by thrombin cleavage to
prevent interference with catalysis. Furthermore, we verified that
PirC had no effect on the activities of the coupling enzymes (S
Appendix, Fig. S8). A clear PirC-dependent inhibition of PGAM

40f9 | PNAS
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activity was observed when PirC was added at increasing con-
centrations to the reaction mix of the enzymatic assay. PirC
inhibited PGAM in a competitive manner by increasing the Ky
for the substrate 3-PGA rather than lowering the V.. At nearly
equimolar concentrations of PirC (200 nM) and PGAM (166
nM), the catalytic efficiency was reduced to one third. In the
presence of an excess of PirC, the catalytic activity of PGAM
could be reduced more than 10-fold as compared to the absence
of PirC (Fig. 34 and Table 1).

Second, the interplay of P;; and PirC on PGAM activity was
analyzed because we assumed that Py; might regulate the inhib-
itory interaction of PirC with PGAM, in analogy to the effect of
Prr on PipX-NtcA interaction (14). To this end, we performed
PGAM assays in the presence of PirC and Py; and supplemented
the assays with ATP and different 2-OG concentrations, re-
spectively (Fig. 3B). Addition of Py in the absence of 2-OG
abolished the inhibitory effect of PirC on PGAM activity. The
Ky for 3-PGA returned to the value of noninhibited PGAM
(Table 1). However, in the presence of 1 mM of 2-OG, a con-
centration corresponding to high C/N conditions in Synechocystis
cells, PirC was again able to inhibit PGAM as in the absence of
P;;. When 2-OG was added at a concentration of 0.123 mM
(corresponding to the IC50, oG value of Py—PirC complex for-
mation), the inhibition of PGAM was ~50% of the maximal
inhibition with PirC in the absence of 2-OG. These results un-
ambiguously indicate that in vitro, in presence of high 2-OG
levels, binding of 2-OG to Py disrupts Pp—PirC interaction and
promotes binding of PirC to PGAM, thus inhibiting its activity.
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Fig. 3. Effect of PirC on PGAM enzyme activity and PGAM-PirC complex formation. (A4) Inhibition of PGAM activity by increasing PirC concentrations rep-

resented as Lineweaver-Burk plot. The corresponding kinetic constants are shown in Table 1. PirC has no effect on coupling enzymes as shown in supplements
(SI Appendix, Fig. S8). (B) Modulation of PGAM activity by PirC (600 nM) in presence or absence of P, (600 nM trimer) and 0.4 mM ATP without or with
0.123 mM or 1 mM 2-OG. Each point represents the mean of triplicates. (C) Steady-state graph of PirC-PGAM binding assays using BLI. The mean of the Req
value (three independent replicates) was plotted against the molar concentration of Strep—PirC. The inset shows the raw binding curves at different PirC
concentrations. (D) Competitive inhibition of PirC-PGAM interaction by 2-PGA and 3-PGA. Plot shows determination of 1Cso. (E) Steady-state graph of
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The inhibitory effect of PirC binding on PGAM activity was
further investigated using BLI assays. To this end, Hise-tagged
PGAM was bound to the biosensor tip, and strep-tagged PirC
protein was added in solution as analyte at varying concentra-
tions (Fig. 3C). A stable PGAM-PirC complex formed in the
absence of any effector molecules. The competitive inhibition
mode (Fig. 34) suggested that the substrates of PGAM could
compete with PGAM-PirC interaction. Indeed, the addition of
the PGAM substrates 3-PGA or 2-PGA (for the forward and
backward reaction, respectively) had inhibitory effects on com-
plex formation. Addition of 2-PGA inhibited complex formation
2.4 times stronger (ICsp = 0.97 mM) than 3-PGA (ICs) = 2.4
mM) (Fig. 3D). When the metabolites were added at their ICs,
concentration, 2-PGA (1 mM) increased the Kp, of PirC-PGAM
interaction to 1,702 nM and 3-PGA (2.4 mM) to 459 nM, re-
spectively (Fig. 3E and Table 1).

PirC Deletion Leads to Accumulation of the Metabolites of Lower
Glycolysis. The above-described analysis of the PGAM-PirC-Py;
triad demonstrated inhibition of PGAM activity by PirC, in re-
sponse to the binding of the C/N-status reporter metabolite 2-
OG to Pyy. This suggests that in wild-type cells, during nitrogen
starvation (i.e., when high 2-OG levels accumulate), the inhibi-
tion of PGAM by PirC supports the formation of high glycogen
levels by diminishing carbon catabolism via lower glycolysis. In
the absence of this inhibition (i.e., in the ApirC mutant), glyco-
gen catabolism via glycolysis increases. To further verify this
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hypothesis, we monitored over time the levels of metabolites in
wild-type and ApirC mutant cells during the shift from nitrate-
replete (NO;) to nitrogen-depleted (—N) medium. Samples for
metabolome analysis were withdrawn after 0, 6, 24, and 48 h
from the shift. Nitrogen depletion had the expected effect on the
total cellular steady-state metabolite pools (i.e., soluble amino
acids were depleted to large extent, while organic acids accu-
mulated), resulting in lowered N/C ratios under —N conditions
(SI Appendix, Fig. S9). Most organic acids participating in the
TCA cycle such as citrate, malate, and succinate accumulated in
both strains in a similar manner when shifted to —-N conditions
(Fig. 4). Also, the products of ammonium assimilation via GS/
GOGAT, glutamine (GlIn), and glutamate (Glu) showed similar
changes in the wild-type and ApirC strain with rapid decrease in
Glu and slower decrease in Gln. Besides these general metabolic
responses, in which the ApirC mutant showed no discernable
differences, a few very specific and intriguing differences were
recorded at decisive steps: the C/N-status reporter molecule 2-
OG accumulated immediately after —N shift in both strains. In
the wild-type, the 2-OG levels decreased gradually over the
following 48 h, whereas they remained constantly elevated in
ApirC cells, and they even slightly increased (Fig. 4). Moreover,
the 3-PGA concentration increased in the wild-type over the
course of nitrogen starvation, whereas it gradually declined in
the ApirC mutant. The increasing 3-PGA levels, substrate of the
PGAM, in the wild-type cells indicate in vivo inhibition of the
PGAM reaction, whereas lack of PGAM inhibition by PirC
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Table 1.
interacting molecules

Kinetic constants of PGAM under varying concentrations of PirC and changes of constants by addition of PirC-

Inhibition of PGAM by PirC at varying concentrations

PirC, nM Km, mM

0 0.1266 + 0.0064
200 0.3584 + 0.0216
400 0.7056 + 0.0499
600 1.376 = 0.102
800 1.715 + 0.145

