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I. ZUSAMMENFASSUNG

Glykogen ist ein stark verzweigtes Glukosepolymer und der wichtigste Kohlenstoffspeicher in 

den meisten freilebenden Bakterien. In Cyanobakterien ist der Glykogen-Stoffwechsel eng an 

eine photosynthetische Lebensweise gekoppelt, bei der Glykogen während photoautotrophen 

Wachstums aufgebaut und während heterotropher Phasen abgebaut wird. Neben dem 

Tag/Nacht Wachstum spielt Glykogen auch eine entscheidende Rolle während 

Nährstoffmangelsituationen, von welchen Stickstoffmangel bei nicht-diazotrophen 

Cyanobakterien am häufigsten auftritt. Unter Stickstoffmangel geht das einzellige 

Cyanobakterium Synechocystis sp. PCC6803 in einen dormanten Zustand, genannt >Chlorose< 
über, der es ermöglicht lange Mangelperioden zu überleben und bei Wiederverfügbarkeit 

gebundener Stickstoffquellen wieder zu erwachen. Diese metabolischen Anpassungen hängen 

stark von der schnellen Synthese bzw. dem schnellen Abbau von Glykogen ab, welche präzise 

reguliert werden müssen. Wie bei vielen andere Cyanobakterien kodiert das Genom von 

Synechocystis für zwei Isoformen der meisten Glykogen assoziierten Enzyme. Trotz der 

wichtigen Rolle des Glykogenstoffwechsels in Cyanobakterien ist die Rolle und Regulation 

vieler dieser Enzyme nur unzureichend bekannt. In dieser Studie wurden die Regulierung des 

Glykogenstoffwechsels und die damit verbundenen Enzyme im Detail untersucht.  

Glykogenabbau erfolgt durch das Zusammenspiel von Glykogenphosphorylasen (GlgP) und 

Glykogen-Debranching-Enzymen (GlgX). Diese Studie hat gezeigt, dass GlgP1 einen C-

terminalen Redox-Schalter besitzt und durch Oxidation aktiviert wird. GlgP1 Aktivität steht 

dabei im Zusammenhang mit Stresssituationen, die zur Bildung reaktiver Sauerstoffspezies 

führen. In dieser Studie wurde auch zum ersten Mal gezeigt, dass GlgX1 das essenzielle Enzym 

für den Glykogenabbau während des Erwachsens aus der Chlorose ist, wohingegen die Rolle 

von GlgX2 weiterhin unklar bleibt. 

Die Phosphoglucomutase (PGM) Reaktion stellt einen zentralen Schritt im 

Kohlenstoffmetabolismus dar, der sowohl für die Glykogensynthese als auch für den 

Glykogenabbau essenziell ist. Die PGM-Reaktion wird durch Glc-1,6-BP aktiviert, dessen 

Herkunft in Prokaryoten bisher unbekannt war. Diese Arbeit identifizierte das PGM-Homolog 

Slr1334 als die erste Glc-1,6-BP Synthase. Es wurde gezeigt, dass Slr1334-Homologe in 

Prokaryoten weit verbreitet sind und dass ein Slr1334-Homolog in Bacteriodes salyersiae die 

gleiche Reaktion katalysiert. Glc-1,6-BP stellt einen bisher nicht berücksichtigten Regulator im 

bakteriellen Kohlenstoffmetabolismus dar, von dem angenommen wird, dass er neben PGM 

auch andere Schlüsselenzyme regulieren kann.  

Von Eukaryoten ist bekannt, dass Glykogen auf unterschiedliche Weise modifiziert werden 

kann. Die Entwicklung einer nativen Aufreinigungsmethode und anschließende Analyse des 

Glykogens aus Synechocystis zeigte eine mögliche Modifikation durch Phosphorylierung. 

Darüber hinaus wurde ein erster Einblick in das Glykogenproteom gegeben. 

Zusammengenommen geben diese Ergebnisse neue Einblicke in die bisher unterschätzte 

Komplexität von Glykogen. 
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II. SUMMARY

Glycogen is a multibranched glucose polymer and the major carbon storage compound in most 

free-living bacteria. In cyanobacteria glycogen metabolism is tightly coupled to a 

photosynthetic lifestyle where it is built up during photoautotrophic growth and degraded 

during heterotrophic phases. Next to being essential for diurnal growth, glycogen is also crucial 

during nutrient starvation, where the deprivation of nitrogen is the most common form for non-

diazotrophic cyanobacteria. When encountering nitrogen starvation, the unicellular 

cyanobacterium Synechocystis sp. PCC6803 enters a dormant like state, called chlorosis, 

enabling it to outlive long starvation periods from which it can resuscitate upon re-availability 

of combined nitrogen sources. These metabolic adaptations are dependent on the rapid synthesis 

or breakdown of glycogen and must be precisely regulated. Like many other cyanobacteria, the 

genome of Synechocystis encodes for two isoforms for most of the enzymes involved in 

glycogen turnover. Despite the great significance that glycogen metabolism has in 

cyanobacteria, the role and regulation of many of these enzymes is only poorly understood. In 

this study the regulation of glycogen metabolism and its associated enzymes were investigated 

in detail. 

Glycogen degradation is performed by the coordinated action of glycogen phosphorylases 

(GlgP) and glycogen debranching enzymes (GlgX). This study revealed that GlgP1 is under the 

control of a C-terminal redox switch and activated upon oxidation. This connects GlgP1 activity 

to stress conditions that lead to the formation of reactive oxygen species. Furthermore, this 

study showed for the first time that GlgX1 is the essential glycogen debranching enzyme during 

resuscitation from nitrogen starvation while the role of GlgX2 remains elusive.  

A central step in carbon metabolism is the interconversion of glucose phosphate by the 

phosphoglucomutase (PGM) reaction which is essential for glycogen synthesis and degradation 

alike. The PGM reaction is dependent on the availability of the central activator Glc-1,6-BP 

whose origin in prokaryotes was so far unknown. This work identified the PGM homologue 

Slr1334 as the first Glc-1,6-BP synthase. It was shown that Slr1334 homologues are widespread 

among prokaryotes and that a Slr1334 homologue from Bacteriodes salyersiae catalyzes the 

same reaction. Glc-1,6-BP represents a so far unconsidered regulator in bacterial carbon 

metabolism, which is suggested to regulate several key enzymes besides PGM. 

It is known from eukaryotes that the glycogen granule can undergo different modifications. By 

implementing a native purification method, analysis of glycogen from Synechocystis revealed 

a potential modification by phosphorylation. Furthermore, a first insight into the glycogen 

proteome was given. Together these results provide new insights in the underestimated 

complexity of glycogen. 
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IV. INTRODUCTION

1. Cyanobacteria

Cyanobacteria are a phylum of Gram-negative prokaryotes, belonging to the domain of bacteria 

and date back at least 2.7 billion years, making them one of the most ancient organisms on 

Earth. They are characterized by being the only prokaryotes able to perform oxygenic 

photosynthesis. With this ability cyanobacteria initiated one of the biggest environmental 

changes in Earth9s history: The conversion from a reducing to an oxidizing atmosphere, called 
the great oxidation event. While this event caused a mass extinction, it also laid the foundation 

for oxygen dependent higher forms of life [6, 7]. Cyanobacteria are able to adapt to a wide 

range of environmental conditions which allowed them to colonize numerous habitats [8]. Even 

today, they are central to the Earth's ecosystem: As primary producers they are responsible for 

about one third of the global CO2 fixation. In addition, some species are also able to fix 

atmospheric nitrogen [9].  Based on their morphology cyanobacteria can be classified in five 

different sections: Section I comprises unicellular cyanobacteria that reproduce by binary 

fission or budding. Section II also contains unicellular strains but with the ability to form 

baeocytes and to reproduce by multiple fission. Section III comprises filamentous 

cyanobacteria but without the formation of any specialized cells. Section IV consists of 

filamentous cyanobacteria that can form specialized cells within their filaments. Among those 

are cells for nitrogen fixation (heterocysts), spore-like cells (akinetes) and motile filaments 

(hormogonia). Section V like Section IV does contain filamentous cyanobacteria with 

specialized cells but with the ability to divide into more than one plane [10]. 

2. The cyanobacterial model organisms Synechocystis sp. PCC

6803

Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis) is a cyanobacterial strain 

belonging to Section I. It was first isolated in 1968 from a freshwater lake in Berkeley and has 

since then become a cyanobacterial model organism [11]. It was the first photoautotrophic 

organism with a fully sequenced genome. This, together with its ability for the uptake of 

exogenous DNA lead to the development of genetic tools allowing for genetic modification 

[12]. Compared to many other cyanobacteria who are obligated photoautotrophs, Synechocystis 

shows a metabolic versatility by being capable of utilizing external carbon sources for 

mixotrophic and light-activated heterotrophic growth [13]. Synechocystis is a non-diazotrophic 

cyanobacterium, meaning it is unable fix molecular nitrogen out of the atmosphere and is 

dependent on the supply of combined nitrogen sources. Since combined nitrogen sources are 

one of the most limiting factors in aquatic ecosystems Synechocystis has evolved a metabolic 

adaptation to outlive periods of nitrogen deficiency by entering a dormant like state [14].While 

under stress conditions the strain is also known to produce different types of storage polymers 

including glycogen, polyhydroxybutyrate, 
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IV. INTRODUCTION

cyanophycin and polyphosphate which as a photoautotrophic growing organism makes it 

interesting for environmentally friendly biotechnological applications [15-17]. All these 

characteristics make Synechocystis a great model organism to study photosynthesis, stress 

response, metabolic dormancy and biotechnological utilization among others. 