Antagonistic effect of P, and its modulation by 2-OG (0.4 mM ATP, 600 nM PirC, and 600 nM P;3)

Modulators of PGAM Kpm, MM
None 0.1499 + 0.0121
PirC 4.0220 + 1.338
PirC/P, 0.1855 + 0.0247

PirC/P, + 0.123 mM 2-0G
PirC/P” + 1 mM 2-0G

1.8410 + 0.5461
2.887 + 0.8542

Binding constants for PGAM-PirC binding and modulation by substrates

Sample Kp, nM
No Effectors 2.89+ 34.49
2-PGA 1702 + 744 (at 1Csp)
3-PGA 459.1 + 32.0 (at ICsp)

Vimax, Nkat - mg™ Keate 57 Keat - Ky~ st -M7!
47.54 + 0.52 2.776 + 0.030 21959.0 + 1104.7
44,92 + 0.75 2.623 + 0.044 7329.8 + 441.1
46.56 + 1.09 2.719 + 0.063 3859.1 + 273.0
47.11 + 1.39 2.751 + 0.081 2002.2 + 1484
43.27 + 4.10 2.526 + 0.239 1618.7 + 369.4

Vmax kat - mg™ Keats 57 Keat - K™ s7'-M7!
89.76 + 2.17 5.41 + 0.13 36097.4 + 2921.0
92.80 + 24.78 5.59 + 1.49 1390.9 + 462.7

105.90 + 4.51 6.38 + 0.27 34409.7 + 45725
142.70 + 28.47 5.56 + 1.24 3021.7 + 896.3
92.28 + 20.51 8.60 + 1.72 2980.3 + 881.8
ICso, MM
0.97 + 0.001
2.4 + 0.001

Binding constants of PGAM/PirC complex with or without the presence of the substrates.

explains the low 3-PGA levels in the ApirC mutant. 3-PGA is
known as an allosteric activator of the glucose 1-phosphate—
adenylyltransferase (GIgC) in bacteria, which catalyzes the initial
step of glycogen synthesis (29). Downstream of the PGAM re-
action, the levels of pyruvate responded inversely to 3-PGA, with
decreasing levels in the wild-type but a strong increase in the
ApirC mutant. The pyruvate level in the mutant was 14-fold
higher than in the wild-type after 48 h of N starvation. Again, this
observation is consistent with an increased flux through the
PGAM reaction due to the missing inhibition by PirC, since the
produced 2-PGA is further converted into pyruvate. The in-
creased carbon flux toward pyruvate in the ApirC mutant lowers
the carbon flux toward glycogen and increases the levels of PHB,
which is derived from acetyl-CoA (i.e., the immediate reaction
product from pyruvate).

Subcellular Localization of PirC. To determine the subcellular lo-
calization of PirC during different growth stages, when PirC pre-
sumably interacts preferentially with either Py or PGAM, we
analyzed cells expressing a PirC-GFP fusion protein (ApirC::pirC—
eGFP) by fluorescence microscopy. The eGFP signal was centrally
localized in the cytoplasm (SI Appendix, Fig. S10) in cells during
exponential growth in nitrate-containing BG;; medium, conditions
that promote binding of PirC to Py;. Shifting the cells to nitrogen-
depleted medium increased the 2-OG levels (see Fig. 4), which
should promote dissociation of the P;—PirC complexes and allow
interaction of PirC with PGAM. Accordingly, the localization of
PirC-eGFP changed after nitrogen downshift. The centrally lo-
calized eGFP signal slowly expanded to the peripheral region of
the cytoplasm during the first 24 h after nitrogen starvation, where
it then remained throughout chlorosis. This result corroborated
the dynamics of PirC interactions and its response to nitrogen
limitation.

Discussion

In this study, we identified a key control point of cyanobacterial
carbon metabolism, the glycolytic PGAM reaction, converting 3-
PGA into 2-PGA. In animal systems, where glycolysis supplies
energy, it has been shown that glycolytic breakdown of glucose 6-
phosphate is mainly regulated at the phosphofructokinase level
according to the energy demand of the cells (30). By contrast,
in photoautotrophic organisms, glycolytic steps are used in
two directions, in the gluconeogenic direction toward glycogen
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or starch synthesis and in the glucose catabolic direction, re-
spectively, to produce precursors for multiple biosynthetic routes
required for cell growth. The PGAM reaction is at the branch
point of newly fixed CO,. 3-PGA, the first stable reaction
product from RubisCO-catalyzed CO, fixation, can be metabo-
lized in two directions. Most of it is converted into 2,3-bisphos-
phoglycerate and further to glyceraldehyde-3-phosphate (GAP),
from which the acceptor of RubisCO, ribulose 1,5-bisphosphate,
is regenerated via the Calvin cycle reactions. Excess GAP is used
via gluconeogenic reactions to synthesize glycogen (in plant
starch). Alternatively, 3-PGA can be diverted from the Calvin
cycle through its direct conversion to 2-PGA by PGAM. 2-PGA
is further metabolized in lower glycolytic reactions, from where
the majority of cellular amino acids and lipids are derived in
photoautotrophs, with pyruvate, acetyl-CoA, and 2-OG representing
key precursors.

The PGAM reaction was previously predicted as a key control
point of carbon metabolism by kinetic modeling of the cyano-
bacterial low-carbon response (20, 21). It was shown that 2-PGA
accumulates to high amounts (5 to 7 times) in cells shifted from
high CO, (5%) to ambient air (0.04% CO,) in Synechocystis (31) as
well as in Synechococcus elongatus PCC 7942 (32). The high 2-PGA
accumulation was taken as an indication that under carbon-limiting
conditions, newly fixed organic carbon is directly deviated from the
Calvin cycle into lower glycolysis by the PGAM reaction to sustain
biosynthesis of amino acids and other cellular compounds. Here,
we provide in vitro and in vivo evidence that the reaction catalyzed
by the product of the slr1945 gene, PGAM, represents a key con-
trol point for acclimation to nitrogen starvation. This control
operates through a regulatory mechanism, in which the small
regulatory protein PirC acts as a mediator of the signal from the
pervasive Py regulatory protein to tune the activity of PGAM, a
control mechanism so far never described for enzymatic reactions.
To further understand the competitive inhibition of PGAM by
PirC, as demonstrated here through kinetic and binding studies,
structural analysis of the enzyme complexes will be required.