3. Energy metabolism of Synechocystis sp. PCC 6803
3.1 Oxygenic photosynthesis

Oxygenic photosynthesis uses light-driven electron transport pathways to gain chemical energy 

and reduction equivalents. Coupled to that is a light independent reaction in which those energy 

rich products are used to fix CO2 into sugars [18] (see chapter carbon fixation).  

Two pathways can be distinguished for the light dependent reaction: 

1. Linear electron flow (LEF), where electrons are transported through photosystem II (PSII)

and photosystem I (PSI) to a terminal acceptor leading to the formation of ATP and NADPH. 

2. Cyclic electron flow (CEF), revolving only around PSI leading to the solely formation of

ATP. 

The ratio of electrons used in LEF or recycled via CEF allows for the adjustment of the 

ATP/NADPH ratio to meet different metabolic demands, adapting to changing environmental 

conditions and balancing the redox state in the electron transport chain. 

3.1.1 Linear electron flow (LEF) 

LEF, also known as non-cyclic photophosphorylation, is a two-stage process starting at PSII. 

PSII is a pigment-protein multimeric complex build of a light harvesting complex, a reaction 

center and a water splitting/oxygen evolving complex. The light harvesting complex is 

composed of phycobilisomes which capture the incoming light. They are large structures 

composed of the chromophore containing proteins phycocyanin, phycoerythrin, 

phycoerythrocyanin and allophycocyanin. In Synechocystis the phycobilisomes consist of a 

core of allophycocyanin trimers emanating peripheral rods of hemi-discoidal phycocyanin 

subunits [19, 20]. The core delivers the light energy towards the reaction center of PSII of which 

the chlorophyll a P680 is the primary donor. The absorption of the photon leads to an excitement 

of P680 which donates an electron to reduce an oxidized plastoquinone acceptor to plastoquinol, 

resulting in the formation of a positively charged P680
+

 [21]. P680
+ acts as a strong oxidizing 

agent and draws electrons from the manganese cluster of the oxygen evolving complex which 

in turn regains its lost electrons from water, splitting it into protons and O2. This results in a net 

yield of 4 protons and molecular O2 for every 4 e- taken up by P680
+ [22]. The high 

impermeability of the thylakoid membrane for protons leads to the formation of a proton 

gradient within the thylokid lumen. The reduced plastoquinone is either re-oxidized by the b6f 

complex through the Q cycle, which comprises a series of redox reactions, or by reacting with 

oxygen leading to the formation of reactive oxygen species (ROS) [23]. During these reactions 

10



IV. INTRODUCTION 

 

four protons are emitted into the thylakoid lumen, further building the proton gradient, while 

two electrons are transferred to the water-soluble electron carriers plastocyanin (PC) and 

cytochrome c6 [24]. In Synechocystis and most other cyanobacteria plastocyanin is the main 

electron carrier and cyt c6 is only relevant at low copper concentrations. In the second stage of 

LEF light absorbance at PSI excites its P700 reaction center, leading to an electron transfer to 

the terminal electron acceptor ferredoxin. The oxidized P700 is rapidly reduced by plastocyanin 

or cyt c6. The reduced ferredoxin can be used for electron transfer to the ferredoxin-NADP+ 

reductase (FNR) yielding the NADPH necessary for CO2 fixation. Alternatively, reduced 

ferredoxin also serves as an electron donor for several other anabolic processes, e.g. nitrogen 

assimilation [25]. The proton gradient built up during the various reactions and the resulting 

proton motive force is utilized by the ATP synthase, to convert ADP to ATP [25]. 

 

3.1.2 Cyclic electron flow (CEF) 

CEF revolves solely around PSI and allows the building of a proton gradient for ATP generation 

without the coupled generation of NADPH. In CEF the energized electrons yielded from PSI 

are transferred back to the membrane to follow a cyclic pathway. This is done via the NADPH 

dehydrogenase I (NDHI) complex which receives electrons from reduced ferredoxin which is 

either obtained by receiving electrons from PSI or the reverse reaction of FNR. NDH-I transfers 

the electrons to PQ followed to transfer to b6f and back to PSI closing the cycle and creating a 

proton motif force in the process used for ATP synthesis [25, 26].  

 

 

Figure 1: Schematic overview of cyanobacterial electron transport chain during photosynthesis and respiration on the 

thylakoid membrane. Modified from [5].  

Blue arrows indicate the electron transport. PSI/PSII: Photosystem I/II; NDH I: NADPH dehydrogenase I; SDH: 

Succinate dehydrogenase; Fd: Ferredoxin; FNR: Ferredoxin-NADP(+) reductase; PQ: Plastoquinone; PC: 

Plastocyanine; RTO: respiratory terminal oxidase; AP: Allophycocyanin; PhC: Phycocyanine; PE: Phycoeryhtrin   
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IV. INTRODUCTION

3.2. Respiration 

Respiration, also known as oxidative phosphorylation, can be considered the reversed process 

of oxygenic photosynthesis: The energy rich end products of photosynthesis and O2 are used to 

produce energy, CO2 and water. Like in oxygenic photosynthesis respiration creates an 

electrochemical gradient caused by electron transport resulting in the synthesis of ATP. Most 

of the respiratory activity in cyanobacteria is carried out on the thylakoid membranes. The used 

electron acceptors for respiration are the same as for the photosynthetic electron transport chain, 

making cyanobacteria the only organisms to combine both pathways in one compartment [27, 

28]. The initial respiratory electron transport starts at NDH-1 and the succinate dehydrogenase 

(SDH) which gain electrons from ferredoxin and succinate respectively and transfer them to the 

plastoquinone pool. Subsequently, electron transport continues via cyt b6f to the soluble 

plastocyanin and cyt c6, building a proton gradient in the process.  In a final step those electrons 

are donated to the respiratory terminal oxidases (RTO), where molecular oxygen as terminal 

electron acceptor is reduced to water and protons are translocated across the membrane [25, 

29]. In Synechocystis the main type of RTO is the cytochrome c oxidase (COX), which accepts 

electrons from cyt b6f. The other RTOs, a bd quinol oxidase (Cyd) and the alternative terminal 

oxidase (ARTO) receive electrons directly from plastoquinol [30]. Like in photosynthesis the 

ATP synthase uses the proton motive force to generate ATP. While sharing many components 

and similar in their process, oxygenic photosynthesis and respiration at the thylakoid 

membranes usually run separately in time. The temporal separation of these two processes is 

known as the Kok effect [31].  

In addition to the thylakoid membrane, where the main bioenergetic processes occur, the plasma 

membrane also harbors a more rudimentary respiratory chain. in Synechocystis this includes 

SDH and a type II NAD(P)H dehydrogenase (NDH-2) which accepts electrons from NAD(P)H. 

Electrons are transferred from NDH-2 via plastoquinone to the alternative respiratory oxidase 

(ARTO). Under normal growth, respiration on the plasma membrane plays only a minor role in 

energy transduction but is associated with motility, nutrient uptake and efflux pump activity 

[32]. A special role of the plasma membrane comes into play in situations where proton 

translocation is unfavorable e.g., during resuscitation from chlorosis. Here a sodium motif force 

can be used for the generation of ATP instead [5]. 

4. Carbon metabolism

As photoautotrophic organisms, cyanobacteria alternate their carbon metabolism between an 

autotrophic and a heterotrophic mode: 

Inorganic carbon is fixed during the day where energy and reduction equivalents from LEF are 

used in the light independent reaction. The excess of carbon is stored as carbon polymers which 

are degraded for respiration during dark phases [33].  
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IV. INTRODUCTION

4.1 Carbon fixation 

Like other phototrophic organisms, cyanobacteria mainly fix carbon through the Calvin-

Benson-Bassham cycle (CBB). Here the ribulose 1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO) uses CO2 and ribulose-1,5-bisphosphate to generate two molecules of 3-

phosphoglycerate (3-PG). The obtained 3-PG can either be used for different biosynthetic 

reactions or to regenerate rublose-1,5-bisphosphate [9]. Although showing a higher affinity for 

CO2 RuBisCO can also incorporate O2 instead, producing one molecule of 3-phosphoglycerate 

alongside 2-phosphoglycolate. 2-phosphoglycolate cannot be further used in the CBB and must 

be converted in an energy demanding process to avoid a toxic accumulation in a process known 

as photorespiration [34]. To reduce the incorporation of O2 into RuBisCO cyanobacteria 

developed a carbon concentrating mechanism (CCM) which strongly increases CO2 

concentration around RuBisCO. Five different carbon uptake systems contribute to Ci uptake 

and its accumulation by CCM in the cytoplasm: NDH-13 and NDH-14 transport CO2 and are 

located in the thylakoid membrane. BCT1, SbtA and BicA transport HCO3
- and are located in 

the plasma membrane. After entering the cytoplasm, Ci is further transported to the 

carboxysomes. These polyhedral organelles provide a microcompartment and inherit RuBisCO 

together with a carbonic anhydrase which converts HCO3
- to CO2. Due to the impermeability 

of the carboxysome protein shell for CO2 it cannot exit, resulting in a high CO2 concentration 

around RuBisCO.  