According to our model depicted in Fig. 5, Py binds to PirC
under nitrogen-sufficient conditions, when 2-OG levels are
low, thereby preventing the interaction with PGAM. Efficient
conversion of 3-PGA to 2-PGA by highly active PGAM directs
newly fixed carbon toward lower glycolysis to support the syn-
thesis of amino acids and fatty acids. Only a minor fraction is
converted into glycogen. When the cells experience nitrogen
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result of the entire metabolite analysis is shown in S/ Appendix, Fig. S9.

limitation, they accumulate the intracellular 2-OG levels. As a
result of 2-OG binding to Py, the P —PirC complex dissociates,
and PirC interacts with PGAM, thereby inhibiting its enzymatic
activity. This is accompanied by a relocalization of the PirC-
eGFP signal from the central region of the cell to the periphery.
The central localization of PirC—eGFP is indicative of the pres-
ence of PirC-Py complexes as Py was previously shown to lo-
calize in the central cytoplasm of cells grown in the presence of

co,
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nitrate (11). As a consequence of the PirC-PGAM interaction,
conversion of 3-PGA to 2-PGA is blocked in nitrogen-starved
cells, leading to increased 3-PGA levels, which are now redir-
ected toward glycogen. Due to this metabolic switch, the flux
toward amino acid synthesis is slowed down, thus adjusting cel-
lular metabolism to the limited supply of nitrogen. Furthermore,
3-PGA is an allosteric activator of GlgC, which catalyzes the
initial and regulated step of the glycogen synthesis (29). Hence,

Glycogeng*

Fig. 5. Model of regulation of central carbon metabolism by PirC, P;, and PGAM interactions. In vegetative cells, when 2-OG levels are low, P, (depicted as
trimer in blue, green, and red) binds to PirC and prevents the inhibition of PGAM. PGAM directs 3-PGA downstream to the biosynthesis of fatty acids (FAS) and

amino acids mainly via the TCA cycle. When the cells are N depleted, 2-0OG

levels increase and promote release of PirC from Py. PirC binds to and inhibits

PGAM. This results in an elevation of the 3-PGA concentration. 3-PGA enhances the activity of GlgC and directs the carbon flux toward glycogen, resulting in

enhanced glycogen accumulation. CBB: Calvin-Benson-Bassham cycle.
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the PirC-mediated PGAM inhibition not only slows down lower
glycolysis but also stimulates glycogen accumulation via the GlgC
activation. The glycogen levels increase until the cells are densely
packed with glycogen, which can amount up to 50% of the dry
weight in chlorotic cells (15). Already after 24 h of nitrogen
starvation, accumulation of glycogen reaches a maximum, and
the levels remain high throughout chlorosis. Recent data indicate
a constant turnover of glycogen until the cells enter complete
dormancy (17). In Synechocystis, which expresses the PHB syn-
thesis machinery, acetyl-CoA molecules arising from the residual
glycolytic flux during chlorosis are directed toward PHB synthesis.
Hence, the amount of PHB steadily increases during prolonged
nitrogen starvation. In the ApirC mutant, PGAM cannot be ap-
propriately inhibited. Therefore, increased flux toward 2-PGA and
lower glycolysis leads to a massive accumulation of PHB. In
agreement with this model, Pyj-deficient Synechocystis mutants are
unable to accumulate PHB during nitrogen-starvation—-induced
chlorosis (33). In the absence of Py, PirC will constantly inhibit
PGAM activity, resulting in decreased levels of metabolites
downstream of 2-PGA (10) due to the limited supply of acetyl-
CoA for PHB synthesis.

This glycolytic switch at the enzymatic level of PGAM via the
small Py-interacting regulatory protein PirC is reminiscent of the
control of NtcA-dependent transcription by the small Py-inter-
acting protein PipX. The latter is either complexed to Py under
low 2-OG levels or bound to NtcA at elevated 2-OG levels (6).
Hence, the two small Pj;-mediator proteins, PirC as well as PipX,
functionally interact to coherently reprogram metabolism and
gene expression under low-nitrogen conditions. Through release
of the Py —PirC complex in response to increasing 2-OG levels,
PirC tunes down PGAM activity. This response is further am-
plified by the concomitant dissociation of the Py—PipX complex
and association of PipX to NtcA, accompanied by NtcA-dependent
expression of many low-nitrogen—induced genes, among which is
the pirC gene. In chlorotic cells, pirC (sll0944) is among the most
strongly up-regulated genes within the entire transcriptome (15),
and, accordingly, PirC is one of the most highly enriched proteins
during chlorosis (16). In an advanced stage of chlorosis, this strong
accumulation of PirC ensures tight inhibition of glycolysis to
maintain high glycogen levels, which are required for efficient exit
from the dormant state of chlorosis (19).

Through engagement of such mediator proteins, Pyy can largely
expand its regulatory space. In principle, any cellular activity,
which can be modulated through interaction with a peptide, could
be tuned by Py; by engineering the peptide to bind Py, thus pro-
viding a new toolbox for synthetic biology. It is also reasonable to
speculate that disabling the regulation of PirC can be used for
metabolic engineering in cyanobacteria, in particular, for the
bioproduction of metabolites derived from lower glycolysis, such
as succinate, malate, or lipids as well as fatty acids. Furthermore,
cyanobacteria have the potential to synthesize isoprenoids or
terpenes via the methylerythritol phosphate pathway whose pre-
cursors are pyruvate and GAP (34). In addition, genetically
engineered cyanobacteria can be used for the synthesis of heter-
ologous compounds such as I-butanol from acetyl-CoA (35).
However, it should be kept in mind that the utility of the PirC
mutation is especially beneficial for processes that are performed
under nitrogen-limited conditions. As a proof of principle, we took
advantage of the redirection of the carbon metabolism toward
PHB synthesis in the PirC-deficient mutant to further increase the
levels of PHB in the cell: we engineered the PirC-deficient mutant
to express the high processive PHB biosynthetic enzymes from
Cupriavidus necator, resulting in a strain that accumulates more
than 80% PHB of cell dry mass under nitrogen-depleted condi-
tions. This is by far the highest accumulation of PHB ever
reported in a cyanobacterium (36). This result impressively dem-
onstrates the impact and biotechnological potential of decoupling
the regulation by PirC.

80of9 | PNAS
https://doi.org/10.1073/pnas.2019988118

Materials and Methods
Full protocols are available in S/ Appendix, SI Materials and Methods.

Strains and Cultivation. A list of all used strains for this study is provided in S/
Appendix, Table S1. Synechocystis sp. PCC 6803 strains were cultivated in
BG; medium according to Rippka (37) either at continuous illumination
(~50 uE m™2 - s7") or light-dark conditions (12 h light and 12 h darkness) and
28 °C. For nitrogen depletion, cultures were cultivated in BG-11 media
without 17.65 mM NaNOs. Whenever necessary, appropriate antibiotics
were added to the different strains to ensure the continuity of the mutation.
Cultivation of E. coli cultures was performed with lysogeny broth (LB)
medium and LB-agar.