Due to the exposure to alternating day night regimes cyanobacterial carbon metabolism has to 

permanently switch between autotrophic CO2 fixation and heterotrophic respiration. Therefore, 

Ci uptake is tightly regulated and limited to photosynthetic activity. The switch between these 

two modes is operated by a sophisticated network including a circadian clock machinery, the 

sensing of redox state and C/N ratio and others. Recently this regulatory network has been 

expanded by showing that phytochromes sensing red and far-red light play in important role in 

regulation of carbon uptake by SbtB [35]. 

An additional way for CO2 fixation in cyanobacteria is the phosphoenolpyruvate carboxylase 

(PEPC). This enzyme catalyzes the addition of bicarbonate to phosphoenolpyruvate to form 

oxaloacetate. The PEPC reaction is responsible for up to 20% of total carbon fixation and is 

essential for providing TCA-cycle intermediates [36].  

4.2 Carbon storage 

4.2.1 Glycogen and its turnover1 

Glycogen is the major carbon storage compound in animals, fungi and most free-living bacteria. 

It9s a glucose polymer linked at position ³-1,4 with branches at position ³-1,6. In bacteria,

particularly in free living strains, glycogen is usually built up under conditions of carbon surplus 

and degraded when energy or carbon supplies are limited [37-39]. In cyanobacteria glycogen 

1Parts of this section are quotes from: Neumann N., Lee K., Forchhammer K. <On the role and regulation of glycogen catabolic isoenzymes 
in Synechocystis sp. PCC6803< bioRxiv 2022.11.21.517384; doi: https://doi.org/10.1101/2022.11.21.517384 
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plays a key role in carbon metabolism and is tightly coupled to a photoautotrophic lifestyle 

where excess fixed CO2 is stored as glycogen during the day which thereon gets catabolized 

during the night when metabolism switches to a heterotrophic mode. This essential role is 

further underlined by the fact that glycogen metabolic enzymes are conserved in all known 

cyanobacteria [40]. 

Glycogen synthesis starts by the formation of ADP-glucose carried out by the glucose-1P 

adenylyltransferase (GlgC), utilizing ATP and glucose-1P and releasing ADP and 

pyrophosphate. Glycogen synthase (GlgA) transfers ADP-glucose to the non-reducing end of a 

glucan chain by creating a ³-(1-4)-glycosidic linkage. Unlike in eukaryotes, de-novo synthesis

of glycogen in bacteria does not involve a central protein like glycogenin. How the initial 

formation of the linear glucan chain is initiated is so far unclear, but it has been suggested that 

GlgA itself can initiate de-novo synthesis by catalyzing its own glycosylation. The linear glucan 

chains reach a typical length of 10 to 14 glucose residues. They are interlinked via ³-(1-6)-

linkages by the activity of the glycogen branching enzyme (GlgB). This enzyme hydrolyzes a 

³-(1-4)-linkage and attaches a segment to an existing chain, via an ³-(1-6) linkage. This process

forms a highly branched structure and facilitates a spherical growth that can reach about 107 -

108 Da in size [41]. The final conformation of the granule is mainly defined by the branching 

and debranching activity catalyzing the addition and removal of ³-(1-6) ramifications,

respectively. The maximum size of a granule is defined by activity of the synthesizing, 

branching and degrading enzymes and cannot exceed a certain size. It has recently been shown 

that like in eukaryotes these ³-particles can agglomerate to a larger complex of ³-particles [42].

The formation of greater agglomeration influences total storage capacity as well as degradation 

speed.  Data from eukaryotic glycogen indicate that the granule can undergo several 

modifications in the form of protein attachment or phosphorylation [43]. However, if this is the 

case for bacterial glycogen is currently unknown. 

Glycogen breakdown requires the coordinated action of glycogen phosphorylase (GlgP) and 

glycogen debranching enzyme (GlgX). GlgP releases glucose-1P by transferring 

orthophosphate to the non-reducing end of a ³-(1-4) glucan chain. This processive reaction

continues until the last four glucose residues left on a branch are reached. In prokaryotes, those 

remaining glucose units are then specifically hydrolyzed by a <direct= debranching enzyme, 
releasing maltotetraose which can be metabolized by maltodextrin phosphorylase (MalP) and 

by a-1,4-glucanotransferase (MalQ) reactions [3, 44-46].  The GlgP reaction is considered the 

rate limiting step in glycogen catabolism [47]. The released Glc-1P is then turned to Glc-6P by 

phosphoglucomutase (PGM) and can fuel different metabolic pathways including the EMP, ED 

and the OPP pathway. Like many other cyanobacteria, the genome of the unicellular model 

organism Synechocystis sp. PCC6803 encodes for several isoenzymes involved in glycogen 

catabolism including the glycogen phosphorylases sll1356 (glgP1) and slr1367 (glgp2) and the 

glycogen debranching enzymes slr0237 (glgX1) and slr1857 (glgX2). It has been shown for 

some cases that these different isoenzymes have distinctive roles und only some of them work 

under specific conditions [48-51].  
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4.2.2 The PGM reaction1 

One of the key reactions where the fate of a glucose molecule is decided is the reaction of 

phosphoglucomutase (PGM). This enzyme catalyzes the interconversion of glucose-1P and 

glucose-6P, thus playing a crucial role in glycogen turnover, glycolysis and gluconeogenesis. 

PGM belongs to the large superfamily of ³-D-phosphohexomutases (³PHM), which is
ubiquitous and found in all domains of life. All known members of this superfamily are similar 

in structure and general reaction mechanism but prefer different phosphosugar substrates [52]. 

In Synechocystis the known members of PHMs are Sll0726, carrying out the main PGM 

activity, Slr1334 an enzyme with low PGM activity of unknown function and a 

phosphoglucosamine mutase GlmM (sll1758) [49]. The reactions of all PHM members have in 

common that they require a bound metal ion (usually Mg2
+) and a phosphorylated seryl residue 

in the active site which is highly conserved among all members of the superfamily.  The 

interconversion of Glc-1P to Glc-6P by PGM is mediated by a transfer of the phosphate group 

from the active site serine to the 19 or 69 position of the substrate respectively. This leads to the 
formation of a transient Glc-1,6-BP intermediate. This intermediate undergoes a reorientation 

inside the enzyme and transfers the phosphate of its 69 or 19 position back to the active site 

Figure 2: (A): Depiction of glycogen granule adapted from [3]Ball et al. 2011.  (B): Enzymes involved in glycogen 

turnover. 

A  B

1Parts of this section are quotes from Neumann N., Friz S., Forchhammer K. Glucose-1,6-bisphosphate, a key metabolic regulator, is 

synthesized by a distinct family of ³-phosphohexomutases widely distributed in prokaryotes mBio " Vol. 13, No. 4
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serine, re-phosphorylating it in the process and releaseing Glc-6P or Glc-1P, respectively. Glc- 

1,6-BP itself acts as an essential activator of PGM by providing the initial phosphorylation of 

the active site. Due to the loss of the phosphorylation after several reaction cycles a constant 

Glc-1,6-BP level is required to keep PGM in an active state [53, 54].  Despite its essential role 

in regulating PGM activity no enzyme producing free Glc-1,6-BP has been identified so far. 

Once glucose-6P has been formed by the PGM reaction it can enter different catabolic 

pathways. 

4.3 Carbon pathways 

In Synechocystis there are three central routes that carbon can take:  The Embden3Meyerhof3
Parnas (EMP) pathway, the pentose phosphate (PP) pathway, and the Entner-Doudoroff (ED) 

pathway. While all those pathways provide energy and reduction equivalents in catabolic 

direction they differ strongly in their ATP/NAD(P)H ratios, their protein demand, and the 

biosynthetic precursors they provide. EMP is the pathway with the highest output of ATP and 

reducing equivalents (NADH) but has a comparatively high enzyme demand. The central 

enzyme in this pathway is the phosphofructokinase (Pfk) converting fructose-6P to fructose-

1,6-BP.  The PP pathway can be divided in an irreversible oxidative part (OPP) and a reversible 

non-oxidative part (NOPP). The OPP pathway is driven by the enzymes glucose-6P 

dehydrogenase (G6PDH) followed by the 6-phosphogluconate dehydrogenase (GDH) reaction 

catalyzing the conversion of 6P-gluconate to ribulose-5P. Both reactions provide reducing 

equivalents in the form of NADPH. This pathway is most important during heterotrophic 

growth [55]. In addition to reduction equivalents, ribulose-5P can be either used the regain 

ribulose-1,5-BP for RuBisCO or enter the NOPP for the formation of biosynthetic precursors 

for nucleic acids and others. In the NOPP, the C4, C5, C6 and C7 sugars can be reversibly 

transformed into each other. No ATP or reduction equivalents are gained or consumed during 

these processes. These reactions are catalyzed by several enzymes: Ribulosephosphat-3-

Epimerase (RPE) and Ribose-5-phosphat-Isomerase (RPI) transform ribulose-5P to xylulose-

5P and ribose-5P respectively. This is followed by the reactions of a transketolase (Tkt) and a 

transaldolase (Tal) transferring two and three carbon units respectively.  By involving enzymes 

from the lower glycolysis, this pathway is responsible for the regeneration of Ribulose-1,5-BP 

from glycerate-3P during carbon fixation (see chapter 4.1). The ED pathway was only recently 

discovered. It uses the unique enzymes 6-phosphogluconate dehydratase aldolase (Edd) and 

KDPG aldolase (Eda) to form glyceraldehyde-3P and pyruvate out of gluconate-6P. The 

pathway has been shown to be important during mixotrophic growth e.g. in the transition from 

dark to light [55]. The fine-tuned regulation of those pathways is crucial to ensure optimal use 

of cellular resources under different conditions. 
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Figure 3: Central carbon pathways in Synechocystis adapted from Koch et al 2019 [1]: 

EMP: Embden-Meyerhof-Parnas (red); OPP: Oxidative Pentose-Phosphate (blue); NOPP: Nonoxidative Pentose-

Phosphate (yellow); ED: Entner-Doudoroff (green) 
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5. Nitrogen metabolism 

5.1 Nitrogen assimilation 

Nitrogen is an essential macronutrient for all living organisms and its availability is often a 

limiting factor for bacterial growth [56]. Whereas diazotrophic cyanobacteria are able to fix 

atmospheric nitrogen by the nitrogenase reaction, non-diazotrophic cyanobacteria like 

Synechocystis are fully dependent on the availability of combined nitrogen sources like 

ammonia, nitrate or urea.  The uptake of those compounds is achieved by different transporter 

systems. Ammonia is taken up by diffusion via the ammonia permease Amt1 [57]. Nitrate and 

urea require an active uptake by the ABC-transporters NrtABCD and UrtABCDE respectively 

[58, 59]. For incorporation in nitrogen metabolism all nitrogen sources have to be reduced to 

ammonia, making it the preferred nitrogen source. Nitrate on the other hand is the most common 

and abundant source of nitrogen in cyanobacterial ecosystems. After entering the cell, nitrate 

gets reduced to nitrite by nitrate reductase followed by the reduction to ammonium by nitrite 

reductase. Both of these enzymes use reduced ferredoxin as an electron donor, suggesting a 

close connection between nitrogen assimilation and photosynthetic activity [60]. Urea is 

hydrolyzed by urease to two units of ammonia and CO2. Ammonia gets assimilated by the 

sequential reaction of the glutamine synthetase (GS) and the glutamate-2-oxoglutarate-

aminotransferase (GOGAT) in the so-called GS-GOGAT cycle: The GS uses ammonia, 

glutamate and ATP to form glutamine. The GOGAT reaction uses 2-OG as a carbon backbone 

together with glutamine gained from the GS reaction to form two units of glutamate. Depending 

on the GOGAT enzyme the reaction requires either NADPH or reduced ferredoxin as electron 

donor [61]. The glutamate can then either be used for GS reaction or for the synthesis of other 

nitrogen containing compounds. An alternative way for nitrogen assimilation is the reaction by 

the glutamate dehydrogenase (GDH). GDH can form glutamate by directly utilizing ammonia 

and 2-OG in an NADPH dependent reaction. However, GDH only shows low affinity for 

ammonia which is why this reaction is considered to only play a minor role in nitrogen 

assimilation compared to the GS/GOGAT cycle. Figure 4 gives an overview on nitrogen 

transport and assimilation. 
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5.2 Regulation of nitrogen metabolism 

As described in the previous section, the assimilation of ammonia requires the availability of a 

carbon skeleton in the form of 2-OG. Because 2-OG itself is an intermediate of the TCA cycle 

it represents a junction for the intracellular carbon and nitrogen cycle. The ratio between carbon 

and nitrogen must be closely regulated to ensure optimal growth. The three main regulators of 

nitrogen metabolism are the signal transduction protein PII, the transcription regulator NtcA and 

the NtcA activator PipX. PII belongs to one of the largest and most ancient families of signaling 

proteins that is widespread in all domains of life. They are homotrimeric proteins characterized 

by a large surface exposed T-loop that serves as an interaction module for a large variety of 

interaction partners.  PII can be considered as a control center for the intracellular carbon and 

nitrogen ratio and associated anabolic processes. PII can sense the energy status of the cell by 

competitively binding ATP or ADP [62]. The consecutive binding of 2-OG together with ATP 

Figure 4: Schematic overview of nitrogen uptake and assimilation in Synechocystis.  

Amt1: Ammonia permease; NrtABCDE: Nitrate transporter; UrtABCDE: Urea transporter; Nar: nitrate 

reductase; Nir: nitrite reductase; Ure: urease; GS: glutamine synthetase; GOGAT: glutamine-2-oxoglutarate-

aminotransferase; GDH: glutamate dehydrogenase; TCA: tricarboxylic acid cycle; CoA: Coenzym A 
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allows PII to also sense the carbon/nitrogen ratio of the cell, where high amounts of 2-OG are 

associated with a high C/N ratio [63]. In addition to binding different metabolites, PII also 

undergoes a second level of regulation by posttranslational modification. In case of 

cyanobacterial PII this is achieved by a phosphorylation of the T-loop in dependence of the 

nitrogen status [64]. Together, all these signals determine the conformation of the surface 

exposed T-loop which determines the binding of various interaction partners. One of these 

partners is PipX. When 2-OG levels are low PipX is bound to PII. If 2-OG levels rise, indicating 

low nitrogen levels, PipX is released and binds its target NtcA. NtcA regulates the expression 

of genes involved in nitrogen uptake and assimilation and adaptation to nitrogen starvation. 

When PipX is bound the affinity of NtcA for its target promoters is strongly enhanced. The 

binding of PipX to NtcA is additionally enhanced by 2-OG interaction with NtcA. Without 

PipX, NtcA only has a low affinity for its target promoters [65]. 

5.3 Adaptation to nitrogen limitation 

The lack of combined nitrogen sources is one of the most common environmental stress 

conditions in aquatic and terrestrial ecosystems and therefore frequently faced by 

cyanobacteria. [56] Adaptation to nitrogen starvation in non-diazotrophic cyanobacteria is 

characterized by initiation of a developmental program, where cells enter a state of metabolic 

dormancy, enabling them to outlive long periods of nitrogen deprivation [5]. A lack of nitrogen 

leads to a high carbon to nitrogen ratio represented by an immediate rise in 2-OG levels, 

followed by the activation of NtcA as described above. One of the targets of NtcA are the group 

of nbl (<non-bleaching=) genes. Among those genes nblA, encodes a Clp protease associated

adaptor protein (NblA). The expression of NblA itself is regulated by a very complex network 

that also includes the other nbl genes. In addition, nbla is regulated by the Hik33/RpaB two 

component system. Due to the lack of the precursors provided by nitrogen assimilation, the 

anabolic reactions for amino acid and nucleic acid synthesis come to halt, leading to 

uncontrolled accumulation of ATP and reducing equivalents in the cytoplasm. To prevent 

damage by overreduction of the photosynthetic electron carriers, cells adjust their 

photosynthetic apparatus through degradation of the phycobilisomes which is mediated by 

NblA. This adjustment is also found as a response to a limitation of other nutrients but is 

particularly rapid under nitrogen starvation [14, 66]. The degradation of the phycobilisomes 

and their associated pigments leads to a change in color from blue-green to yellow-orange. The 

name chlorosis is derived from this bleaching process. Another immediate response to a C/N 

imbalance is the high accumulation of glycogen. In fact, all of the carbon fixed by 

photosynthesis  is channeled towards glycogen synthesis [15]. The starting point for fixed CO2 

in primary metabolism is 3-phosphoglycerate (3-PG) in the lower glycolysis. From here 3-PG 

can either go down the glycolytic route or it can go up the gluconeogenetic route towards 

glycogen synthesis. A key control point for the fate of 3-PG is the reaction of the 2,3-

phosphoglycerate3independent phosphoglycerate mutase (Pgam) which converts 3-PG into 2-

PG. To ensure that newly fixed carbon is not deviated towards lower glycolysis the Pgam 

enzyme is blocked by PirC, a recently discovered competitive inhibitor. Under balanced C/N 

ratios PirC is bound to PII. When 2-OG levels elevate, PirC is released from PII and binds to 
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Pgam, blocking its activity [67]. The accumulation of glycogen is essential for a successful 

chlorosis. Mutants defective in glycogen synthesis show metabolic deficiencies and are 

impaired in phycobilisome degradation, showing a non-bleaching phenotype. They lose 

viability within a couple of days [15]. All the events described above can be attributed to the 

first phase chlorosis which all happen in the first 24 hours. The following second phase is 

characterized by a gradual decline in metabolic activity due to a drastic intracellular re-

organization mainly driven by proteolysis. This involves degradation of thylakoid membranes 

to a level where only a residual low level of photosynthetic activity remains [68]. After 8 3 14 

days the terminal phase 3 and the actual dormant state is. During this state the low-level 

photosynthesis enables long term survivability [69]. 