Plasmids and Cloning. A list of all used primers, plasmids, and the cloning
procedures is in SI Appendix, Table S2 as well as in S/ Appendix, Fig. S4.

Overexpression and Purification of Proteins. Recombinant proteins were
overexpressed in E. coli Lemo21. His-tag proteins were purified on 1 mL Ni-
NTA HisTrap columns (GE Healthcare) as described previously (10). For pu-
rification of strep-tagged proteins, 5 mL strep-tactin superflow columns
were used as described previously (10). The His-tag of PGAM was removed
by Thrombin cleavage using bovine thrombin of Sigma-Aldrich according to
protocol (38).

ColP and Liquid Chromatography-Mass Spectrometry. For ColP experiments in
presence of the P, effector molecules, cells of Synechocystis APirC::PirC—
mCitrine cultures were harvested after 24 h N depletion and resuspended in
2 mL binding buffer (100 mM Tris [pH 7.5], 100 mM KCI, 1 mM MgCI2, 1 mM
DTT, 0.5 mM EDTA, 2 mM ATP, and 2-OG). After lysing the cells, the lysate
was centrifuged, and from the supernatant, a volume containing 3 mg of
protein was used for the immunoprecipitation using GFP-Trap Magnetic
Agarose beads or control beads without antibodies according to the man-
ufacturer’s protocol (Chromotek, Planegg-Martinsried, Germany). Bound
proteins were eluted by heating in sodium dodecyl sulfate (SDS) loading
buffer, and the solution was subjected to short SDS-polyacrylamide gel
electrophoresis (PAGE) runs on 12% Bis-Tris Gels (Invitrogen). After staining
with Coomassie blue, protein regions were isolated and InGel digested with
trypsin as described (39). After cleaning peptides with StageTips (40), liquid
chromotography-mass spectometry (LC-MS/MS) analysis was performed on a
Q Exactive HF mass spectrometer (Thermo Fisher Scientific, Germany), using
linear, segmented 60-min nano liquid chromatography (nanoLC) reversed
phase (RP) gradients as described (16). From triplicate experiments, all raw
data were processed using MaxQuant software suite (version 1.6.5.0) at
default settings. Tandem mass spectrometry peak lists were searched against
a target-decoy database of the Synechocystis proteome, including the se-
quence of PirC (S110944)-mCitrine. Label-free quantification (LFQ) was used
to calculate LFQ intensities for each ColP sample as described in extended
protocol in the supplement.

BLI Using the Octet K2 System. In vitro binding studies were done by BLI
using Octet K2 system (FortéBio) as described previously (10). In the first step,
P,-Hisg (400 nM, trimeric) or PGAM-Hisg (500 nM) was immobilized on Ni-
NTA sensors (FortéBio), followed by a 60-s baseline measurement. For the
binding of PirC, the biosensors were dipped into the PirC solution for 180 s
(association), with concentrations ranging between 9.375 nM to 1,500 nM. In
Py-binding studies, effector molecules ADP, ATP, or 2-OG were added to the
binding buffer as indicated and in PGAM binding assays, 2PG or 3 PGA. Fi-
nally, the complexes were allowed to dissociate for 300 s. For each binding
experiment, a negative control without an interaction partner was per-
formed in parallel. The response in equilibrium (Req) was calculated using
the data analysis software of the Octet System. To calculate the dissociation
constant Kp, the concentration versus Req plots were made for each set of
experiments.

Glycogen Measurement and PHB Quantification. Glycogen was quantified
according to ref. 19. PHB was detected by high-performance LC as described
previously (41).

PGAM Enzymatic Assay. The PGAM activity and the effect of PirC was de-
termined by a coupled enzyme assay as described previous (42, 43) with 10 ug
of purified PGAM used in a 1 mL reaction. The reaction mixture containing
20 mM Hepes-KOH (pH 8.0), 100 mM KCl, 5 mM MgSO,, 0.4 mM MnCl,,
50 pg-ml‘1 BSA, 1 mM DTT, 0.4 mM ADP, 0.2 mM NADH, 0.5 U enolase (Sigma
Aldrich), 2 U Pyruvate kinase (Sigma Aldrich), 2 U Lactate dehydrogenase
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(Roche), and 10 pg PGAM was prewarmed to 30 °C. The assay was started by
adding the 3-PGA solutions. The resulted decrease of NADH over time was
recorded with Specord50 (Jena Analytics) at 340 nm. As blank, an assay
without 3-PGA was performed.

Fluorescence Microscopy and TEM. The visualization of PHB granules was done
by phase contrast fluorescence microscopy using the Leica DM5500 B with the
Leica CTR 5500 illuminator as described previously. Electron microscopic
pictures of lead-citrate— and uranyl-acetate-stained microtome sections of
glutaraldehyde and potassium-permanganate-fixed Synechocystis cells were
prepared as described (44). The samples were then examined using a Philips
Tecnai 10 electron microscope at 80 kHz.

Metabolome Analysis. For metabolome analysis by LC-MS, Synechocystis was
cultivated in 200 mL under N depletion as described previously for 48 h
under continuous lightning. The sampling was carried out 0, 6, 24, and 48 h
after the shift. Samples of 5 mL liquid culture were quickly harvested onto
nitrocellulose membrane filters and subjected to metabolome analytics as
detailed in SI Appendix.
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S| Material and Methods

Strains and cultivation
A list of all used strains for this study is provided in Table S1.

For preculturing and growth experiments, the Synechocystis sp. PCC 6803 (from now on
Synechocystis) strains were cultivated in BG11 medium according to Rippka (1). The cultivations
were performed in Erlenmeyer flasks without baffles whereby 50 ml cultures were cultivated in 200
ml flask and 200 ml cultures in 500 ml flasks. Typical cultivation was performed either at continuous
illumination (~50 WE m=2s~") or light-dark conditions (12 h light and 12 h darkness) and 28 °C while
the cultures were shacked continuously at 125 rpm. For nitrogen depletion, cultures were cultivated
in BG11 media without 17,65 mM NaNOs. Whenever necessary, appropriate antibiotics were added
to the different strains to ensure the continuity of the mutation.