When combined nitrogen sources are available again, chlorotic cells can rapidly recover and 

restore vegetative cell cycle. This process of resuscitation involves a genetically determined 

program [2]. The first phase of recovery is determined by an upregulation of genes for ATP 

synthesis, nitrogen assimilation and translation machinery. This is fueled by a rapid degradation 

of the previously accumulated glycogen, providing the building blocks by shuffling glucose 

through the OPP pathway and the energy via respiration [70]. Since the cells are not able to 

synthesize fresh enzymes at the start of resuscitation, the basis for glycogen degradation was 

already laid when cells entered chlorosis: Here the glycogen catabolic genes were induced 

alongside its synthesis but kept inactive to avoid a premature degradation [71, 72]. The start of 

resuscitation initiates the glycogen degradation by a yet unknown signaling. After 24 hours the 

cells visibly regreen and restart their photosynthetic activity while still respiring, resulting in a 

mixotrophic phase. Respiration is continuously decreasing and pure photoautotrophic growth 

together with cell division continues after 48 hours completing the resuscitation process [2]. 
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Figure 5: Scheme of Synechocystis cells undergoing chlorosis and resuscitation. Adapted from [2]. 
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6. Research questions

Glycogen metabolism plays an essential role in Synechocystis for diurnal growth and adaptation 

to nutrient starvation. The initiation of glycogen synthesis and degradation at the right 

timepoints is crucial for survivability and indicates a sophisticated regulatory network. For most 

of the glycogen associated enzymes two isoenzymes are encoded by the genome of 

Synechocystis. While some of these isoforms have been investigated, the role and regulation for 

the majority of these enzymes has so far only been suggested. In this study the regulation of 

glycogen metabolism and its associated enzymes were investigated in detail by the following 

research questions:  

1. Glycogen catabolism must be tightly regulated to prevent premature degradation of glycogen.

Glycogen phosphorylase (GlgP) catalyzes the first step in glycogen breakdown and the two 

isoenzymes in Synechocystis were shown to be active in different situations. From this we 

assume that those enzymes are directly regulated in different ways which was investigated in 

this study.  

2. Glycogen debranching enzymes (GlgX) are essential for an efficient degradation of glycogen.

The role of the two GlgX isoenzymes and their contribution to glycogen degradation has so far 

not been investigated.  

3. The phosphoglucomutase (PGM) reaction is a central step in glycogen turnover and carbon

metabolism in general. Despite this essential role, PGM regulation remained under-

investigated. This study aimed on investigating a potential regulation of the two PGM 

isoenzymes. 

4. In eukaryotes it was shown that glycogen can undergo various modifications. Glycogen

produced by the two different glycogen synthases (GlgA) in Synechocystis has been shown to 

have different properties. This study addressed if glycogen modifications are also present in 

prokaryotes and if they affect the properties of the glycogen. 
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The main results of the following publications are summarized in this chapter. This chapter also 

contains non-published results summarized in a separate section. 
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1. PII controls nitrogen transporters (Publication 1)

Combined nitrogen is taken up via different types of transporters and permeases for ammonia, 

nitrate and urea. A PII pull-down analysis indicated a direct interaction of PII with those 

transporters and permeases. To further analyze this possible interaction a bacterial two hybrid 

(B2H) assay was used to test interaction with the ABC-type transporters for nitrate (NrtABCD), 

urea (UrtABCDE) as well as for the ammonia permease Amt1. For the nitrate and urea 

transporters only the cytoplasmatic localized ATP binding subunits NrtC, NrtD and UrtD, UrtE 

were tested respectively. As a positive control the known PII interactor PipX was used. The 

B2H results revealed an interaction of PII with Amt1, NrtC and NrtD of the nitrate transporter, 

and UrtE of the urea transporter, while no interaction could be detected for UrtD. Thereby, all 

the interactions were dependent on the orientation of the tagged adenylate cyclase subunit, 

indicating a specific interaction.  In addition to wildtype PII, three different variants of PII have 

been tested for binding to the transporter subunits: The phosphomimetic variant PII(S49D), the 

II(I86N) variant, showing a change in T-loop conformation and the PII(R9L) variant which 

shows impaired binding of 2-OG. Interaction with Amt1 was not detectable for the I86N and 

R9L variants while for S49D a weak interaction was detected. NrtC and NrtD interactions were 

not detectable for the R9L variant while a weak interaction could be detected for the I86N and 

S49D variants. The interaction of UrtE was detectable for all tested PII variants, indicating a 

different, T-loop independent mode of interaction (Publication 1, Figure 5). 

2. GlgP1 is activated by oxidation (Publication 6)

Degradation of glycogen is essential for survival during dark phases and for resuscitation from 

chlorosis. The first step in glycogen breakdown is carried out by the glycogen phosphorylase 

(GlgP). It is crucial that a premature degradation of glycogen is prevented and gets initiated at 

the right timepoint. An obvious control point is the direct regulation of the GlgP activity. The 

genome of Synechocystis encodes for two isoenzymes of glycogen phsophorylases: glgp1 

(sll1356) and glgp2 (slr1367). While it was shown that GlgP2 is essential for glycogen 

degradation during the night and during resuscitation from chlorosis, GlgP1 is not able to 

degrade glycogen under these conditions. It was shown that GlgP1 is important under high 

temperatures but its overall role in the organism is far less understood [48]. The diverging role 

of those enzymes implies a different mode of regulation. 

To get deeper insights into the role and regulation of the two GlgP isoenzymes, both enzymes 

were overexpressed in E. coli and purified. The enzymatic activity has been determined in vitro 

in an enzymatic assay that couples the GlgP1 reaction to the PGM and the G6PDH reaction. As 

a substrate, glycogen derived from oyster was used. It turned out that both enzymes are active 

in vitro while GlgP1 showed an overall higher catalytic efficiency than GlgP2. Based on hints 

on a possible redox control of glycogen associated enzymes we tested how the two GlgP 

enzymes behaved under reducing conditions by adding different reducing agents [73, 74]. 

Remarkably, GlgP1 activity strongly declined in the presence of reducing agents and stopped 

following standard Michaelis-Menten kinetics but showed a sigmoidal kinetic profile instead. 
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GlgP2 activity on the other hand was unaffected. Among the tested reducing agents, DTT and 

thioredoxin A (TrXA) had the strongest effect on GlgP1 activity (Publication 6, Figure 1, and 

Figure 2). The activity of the reduced GlgP1 could be restored by treatment with oxidizing 

agents. This worked best by treatment with H2O2 as well as with oxidized glutathione (GSSG) 

(Publication 6 Figure 3). This results strongly implied that GlgP1 must feature a redox switch 

that is strongly regulating its enzymatic activity. To figure out where this redox switch is 

located, we investigated the amino acid sequence as well as the predicted structure of GlgP1 

from AlphaFold and discovered a C-terminal domain with two cysteines at position 837 and 

842 that were predicted to form a disulfide bond. This motif was not present in GlgP2 

(Publication 6, Figure 4). To investigate if this residue is responsible for the redox regulation 

of GlgP1 a variant of GlgP1 was created where the cysteine at position 837 was replaced by a 

serine (C837S variant). Enzymatic assays with this variant revealed that activity was strongly 

reduced and on the level of a fully reduced GlgP1 WT variant. Furthermore, this variant was 

insensitive to treatment by H2O2 or DTT (Publication 6, Figure 4 and Figure S1). This clearly 

shows that GlgP1 is activated by oxidation and inactive in its reduced state and likely links 

GlgP1 activity to situations where cells face high rates of ROS production e.g., during light or 

heat stress. 

3. GlgX1 is the main glycogen debranching enzyme (Publication 6)

GlgP activity alone is assumed to be able to degrade around one third of a glycogen granule 

[75]. Further breakdown requires the cleaving of ³-1,6-residues and therefore the activity of a

glycogen debranching enzyme (GlgX). GlgX cuts off those branching points and enables GlgP 

to continue its degradation. Therefore, GlgX is essential for a full and efficient degradation of 

the glycogen granule. Analogous to GlgP, the genome of Synechocystis also encodes for two 

GlgX isoenzymes, glgx1 and glgx2. The role and the contribution to glycogen degradation of 

these enzymes in Synechocystis has so far not been investigated.  

Knockout mutants of glgx1 and glgx2 have been created to investigate the role of glycogen 

debranching enzymes under different growth conditions. Drop plate assays at growth under 

constant light and growth at diurnal rhythm showed no phenotype for any of the mutants, 

indicating that neither of the GlgX enzymes is essential for glycogen degradation during the 

night or that GlgX1 and GlgX2 can compensate for each other in this situation. Drop plate 

assays during resuscitation from chlorosis revealed a strong impairment for the �glgx1 mutant

while a �glgx2 deficient mutant showed no impairment and behaved like the WT. The �glgx1

phenotype got more pronounced if resuscitation was done at day/night rhythm (Publication 6, 

Figure 6). To see if GlgX1 and GlgX2 can enhance GlgP activity both debranching enzymes 

were overexpressed in E. coli followed by purification. The activity was tested by adding the 

enzymes to the GlgP assay. We found that GlgX1 can enhance the activity of both, GlgP1 and 

GlgP2 by about 25%. GlgX2 on the other hand did not show any effect on GlgP activity. The 

results for GlgX1 and GlgX2 indicate that, analogous to GlgP, only one of the isoenzymes is 

essential during resuscitation. The experiments were all carried out by using glycogen derived 
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from oyster, which is widely commercially available. To investigate if degradability of 

glycogen originating from Synechocystis differs from oyster glycogen, glycogen was purified 

from Synechocystis cultures that were nitrogen starved for two days. Both glycogen 

phosphorylases showed a lower activity with Synechocystis glycogen compared the oyster 

glycogen, but the decline in activity was stronger for GlgP2 than for GlgP1. Adding GlgX1 to 

the assay with Synechocystis glycogen showed an enhancement of 80% for GlgP1 and 120% 

for GlgP2, which was much stronger than for oyster glycogen. Like with oyster glycogen GlgX2 

showed no effect on GlgP activity (Publication 6, Figure 7). This showed that in case of the 

Synechocystis glycogen, GlgX1 contributes much stronger to overall GlgP activity.   

 

4. Glycogen associated enzymes are linked to carbon uptake and FR 

signaling (Publication 3; This part also contains additional data related to the results) 

Transition from day to night in phototrophic organisms leads to various adaptations in the 

carbon metabolism. This includes uptake of inorganic carbon which is strictly coupled to 

photosynthetic activity. Cyanobacteria possess a very sophisticated system that includes a 

circadian clock, sensing of C/N balance, redox sensing and others to adjust their metabolism 

accordingly. One of the signals used by phototrophic organisms to sense transition from 

daylight to nighttime is far red light (FR). The signal of far-red light is taken up by 

phytochromes of which the Synechocystis genome encodes for the FR sensing cph1. Recently, 

it has been shown that the diurnal switch for Ci transport activity is also regulated via FR 

involving the HCO3
- transporter SbtA and its regulator SbtB [35].  However, a direct link 

between SbtA/SbtB and Cph1 has not been found yet. Regulation of glycogen metabolism is 

also associated to carbon uptake and transition from day to night. We showed via a B2H assay 

that the glycogen branching enzyme (GlgB) interacts with the bicarbonate transport regulator 

SbtB (Publication 3, Figure 3) and that a sbtb knockout mutant strongly affects glycogen 

accumulation. To investigate if glycogen associated enzymes might be related to Cph1 

signaling, we performed a B2H assay in which we tested the interaction of Cph1 with the 

enzymes involved in glycogen turnover. This assay clearly revealed an interaction of C-terminal 

tagged Cph1 with N-terminal tagged GlgA2, GlgB and GlgP1. A weak interaction could also 

be detected for GlgA1 while no interaction could be detected for GlgP2, GlgC and PGM 

(Figure 6). GlgX1 and GlgX2 were excluded from the assay because they continuously show 

unspecific interaction in various assays tested (data not shown).  This results clearly indicate an 

interaction of glycogen associated enzymes with Cph1. Intriguingly, GlgB is an interaction 

partner of both, SbtB and Cph1. Therefore, GlgB might be linking Cph1 signaling to carbon 

uptake by SbtB. 
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Figure 6: B2H assay of Cph1 tested against glycogen associated enzymes on LB-X-Gal plates. Blue colonies indicate 

a positive interaction. No colonies were obtained for areas in grey. 
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5. Slr1334 is the first identified bacterial glucose-1,6-BP synthase
(Publication 5)

One of the essential reactions in carbon metabolism is the interconversion of Glc-1P to Glc-6P 

and vice versa carried out by phosphoglucomutase (PGM). Of the two annotated PGM enzymes 

in Synechocystis, Sll0726 is responsible for the majority of the PGM activity. The role of 

Slr1334, on the other hand, remains elusive, but it has been shown that it is an essential enzyme 

[49]. To gain deeper insights in the diverging roles of the two PGMs we purified both enzymes 

after overexpression in E. coli and determined their enzymatic activity and kinetic parameters. 

This confirmed the low PGM activity of Slr1334 compared to Sll0726 (Publication 5, Figure 

2). The PGM reaction is strongly dependent on the activator Glc-1,6-BP, responsible for 

efficient phosphorylation of the active site serine. When Glc-1,6-BP was added to the assay, 

both enzymes were strongly enhanced in their catalytic efficiency as expected. This was 

primarily a result of a strongly reduced KM. When the enzymatic assay was performed with 

Frc-1,6-BP as effector instead, the two enzymes behaved fundamentally different: Sll0726 was 

strongly inhibited due to an increase in KM. This was not surprising since an inhibitory effect 

of Frc-1,6-BP on PGM enzymes has been reported before [76, 77]. However, for Slr1334 the 

KM was reduced strongly and catalytic efficiency of Slr1334 increased by 50-fold in the 

presence of Frc-1,6-BP. We considered two ways to explain this phenomenon on Slr1334: First, 

Frc-1,6-BP might act as an alternative activator for Slr1334 by phosphorylating its active site 

like Glc-1,6-BP. Second, Slr1334 might utilize Frc-1,6-BP to form a product, probably Glc-

1,6-BP, out of Frc-1,6-BP that leads to strong activation. To investigate if such a product is 

formed Slr1334 was incubated with Frc-1,6-BP alongside other phosphosugars. The 

supernatant of this reaction was used to see if Sll0726 activity gets enhanced. This revealed that 

Slr1334 in fact forms a product by using Frc-1,6-BP and either Glc-1P or Glc-6P that activates 

Sll0726 in the same way as Glc-1,6-BP. We figured out that this product was also formed by 

incubation with 1-3-BPG instead of Frc-1,6-BP but at a much lower efficiency (Publication 5, 

Figure 3). A subsequent LC/MS analysis confirmed that the formed product was indeed Glc-

1,6-BP (Publication 5, Figure 4). This makes Slr1334 the first identified Glc-1,6-BP synthase 

in bacteria and the first enzyme known to use Frc-1,6-BP for this reaction. In a follow-up 

experiment we could show that Slr1334 was also catalyzing the reverse reaction by using Glc-

1,6-BP and Frc-6P to form Frc-1,6-BP and Glc-1P/6P (Publication 5, Figure 6). Due to its 

essential role in PGM activation and use of glycolysis intermediates, we assume Slr1334 to be 

a major regulator of central carbon metabolism. 
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6. Homologues of Slr1334 and Sll0726 are widespread in

prokaryotes (Publication 5 and publication 6)

Slr1334 is a member of a large subfamily of phosphohexomutases (PHM) that is widespread in 

prokaryotes. To see if other members of this subfamily might be able to carry out the Glc-1,6-

BP synthase reaction as well, we purified the Slr1334 homologue from the human commensal 

bacterium Bacteroides salyersiae to test if it also shows Glc-1,6-BP synthase activity. Indeed, 

like Slr1334, the Bacteriodes salyersiae enzyme showed low PGM activity but was able to 

carry out the Glc-1,6-BP synthase reaction (Publication 5, Figure 7). Based on this result we 

assume that the Glc-1,6-BP synthesis might be a general feature of this subfamily. The 

characteristic N-terminal serine which was discovered to strongly control Sll0726 activity is 

also conserved in certain PHM subfamilies (Publication 4, Figure 4; Publication 5, Figure 

1). The findings for Synechocystis PGMs might therefore be highly relevant for other organisms 

carrying those PHM subfamilies and expand our knowledge of carbon metabolism and its 

regulation. 

7. Additional research

7.1 GlgP1 and GlgP2 differ in their putative interaction partners 

During chlorosis the carbon catabolic enzymes needed at the start of resuscitation must already 

be present since chlorotic cells are not able to synthesize new proteins up until their protein 

biosynthetic machinery has been restored. This includes enzymes for glycogen breakdown like 

GlgP. These enzymes must remain in an inactive state during chlorosis and must immediately 

become active once the resuscitation program is induced. While the above results revealed a 

redox regulation of GlgP1, a regulation of the essential GlgP2 has not been found so far. A 

reasonable assumption is that the signaling for the activation of glycogen breakdown relates to 

the re-availability of combined nitrogen sources and is transmitted via protein-protein 

interaction. To test for possible interaction partners for GlgP1 and GlgP2, we bound the purified 

affinity tagged enzymes to magnetic beads and incubated them with cell extract of cultures that 

were nitrogen starved for two weeks and where resuscitation was initiated 12 h ago respectively. 

After several washing steps, the remaining proteins were analyzed via quantitative proteomics. 

From the proteins identified we calculated the ratio between the GlgP1 and GlgP2 pulldown to 

see which proteins are specifically enriched and to see how the abundance of these proteins is 

changing between chlorosis and resuscitation. Figure 7 shows a scatter plot of the most 

significantly enriched proteins for GlgP1 and GlgP2 during chlorosis and resuscitation. 

Figure 8 shows the proteins with the highest change in abundance between chlorosis and 

resuscitation. 
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Figure 7: Scatter plot of the ratio of proteins identified in the GlgP1 and GlgP2 pulldown. (A): proteins identified 

during chlorosis (14d); (B): proteins identified during resuscitation (12h). Red dots indicate proteins with the highest 

abundance in GlgP1; blue dots represent proteins with highest abundance in GlgP2; gray dots represent other proteins 

that were not specifically enriched. 

A B 

Figure 8: Ratio of protein abundance in chlorosis and resuscitation for GlgP1 (A) and GlgP2 (B). Light grey bars 

show proteins with biggest decrease in abundance from chlorosis to resuscitation; dark grey bars show proteins with 

the strongest increase in abundance. 