For nitrogen deficiency experiments, pre-cultures of Synechocystis were cultivated for three days
as described previous at an initial OD7s0 of 0.1. Experimental cultures were then prepared in BG11
medium with a set starting OD7so0 of 0.2 and grown for two days under identical conditions until they
reached an ODg7so of 0.6-0.8. For the nitrogen shift experiments, cells from the cultures were
harvested by centrifugation (4000 g, 10 min), washed with and resuspended in BG110 medium to
create cultures with an initial ODzso of 0.4.

Cultivation of Escherichia coli cultures was performed with LB medium and agar.
Lennox broth: 5 g-I'' Yeast extract, 10 g-I"' Tryptone, NaCl 5 g-I'*, solid: 15 g-I"" agar

Plasmids and cloning

A list of all used primer, plasmids and its cloning procedure are listed in Table S2 and Table S3 as
well as in Figure S4.

Overexpression and Purification of Proteins

Escherichia coli Lemo21(DE3) were used for overexpression of the various kind of proteins. The
expression of His-tagged proteins was performed as described in the manufactured expression
protocol in 2-fold concentrated LB media. An overnight expression, induced by addition of 400 uM
IPTG, in a 1 | culture was performed with 1 mM L-rhamnose at 25 °C during continuous shaking at
120 rpm. Additionally, dependent on the plasmid the appropriated amount of the antibiotic was
added to the culture. The expression of Strep-tagged proteins based on pASK-Iba5Plus expression
plasmid was induced by addition of 200 ug-I'* anhydrotetracycline without addition of L-rhamnose
because of the T7 RNA polymerase independent expression.

The heterologous proteins containing His-tags were purified via 1 ml Ni-NTA HisTrap columns (GE
Healthcare). The cells were lysed in 50 ml lysis buffer containing 50 mM Na-phosphate buffer pH
8, 300 mI NaCl, 1 mM DTT, 1 mM Benzamidine and 0,2 mM PMSF. The His-tagged proteins were
loaded on the Ni-NTA column with Buffer A containing 50 mM Na-phosphate pH 8, 300 ml NaCl
and eluted via a gradient of increasing imidazole (0-500 mM, Buffer B) using a AKTAPurifier™
System (GE Healthcare). After this first purification, the proteins were further purified via size
exclusion chromatography using a Superdex™ 200 Increase 10/300 GL (GE Healthcare) with 50
mM Tris/HCI buffer containing 100 mM KCl and 0.5 mM EDTA.

For purification of Strep-tagged proteins, 5 ml Strep-tactin® superflow columns were used. Cells
were lysed in lysis buffer containing 100 mM Tris/HCI pH 8, 150 mM NaCl, 1 mM EDTA and 1mM
PMSF. The proteins were loaded on the column and eluted with buffer containing 5 mM
Desthiobiotin. The buffer of each purified protein was exchanged via dialysis using dialysis buffer
(50 mM Tris/HCI pH 7.8-8, 100 mm KCI, 5 mM MgClz, 0,5 mM EDTA, 40 % glycerol) and a 3 kDa
cutoff dialysis tube. All purification steps were checked via SDS-PAGE according to previous
studies (2).
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The His-tag of PGAM was removed by Thrombin cleavage using Thrombin of bovine of Sigma
Aldrich according to protocol (3).

In-batch Pulldown assay

Interactions between PirC and PIl were first checked via an in-batch pulldown experiment. For this,
Hise-PirC and Strep-Pll were mixed in equimolar amounts and incubated for 20 min at room
temperature in buffer containing 50 mM Tris/HCI, pH 7.8, 100 mM KCI, 0.5 mM EDTA, 10 mM
MgClz and additionally either 2 mM ATP, ADP or ATP and 2-OG. The mixtures were applied to
Strep-Tactin XT coated magnetic beads. After 30 min of incubation the magnetic beads were
removed via a strong magnet, followed by three times washing step with incubation buffer. For
analysis of bound proteins via SDS-PAGE, the beads were boiled 10 min at 100 °C as described
previously (2).

Co-Immunoprecipitation and Liquid chromatography-Mass spectrometry (LC-MS/MS)

To identify putative interaction partners of PirC, co-immunoprecipitation experiments were
performed. For this, Synechocystis APirC::PirC-mCitrine cultures were pre-cultivated in100 ml
BG11 medium to an OD7so of ~0,8 and subsequently shifted to N-depleted medium. For Co-IP
experiments in presence of the PII effector molecules, cells were harvested after 24 h N-depletion
by centrifugation for 10 min at 4200 x g at 4 °C, followed by resuspension of the cell pellet in 2 ml
binding buffer containing 100 mM TRIS (pH 7.5), 100 mM KCI, 1 mM MgClz, 1 mM DTT, 0.5 mM
EDTA, 2 mM ATP and 2-OG. The cells were lysed with 150 ul glass beads in 1.5 ml screw cap
tubes by harsh shaking in a high-speed homogenizer for 5 times 30 sec shaking at speed of 7 m -
s-! with each 5 min break. The lysate was than centrifuged at 25,000 x g for 5 min at 4 °C and a
supernatant volume corresponding to a protein yield of approx. 3 mg was used for the
immunoprecipitation. Therefore, GFP-Trap Magnetic Agarose beads or control beads without
antibodies were used according to the manufactured protocol (both Chromotek, Planegg-
Martinsried, Germany). The loaded magnetic beads were heated for 10 min at 95 °C in SDS loading
buffer for the dissociation of purified proteins. Protein solutions were subjected to short SDS-PAGE
runs, in which proteins were allowed to migrate for 1.5 cm into 12% Bis-Tris Gels (Invitrogen) and
then stained with Coomassie blue. Protein containing gel regions were isolated and subjected to
InGel digestion with trypsin as described elsewhere (4). Tree independent experiments, each
including a PirC-mCitrine and a control ColP were performed in total. Peptides were subjected to
a clean-up step using StageTips (5) and subsequently analyzed by mass spectrometry. LC-MS/MS
analysis was performed on a Q Exactive HF mass spectrometer (ThermoFisher, Germany), using
linear, segmented 60 min nanoLC RP gradients as described elsewhere (16). All raw data was
processed using MaxQuant software suite (version 1.6.5.0) at default settings. MS2 peak lists were
searched against a target-decoy database of the Synechocystis sp. PCC 6803 proteome, including
the sequence of PirC (SIl0944)-mCitrine. Label free quantification was used to calculate LFQ
intensities for each ColP sample. Data from all experiments was analyzed via the Perseus software
(version 1.6.5.0). For the identification of significantly enriched proteins in PirC-mCitrine ColPs, a
t-test was performed with the following requirements: each protein had to be detected in at least
two replicates and an FDR of 0.01 at SO = 0.1 was set.