A  B 
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We discovered a strong difference between the proteins bound to GlgP1 and GlgP2 during both 

resuscitation and chlorosis.  For GlgP1 we found a strong enrichment of the glycogen associated 

proteins Sll1393 (GlgA2) and Slr1857 (GlgX2). Interestingly together with GlgP1 those are the 

glycogen associated proteins that are considered non-essential during chlorosis and 

resuscitation. During resuscitation we did not find those proteins to be significantly enriched 

anymore in GlgP1. The strongest enrichment we found for GlgP1 was the essential Slr1334 

(PGM/glucose-1,6-BP synthase) in both chlorosis and resuscitation. In case of GlgP2 we found 

Protein ID Annotated function Protein ID Annotated function 

Sll2001 leucine aminopeptidase Slr0376 hypothetical protein 

Sll0109 chorismate mutase Slr0455 hypothetical protein 

Sll0158 1,4-³-glucan branching enzyme (GlgB) Slr0585 argininosuccinate synthetase 

Sll0402 aspartate aminotransferase Slr0752 enolase 

Sll0588 unknown protein Slr0924 periplasmic protein, function unknown 

Sll0726 phosphoglucomutase (PGM) Slr0942 alcohol dehydrogenase [NADP+] 

Sll0837 periplasmic protein, function unknown Slr1101 hypothetical protein 

Sll0944 PII interacting regulator PirC Slr1236 hypothetical protein 

Sll0945 glycogen synthase (GlgA1) Slr1259 hypothetical protein 

Sll1058 dihydrodipicolinate reductase Slr1289 isocitrate dehydrogenase (NADP+) 

Sll1298 putative carboxymethylenebutenolidase Slr1334 PGM/Glc-1,6-BP Synthase 

Sll1327 ATP synthase gamma chain Slr1367 glycogen phosphorylase (GlgP2) 

Sll1393 glycogen (starch) synthase (GlgA2) Slr1704 hypothetical protein 

Sll1394 peptide methionine sulfoxide reductase Slr1722 inosine-5-monophosphate dehydrogenase 

Sll1411 hypothetical protein Slr1744 N-acetylmuramoyl-L-alanine amidase 

Sll1433 hypothetical protein Slr1793 transaldolase 

Sll1581 hypothetical protein Slr1852 unknown protein 

Sll1584 ferredoxin like protein Slr1857 isoamylase 

Sll1641 glutamate decarboxylase Slr1963 water-soluble carotenoid protein 

Sll1721 PDH E1 component, ³ subunit Slr2075 10kD chaperonin 

Sll1746 50S ribosomal protein L12 Slr2076 60kD chaperonin 

Sll1784 unknown protein, preriplasmic Slr2094 FBP/SBPase 

Sll1802 50S ribosomal protein L2 Slr2123 similar to 3-PG dehydrogenase 

Sll1835 unknown protein, periplasmic Ssl0352 hypothetical protein 

Sll1837 unknown protein, periplasmic Ssl0467 unknown protein 

Sll1949 unknown protein Ssl2245 unknown protein 

Sll2001 leucine aminopeptidase Ssl2296 pterin-4a-carbinolamine dehydratase 

Slr0012 RuBisCO small subunit Ssl3364 CP12 polypeptide 

Slr0288 glutamate-ammonia ligase (GS) Ssr0482 30S ribosomal protein S16 

Table 1 Legend of the most abundant proteins identified in Figures 6 and 7. 
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the alternative glutamine synthetase GlnN (Sll0288), which was enriched in chlorosis but not 

in resuscitation. Furthermore, we found the proteins Sll1835 and Sll1837 and the heat shock 

proteins Slr2075 and Slr2076 strongly enriched in GlgP2 during chlorosis. During resuscitation 

we identified Sll0945 (GlgA1) to be strongly enriched in the GlgP2 fraction, which is the 

essential glycogen synthase for chlorosis. Together with GlgA2 (Sll1393) and GlgB (sll0158) 

those are the enzymes that increase the most in abundance in resuscitation (Figure 7). 

Additionally, we identified several proteins involved in nitrogen and carbon metabolism:  

Sll0402 is an aspartate aminotransferase using 2-OG and forms glutamate and oxalacetate, 

which connects this enzyme directly to the C/N ratio. Sll0109, a chorismate mutase, and 

Sll2001, a leucine aminopeptidase, are both involved in amino acid catabolism. Furthermore, 

we found the hypothetical protein Slr0376 (Ycf46) involved in CO2 utilization as one of the 

strongest enriched proteins in GlgP2 in resuscitation [78]. Since GlgP enzymes are known to 

be homodimers, we would expect that the enzymes also interact with GlgP1 and GlgP2 in the 

cell extract. However, this is only the case for GlgP2 where we can detect WT GlgP2 besides 

the affinity tagged version. In the GlgP1 samples only the affinity tagged GlgP1 was detected. 

7.2 Modifications of the glycogen granule 

Like for the other glycogen associated enzymes, the Synechocystis genome harbors two 

paralogous genes for glycogen synthesis, glga1 (sll0945) and glga2 (slr1393). Studying �glga1

and �glga2 knockout mutants revealed that both glycogen synthases produce comparable total

amounts of glycogen but a �glga1 mutant is non-viable when entering chlorosis [1]. The

difference between glycogen produced by GlgA1 and GlgA2 could be caused by different 

modifications. While several glycogen modifications have been shown in eukaryotes, there are 

no studies at all in prokaryotes [43]. Since glycogen accumulation happens rapidly in the first 

two days of chlorosis, we investigated if not only the total amount but also the ratio of glycogen 

accumulation is comparable in the two �glga mutants.  Therefore, the glycogen content of

Synechocystis �glga1 and �glga2 mutants was measured during chlorosis over time and

compared with glycogen content of the WT.  The result confirmed that both glycogen synthases 

form the same total amounts of glycogen, but also that synthesis happens equally fast and peaks 

after around 24 hours (Figure 9). While it has been shown that the average chain length, an 

indicator for the branching pattern, of �glga1 and �glga2 glycogen is comparable to glycogen

from the WT, we wanted to answer the question of what is causing the different properties of 

the glycogen produced by the two synthases [79]. Assuming different glycogen modifications 

would result in a different density of glycogen, we purified glycogen from WT, �glga1 and a

�glga2 mutant and applied it on a continuous gradient ranging from 15 to 75% glycerol (w/w)

followed by ultracentrifugation until an equilibrium was reached. Thereby, a difference in 

sedimentation behavior indicates a difference in density.  
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Two different methods of glycogen purification were established and used: 

1. An extraction where disrupted cells are heated and glycogen is precipitated by in a final step

by ethanol. This leads to a clean glycogen extraction, but most likely causes denaturation of all 

attached proteins. 

2. A method where glycogen was purified from the cell extract by different centrifugation steps.

This method, while less clean, can preserve proteins that might be attached to glycogen. 

(See chapter <Material and Methods of the Additional Results for detailed description)

Strikingly, the sedimentation behavior of the different glycogen fractions differed clearly from 

each other: �glga1 glycogen showed a lower average density with a high heterogeneity and

spreaded over a large area of the gradient. In contrast, �glga2 glycogen showed the highest

density, sedimenting below the other fractions. The glycogen from WT appeared to be a mix of 

the �glga1 and �glga2 fractions, sedimenting at a height between glycogen from �glga1 and

�glga2. On a closer look, the WT glycogen showed two distinguishable fractions of glycogen

separated by a thin band with seemingly low glycogen content. Interestingly, the glycogen 

extracted under the two different methods behaved exactly the same in the gradient 

centrifugation, which led us to the conclusion that the difference in density and sedimentation 

behavior is not caused by bound proteins but by other modifications such as phosphorylation 

which was reported for glycogen in eukaryotes. 

 Figure 9: (A): Glycogen content during chlorosis over time for Synechocystis WT (black dots), �glga1 mutant (dark

grey squares) and �glga2 (light grey triangles). Values are means of triplicates, error bars represent the SD. (B):

Purified glycogen on a 15 to 75% glycerol gradient after 12h of ultracentrifugation from WT, �glga1 and �glga2

chlorotic cells (48h). Glycogen is visible as a white precipitate. As a negative control, extract from vegetatively 

growing cells under constant light was used. 

A B 

35



V. RESULTS

To investigate if glycogen in Synechocystis is in fact modified by phosphorylation, we treated 

glycogen purified from Synechocystis WT and a �glga1 mutant (�glga2 glycogen was not

available at this timepoint) with alkaline phosphatase (AP) for 30 minutes, which should cleave 

of phosphorylation sites and lead to the release of inorganic phosphate (Pi). When using this 

AP treated glycogen for the GlgP assay, we observed that GlgP activity was negatively 

correlated with AP treatment. The decline in activity was significantly stronger for GlgP1, 

which showed around 40% remaining activity for the WT glycogen and 20% remaining activity 

for the �glga2 glycogen. GlgP2 on the other hand showed about 75% remaining activity for

WT glycogen, while glycogen from �glga2 did not show a significantly decline in activity after

AP treatment. A phosphate measurement revealed that AP treatment released higher amounts 

of free phosphate compared to the untreated control. More phosphate was released for �glga2

and the released phosphate correlates with the stronger activity decline in GlgP1. Interestingly, 

also untreated glycogen gave a phosphate signal. This might be due to contaminations with 

phosphate from the purification process or due to the very low pH of the phosphate detection 

assay, which could lead to phosphate release by hydrolysis. These results indicate that 

Synechocystis glycogen is phosphorylated. Removing this phosphorylation is negatively 

affecting GlgP activity with a stronger effect for GlgP1 than for GlgP2. Thereby, the amount of 

phosphate incorporated might differ for glycogen produced by different glycogen synthases. 

 

 

 

Figure 10: (A) and (B) shows the GlgP activity with glycogen purified from Synechocystis WT. (A): GlgP1 activity 

for glycogen treated with 1U of AP for 30 min compared against an untreated control which was considered 100%. 