Biolayer interferometry using the Octet K2 system

In vitro binding studies were done by Bio-layer interferometry (BLI) using Octet K2 system
(FortéBio). The experiments were performed in HEPES buffer (20 mM HEPES-KOH pH 8.0, 5 mM
MgCl2, 0.005 % NP-40, For protein interactions of Hiss-Pll—strep-PirC 150 mM KCI and for the Hiss-
PGAM-strep-PirC interaction 10 mM MnClz was added to the buffer. In the first step Pll-Hiss (400
nM, trimeric) or PGAM-Hiss (500 nM) were immobilized on Ni-NTA sensors (FortéBio) followed by
a 60 sec baseline measurement. For the binding of PirC, the biosensors were dipped into the PirC
solution for 180 sec (Association), with concentrations ranged between 9.375 nM — 1500 nM.
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Dependent on the experiment different effector molecules were added to the binding buffer, ADP,
ATP and 2-OG in PII binding studies, and 2PG as well as 3 PGA in PGAM binding assays. The
assay was terminated by a 300 sec dissociation step. To prevent false positive results in each
experimental set one measurement without any interaction partner was performed. The biosensors
were regenerated after each use with 10 mM glycine (pH 1.7) and 10 mM NiClz as proposed in
manufacturers recommendations. The recorded curves of a set were preprocessed by aligning to
the average of the baseline step and to the dissociation step. The response in equilibrium (Req) was
calculated using the Data Analysis Software of the Octet System. The Concentration versus Req
plots were made for each set of experiments which were then used to calculate the Dissociation
constant Kp.

Glycogen measurement

The determination of the glycogen content of Synechocystis cultures was performed according to
previous studies (6, 7). The glycogen was isolated from cell pellets of 2 ml culture. The glycogen
was hydrolyzed to glucose with 4,4 U - ul-* amyloglucosidase from Aspergillus niger (Sigma Aldrich)
for 2 h at 60 °C. The resulting glucose concentration was measured via o-toluidine assay (8). The
samples were boiled in 1:6 dilution with a 6 % o-toluidine reagent (in glacial acetic acid) for 10 min,
then cooled on ice and measured at 635 nm. The concentration of samples was calculated using
a calibration curve of defined quantity of glucose (0, 10 pg, 50 ug, 100 pg, 250 ug, and 500 ug).

PHB Quantification

Polyhydroxybutyrate was detected by high-performance liquid chromatography as described
previously (9). Eleven ml of chlorotic cultures were centrifuged at 4200 x g for 10 min and the cell
pellet was vacuum dried in pre-balanced 2 ml reaction tubes. To calculate the cell dry weight (CDW)
the tube was cradled again. Then the pellet was boiled for 60 min in concentrated H2SO4 (18 mol -
I). Thereby, the cells were lysed and PHB converted to crotonic acid. Next, 110 ul of this solution
was diluted 1:10 with 14 mM sulfuric acid solution and centrifuged 5 min at 25,000 x g followed by
another 1:2 dilution. After another centrifugation step 300 pl of the clear supernatant was used for
analytical HPLC. Reversed-phase HPLC was performed using the Chromatography system
HP1090 M, equipped with a thermostated autosampler and diode-array-detector, HP Kayak XM
600 workstation. The crotonic acid was detected by measuring the absorbance at 210 nm. The
crotonic acid concentration of the samples was calculated using a calibration curve of defined
concentrations (0.5 mg-ml-', 0.25 mg-ml-', 0.125 mg-ml-*and 0.0625 mg-ml-')

PGAM enzymatic assay

The PGAM activity and the effect of PirC was determined by a coupled enzyme assay as described
previous (10, 11). For that, 10 ug of purified PGAM was used in a 1 ml reaction. The reaction
mixture containing 20 mM HEPES-KOH (pH 8,0), 100 mM KCI, 5 mM MgSOQO4, 0.4 mM MnClz,
50 ug-mI'BSA, 1 mM DTT, 0.4 mM ADP, 0.2 mM NADH, 0.5 U enolase (Sigma Aldrich), 2 U
Pyruvate kinase (Sigma Aldrich), 2 U Lactate dehydrogenase (Roche) and 10 ug PGAM was pre-
warmed to 30 °C. The Assay was started by adding the 3-PGA solutions. The resulted decrease of
NADH over time was recorded with Specord50 (Jena Analytics) at 340 nm. A blank assay without
3-PGA was also performed, no decrease was detectable.

Phase contrast and fluorescence microscopy

The visualization of PHB granules was done by phase contrast fluorescence microscopy using the
Leica DM5500 B with the Leica CTR 5500 illuminator. The integrated camera Leica DFC 360 FX
was used for image acquisition. The settings were adjusted by the Leica Application Suite
Advanced Fluorescence (LAS 4.0). The specimen was prepared by dropping 10 pl of cell culture
on an agarose coated microscope slide and observed using the Leica HCX PL FLUATAR (100 x

4

118



1,30 PH3) with immersion oil for a 1000-fold magnification. The visual detection of PHB via
fluorescence was performed by staining the cells with 0,33 ug-ml-' Nile Red. The fluorescence of
Nile Red was excited with light between 542 — 568 nm (CYRS3 channel) and of GFP like proteins
with light between 455-495 nm (GFP channel). The images were processed by 3D deconvolution
of all channels using LAS.

Transmission electron microscopy

For electron microscopic pictures, Synechocystis cells were fixed with glutaraldehyde and post-
fixed with potassium permanganate, respectively. Afterwards, microtome sections were stained
with lead citrate and uranyl acetate (12). The samples were then examined using a Philips Tecnai
10 electron microscope at 80 kHz.

Metabolome analysis

For metabolome analysis by LC-MS Synechocystis was cultivated in 200 ml under N-depletion as
described previously for 48 h under continuous lightning. The sampling was carried out 0, 6, 24
and 48 hours after the shift. Samples of 5 mL liquid culture were quickly harvested onto
nitrocellulose membrane filters (g 25 mm, 0.45 ym pore size, Porafil NC, Macherey-Nagel) by
vacuum filtration, put in 2 ml Eppendorf microtubes, and immediately frozen in liquid nitrogen. Cells
on filters were stored at -80 °C until analysis.

Extraction was done using LC-MS grade chemicals. To every filter, 630 yL methanol and 1 uL
carnitine as internal standard (1 mg-ml') were added. Cells were re-suspended by rough mixing
and then incubating samples in a sonication bath for 10 min. Samples were shaken for 15 min prior
to addition of 400 pL chloroform and incubation at 37 °C for 10 min. Next, 800 pL of ultrapure water
were added. The extracts were shaken for 15 min and then incubated at -20 °C for at least 2 h. Cell
debris and filters were removed by centrifugation (20000 g, 5 min, 4 °C). The upper polar phase
was transferred completely into a new microtube and subsequently dried by vacuum concentration
(Concentrator plus, Eppendorf). The dried extracts were re-suspended in 200 uL deionized water
and filtrated (0.2 pm filters, Omnifix-F, Braun). The filtrates were then analysed via the high-
performance liquid chromatograph mass spectrometer LCMS-8050 system (Shimadzu), as
previously described by Selim et al., 2018 (13). LC-MS data analysis was done using the Lab
solution software package (Shimadzu).
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Fig. S3 - SDS-PAGE of in-batch pulldown assays in presence of 10 mM MgClz and either 2 mM
ATP, 2 mM ADP, or 2 mM ATP/2-OG. The first column represents the negative control without Pi.
PirC was co-eluted with Py attached to strep-tactin XT coated magnetic beads in presence of ATP
and ADP, observable by to bands. However, there is no band in presence of ATP/2-OG. In the
controls without Py, no elution of PirC was observed. 1: Marker; W: washing fractions; E: elution
fractions; C: control (reaction mix before the pulldown was performed).
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three replicates) of the complemented mutant ApirC::pirC.
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PirC (S110944)-mCitrine

Pl (Ss10707)

log, protein ratio PirC-mCitrine IP / Control IP
Replicate 2
0

(l?_
OIO_
=
"o B 5 4 2 0 > 4 6 8 10
log, protein ratio PirC-mCitrine IP / Control IP
Replicate 1

Fig. S6 - Validation of the interaction of the PirC-mCitrine construct with PIl. The newly
designed PirC-mCitrine fusion protein was tested in anti-GFP immunoprecipitation (IP) experiments
for interaction with the PII protein at conditions of low ATP and 2-OG levels, as revealed in reverse
IP experiments against a tagged PIl construct (14). The scatterplot of two independent PirC-
mCitrine IP experiments confirms a significant co-enrichment (p-value=0.01) of PirC and PII,
indicated in blue and red, respectively. The IP was performed with crude cell extracts from nitrogen-
starved cells of the ApirC::pirC-mCitrine strain, without addition of key metabolites. Extracts were
either incubated with GFP-Trap coated magnetic agarose beads (PirC-mCitrine IP) or protein A/G
agarose beads coated with an unrelated antibody (Control IP). IP eluates were differentially labeled
by dimethylation labeling and analyzed by high accuracy LC-MS/MS. MS data was processed and
analyzed as described elsewhere (14, 15).
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PirC (S110944)-mCitrine

v - ®

PGAM (SIr1945)

CcmP (SIr0169)

-log,, p-value
3
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log, LFQ ratio PirC-mCitrine IP / Control IP

Fig. S7 - The PirC interactome at nitrogen starvation conditions. Volcanoplot of three
independent PirC-mCitrine immunoprecipitation (IP) experiments displays co-enriched proteins.
Crude cell extracts from the nitrogen-starved ApirC::pirC-mCitrine strain were incubated with either
GFP-Trap coated magnetic agarose beads (PirC-mCitrine IP) or non-coated beads (Control IP) in
presence of ATP, 2-OG and Mg?*(each 2 mM). IP eluates were analyzed by high accuracy LC-
MS/MS using label-free quantification to calculate protein enrichment ratios. Significantly enriched
proteins were defined by t-test (FDR=0.01; S0=0.1) and are indicated in blue (PirC-mCitrine) or red
(co-enriched proteins).
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control assay

100 4

relative activity [%]

-PirC  +PirC

Fig. S8 — Control assay of coupled enzymes. Black bar represents the mean of triplicates with
SD of control assay without PirC addition. Purple bar represents the mean of triplicates with SD of
control assay with the addition of 600 nM PirC. In the assay 0.625 mM 2-PGA was added to the
assay.
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Fig. S9 — LC-MS analysis of the hole spectrum of measured compounds. On x-axis the
concentration of the compounds is shown in ng - ODzs0" - ml-'. Each bar represents the mean of
two technical replicates of two biological replicates. The Error bar represents the SD of the

measurement.
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overlay

Figure S10 - Intracellular localization of the PirC-eGFP fusion protein in Synechocystis sp.
PCC 6803. Change of the intracellular localization of the PirC-eGFP signal in Synechocystis after
nitrogen depletion. Representative pictures of three biological replicates. Directly after the shift to
nitrogen depleted conditions, the signal is localized centrally in the cytoplasm (0h) with no clear
change after 4 h (4 h). However, the signal is more distributed throughout the cell after 24 h.
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Table S1 - Used Organisms and strains in this study

Organism Strain Genotype Purpose
E. coli Top10 F- mcrA A(mrr-hsdRMS-mcrBC) Molecular Cloning
®80lacZAM15 AlacX74 recA1
araD139 A( araleu)7697 galU galK
rpsL (StrR) endA1 nupG
E. coli NEB1083 A(ara-leu) 7697 araD139 fhuA Molecular Cloning
AlacX74 galK16 galE15 e14-
®80dlacZAM15 recA1 relA1 endA1
nupG rpsL (StrR) rph spoT1 A(mrr-
hsdRMS-mcrBC)
E. coli Lemo21(DE3) |thuA2 [lon] ompT gal (A DE3) [dcm] [Protein Expression
AhsdS/ pLemo(CamR)
A DE3 = A sBamHIo AEcoRI-B
int::(lacl::PlacUV5::T7 gene1) i21
Anin5
pLemo = pACYC184-PrhaBAD-lysY
E. coli Lemo21(DE3) |Lemo21(DES3) Expression of strep-
+ pJS15 + pJS15 Tagged Pl protein
E. coli Lemo21(DE3) |Lemo21(DE3) Expression of Hiss-Tagged
+ pdS22 + pdS22 PirC
E. coli Lemo21(DE3) |Lemo21(DES3) Expression of Hiss-Tagged
+ pJS26 + pJS26 PirC
E. coli Lemo21(DE3)|Lemo21(DE3) Expression of strep-
+ pJS27 + pdS27 Tagged PirC
E. coli Lemo21(DE3)|Lemo21(DE3) Expression of Hise-Tagged
+ pET- + pET-28a(+)-PGAM PGAM
28a(+)-PGAM
Synechocystis |wild type WT Background strain, control
sp. PCC 6803 |glucose
sensitive
Synechocystis | APII ssl0707::SpecR Control strain
sp. PCC 6803
Synechocystis | ApirC pirC::KanR Characterization of sll0944
sp. PCC 6803 KO mutants
Synechocystis | ApirC::pirC | pirC::KanR pVZ322-pirC Complementation of
sp. PCC 6803 s1l0944 knock out
Synechocystis | ApirC::pirC-  |ApirC pVZ322-pirC-mCitrine Localization of PirC in
sp. PCC 6803 | mCitrine ApirC and Co-
immunoprecipitation
Synechocystis | ApirC::pirC- | ApirC pVZ322-pirC- eGFP Localization of PirC in
sp. PCC 6803 |eGFP ApirC and Co-
immunoprecipitation
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Table S2 - Used Primer in this study

#No | Primer Sequence (5’-3’)

#1 pUC19-pirCUS_fw | GTTTTCCCAGTCAGACGTTGTAAAACGACGGCCAGTGAATTGTCGGCTGAAATTCATC

#2 pirCUS-KanR rev | GAATTGACATAAGCCTGTTCAATCAAATTTTTTGACTCTG

#3 pirCUS-KanR_fw CAGAGTCAAAAAATTTGATTCAACAGGCTTATGTCAATTC

#4 KanR-pirCDS_rev | CCAATTCATTAATTCATTGGAGTTTGTAGAAACGCAAAAA

#5 KanR-pirCDS_fw GCCATCCTGACGGATGGCCTTTTTGCGTTTCTACAAACTCCAATGAATTAATGAATTGG

#6 pirCDS-pUC19 rev | CGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCTGGAACATGGCTTCCCCTTTC

#7 pET15b- CATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCATGTCGCAAATCTTGGACCC
pirC(correct)_fw

#8 pirC-pET15b_rev CCTTTCGGGCTTTGTTAGCAGCCGGATCCTCGAGCATACTATGCGACAAGAGATTGAC

#9 pASKIba5Plus- CCACCCGCAGTTCGAAAAAGGCGCCGAGACCGCGGTCCCGATGTCGCAAATCTTGGACCC
pirC_fw

#10 | pASKIba5Plus- GGTCGACCTCGAGGGATCCCCGGGTACCGAGCTCGAATTCTATGCGACAAGAGATTGAC
pirC_fw

#11 | SIr1945-Ndel-fw CATATGATGGCAGAGGCACCGATCGCC

#12 | SIr1945-BamHI-rv | GGATCCCTAACGGGAGAGATTGACCGG

#13 | pVZmCit_pirC_fwd | CTGCAGGAGCAGAAGAGCATAC

#14 | pVZmCit_ pirC_rev | AGCCACTAAGGATTGGGAAG

#15 | pTO201 eGfp fwd | ACACGAGTCCGAGGATATGACTTCCCAATCCTTAGTGGCTATGAGTAAAGGAGAAGAAC

#16 | pTO201_eGFP_rev | CTGGCTTTGCTTCCAGATGTATGCTCTTCTGCTCCTGCAGTTATTTGTATAGTTCATCCATGC

#17 | 6803 TGGCATGGCCTAAGTATTCC
pirCKOcheck_fw

#18 | 6803 GCGTTCTGCAGGGGATTACC
pirCKOcheck_rev

#19 | pVZ322seq_fw CCTGGCTTTGCTTCCAGATG

#20 | pVZ322seq_rev TGCCCGGATTACAGATCCTC

#21 | seq_pT0O201_fwd CAATGCTTTGCGAGATACCC

#22 | seq_pTO201_rev AGCTCCATAGGCCGCTTTC
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Table S3 — Plasmids used in this study

Plasmid Purpose Source
pJS15 Expression of Strep-Tagged PII protein (Ssl0707) in E. (16)
coli
pJS22 Expression of Hiss-Tagged PirC (S1l0944) in E. coli T7- This study
strains
pJS26 Expression of Hiss-Tagged PII protein (Ssl0707) in E. (16)
coli T7-strains
pJS27 Expression of strep-Tagged PirC (S110944) in E. coli This study
pJS31 KanR deletion of the pirC gene in Synechocystis sp. This study
PCC 6803
pET-28a(+)-PGAM Expression Hiss-Tagged PGAM (SIr1945) in E. coli T7- This study
strains
pVZ322-pirC-comp Complementation of pirC deletion (17)
pVZ322-mCitrine-pirC- Complementation of pirC deletion tagged to mCitrine (17)
comp protein
pTO201 Complementation of pirC deletion tagged to eGFP This study
protein
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12.1 Contribution to manuscripts

Lucius, S., Makowka, A., Michl, K., Gutekunst, K., & Hagemann, M. (2021). The Entner-
Doudoroff Pathway Contributes to Glycogen Breakdown During High to Low CO; Shifts in the
Cyanobacterium Synechocystis sp. PCC 6803.

Frontiers in Plant Science, 12:787943.

e Planning and performance of CO: shift experiments

e Sampling and extraction of metabolites from experimental cultures for LC-MS
measurement, analysis of metabolomic data and data interpretation

e Principal component analysis and heat map illustration

e Sampling and extraction of glycogen from experimental cultures, glycogen analysis
and data interpretation

e Overall contribution to manuscript writing

Lucius, S., Theune, M., Arrivault, S., Hildebrandt, S., Mullineaux, C. W., Gutekunst, K., &
Hagemann, M. (2022). Cp12 fine-tunes the Calvin-Benson cycle and carbohydrate

metabolism in cyanobacteria.
Frontiers in Plant Science, 13.:1028794.

e Vector design and cloning of Cp12 deletion construct, native complementation
construct and cysteine variant constructs

e Generation of Synechocystis strains Acp12, Acp12::cp12-ACysN, Acp12::cp12-
ACysC, and Acp12::cp12-ACysNC

e Physiological analysis and growth experiments on Acp12 strains with and without
glucose in different light regimes

e Sampling and extraction of glycogen from experimental cultures, glycogen analysis
and data interpretation

e Planning and performance of CO: shift experiments

e Sampling and extraction of metabolites from experimental cultures for LC-MS
measurement, analysis of metabolomic data and data interpretation

e Execution of redox measurement experiments together with Marius Theune during
research stay with Gutekunst group in Kassel

e Overall contribution to manuscript writing
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Forchhammer, K. (2021). The novel Py-interactor PirC identifies phosphoglycerate mutase as

key control point of carbon storage metabolism in cyanobacteria.
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¢ Planning and performance of nitrogen depletion experiment

e Sampling and extraction of metabolites from experimental cultures for LC-MS
measurement, analysis of metabolomic data and data interpretation

e Vector design and cloning of slr1945 overexpression construct for recombinant
expression experiments

o Respective methods part written for manuscript, review and approval of manuscript
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