Black bars: WT glycogen; grey bars: �glga2 glycogen. (B): same as (A) but for GlgP2. Values are means of triplicates.

Error bars represent the SD. 

(C): Shown is the OD650 representing the relative phosphate concentration quantified by a malachite green assay. In 

black WT glycogen; in dark grey �glga2 glycogen. Values are means of triplicates. Error bars represent the SD.

A  B  C 
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7.3 A first insight into the glycogen proteome 

The regulation of glycogen turnover during chlorosis and resuscitation is still under 

investigation. Potential regulators that also determine the glycogen properties are proteins 

which are directly attached to the glycogen granule itself. To gain insights into the glycogen 

proteome, we purified glycogen from Synechocytis WT, with a method that preserves proteins 

potentially bound to glycogen. After application to a glycerol gradient, the different fractions 

were carefully collected using a gradient fractionater and prepared for quantitative proteomic 

analysis. Table 2 shows the 10 most abundant proteins in the glycogen containing fractions. 

Protein ID Annotated function 

Sll0185 hypothetical protein 

Sll6055 hypothetical protein 

Sll0735 hypothetical protein 

Sll1665 

Sll1342 

Slr0483 

Sll1356 

Sll1393 

Sll1621 

Sll1769 

Sll0982 

Sll1638 

unknown protein 

NAD(P)-dependent glyceraldehyde-3P 

dehydrogenase hypothetical protein 

glycogen phosphorylase (GlgP2) 

glycogen (starch) synthase (GlgA2) 

thioredoxin-dependent peroxiredoxin 

hypothetical protein 

unknown thylakoid associated protein 

unknown protein 

Of those identified proteins Sll0185 and Sll0735 appeared to be promising candidates for 

further investigation: Sll0185 was the most abundant protein in the glycogen fractions and is 

strongly regulated by the response regulator Rre37 which is responsible for the upregulation of 

sugar catabolic genes during nitrogen starvation [71]. Sll0735 is annotated as a potential glucan 

branching enzyme, making it an obvious candidate for direct glycogen association. To 

investigate which role those proteins might have in the regulation of glycogen turnover during 

chlorosis and resuscitation, we created knockout mutants of sll0185 and sll0735 and tested the 

strains for survivability during chlorosis and resuscitation. Additionally, we also measured 

glycogen accumulation during chlorosis. It turned out that both knockout strains can perform a 

successful chlorosis and resuscitation without visible impairment. Although we detected a 

decrease in OD750 for the �sll0735 mutant after two weeks of chlorosis, this did not result in a

delayed or worse resuscitation when cells were supplied with nitrogen (Figure 11). Glycogen 

accumulation was comparable in all strains until day 7 where �sll0735 started to show a slight

decline in glycogen content, which was still detectable at the final measurement after two weeks 

Table 2: Most abundant proteins in the glycogen containing fractions 
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(Figure 12). This lower amount of glycogen is in line with the observed drop in OD750 but 

ultimately does not seem to affect survivability during chlorosis and resuscitation in our test 

scenario. It is possible that the observation period was too short and a longer period of chlorosis 

would lead to further decline in OD750 and glycogen content, which could lead to a 

manifestation of a phenotype for �sll0735. However, from these results we conclude that

Sll0185 and Sll0735, while potentially associated with glycogen, do not play a crucial role 

during chlorosis and resuscitation. 

 
Figure 11 (A) and (B): OD750 of Synechocystis WT (green dots); �sll0185 (blue squares) and �sll0735 (red triangles)

during chlorosis (A) and resuscitation (B). Values are means of triplicates. Error bars represent the SD.  

(C) and (D): Drop viability assays of resuscitating cells from �sll0185; (C) �sll0735 (D).

A  B 

C  D 
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8. Material and Methods of the Additional Results

8.1 Cultivation of Synechocystis 

If not otherwise stated all strains used on this study were grown in BG11 supplemented with 5 

mM NaHCO3 as described by [10]. Nitrogen starvation was induced by washing two times with 

BG11-0, which contains all BG11 components except for NaNO3 [2, 16]. For resuscitation 17 

mM NaNO3 was added to nitrogen starved cells in BG11-0. Cultivation of Synechocystis cells 

was performed at continuous illumination (50 to 60 ¿mol photons m22 s21) and continuous

shaking (130 to 140 rpm) at 27 °C. For cultivation of mutant strains medium was supplemented 

with the appropriate concentration of antibiotics.  

8.2 Protein purification 

Protein purification was performed as described in publication 6. 

Figure 12 Relative glycogen content during different timepoints of chlorosis of Synechocystis WT (green), 

�sll0185(blue) and �sll0735 (red). Values are means of triplicates. Error bars represent SD. 
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8.3 Glycogen quantification 

Glycogen content was quantified as based on [15]: For every sample 2 mL of culture were 

collected and pelleted by centrifugation. The pellet was washed with MilliQ water, followed by 

another centrifugation step. Cell lysis was performed by resuspending the pellet in 1 mL of 30% 

KOH and incubation at 95°C for 2h in a heating block. For glycogen precipitation ice-cold 

ethanol was added to a final concentration 70% followed by an overnight incubation at -20 °C. 

After incubation, glycogen was pelleted by centrifugation at 20000 g for 10 min at 4 °C. The 

supernatant was carefully removed and the pellet was carefully washed with 70% ethanol and 

98% absolute ethanol, consecutively. After removing the supernatant, the glycogen pellet was 

dried and resuspended in 1 mL of sodium acetate (pH 4.5). For glycogen digestion 35 U of 

amyloglucosidase (10115, Sigma Aldrich) were added and incubated for 2 h at 60°C.  For 

glycogen quantification 200 µl of the samples were mixed with 1 mL of 6% O-toluidine in 

acetic acid and incubated at 100 °C for 10 min. Absorbance was then detected at 635 nm in a 

photometer. Glycogen concentration was calculated by using a glucose calibration curve. At 

least three biological replicates have been measured for every condition. 

8.4 Creation of crude cell extracts 

For cell disruption the pellet was resuspended in 750 µL lysis buffer (100 mM Tris, 10 mM 

MgCl, pH 7.6) complemented with lysozyme, <Roche cOmplete protease Inhibitor= and

DNAse and incubated on ice for one hour. After incubation cells were transferred in a 1.5 mL 

screw top vial containing a sufficient amount of glass beads. Lysis was performed five times 

for 20 s at 6.5 m/s with 5 min intervals in between using the FastPrep®-24 Ribolyser (MP 

Biomedicals Cell disruption was performed in a FastPrep 245 G homogenizer (MP 

Biomedicals, Irvine, USA) at 4°C. Avoiding the glass beads the supernatant was transferred 

into a fresh 1.7 mL centrifugation tube and kept on ice. 

8.5 Glycogen purification from Synechocystis 

Cultivation of Synechocystis for glycogen purification 

For glycogen extraction 1l of Synechocystis cultures were grown in 2l Erlenmeyer flasks. 

Cultivation, harvesting and cell lysis was performed as described above. 

Purification Method A (denaturing) 

For glycogen purification under denaturing conditions the cell extract was centrifuged at 

20000g for 10 minutes. Avoiding the pellet, the supernatant was transferred into a new 1.7 ml 

centrifugation tube. and incubated in a heating block at 85°C for 10 minutes, denaturing the 

majority of the protein. Subsequently, centrifugation at 20000g for 5 minutes was performed. 

Avoiding the pellet, the supernatant was transferred into a fresh 1.7 mL centrifugation tube. 

Absolute ethanol was added until a concentration of 80% ethanol was reached. Centrifugation 
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was performed for 5 minutes at 20000g resulting in a white pellet of glycogen. Supernatant was 

carefully removed by pipetting and the pellet was washed two times with 70% ethanol. 

Glycogen pellet can be air dried or by using a vacuum concentrator. Purification from 1l of 

chlorotic Synechocystis cultures should result in roughly 30 mg of glycogen. 

Purification Method B (non-denaturing) 

All centrifugation steps are performed at 4°C. First the supernatant is centrifuged at 20000g for 

10 minutes. Avoiding the soft pellet, the supernatant is carefully transferred into a fresh 1.7 mL 

centrifugation tube. Another centrifugation step is performed at 25000g for 60 minutes leading 

to the formation of a yellowish/brownish pellet. The supernatant is carefully extracted and 

discarded using a pipette. Pellet is resuspended in 1 mL of buffer by vortexing thoroughly. 

Pellet washed/resuspended in 1 ml Buffer (100mM Tris, 10mM MgCl, pH 7.6). A series of 3 x 

5 min centrifugations at 20000g is performed. After each centrifugation the supernatant is 

transferred into a fresh 1.7 mL centrifugation tube. A final centrifugation step is performed at 

25000g for 60 minutes. Supernatant is discarded and the pellet is directly used for further 

experiments. 

8.6 Pull-down assays 

MagStrep <type3= XT Beads were aliquoted (150 µl) and washed twice with 1 ml binding buffer 
(50 mM HEPES, 100 mM KCl, pH 7.5) for equilibration. Then 10 µM of purified GlgP1 and 

GlgP2 strep tagged protein were added respectively and incubated under agitation on an orbital 

shaker for 30 minutes at RT. Beads were washed again and cell extracts of chlorotic or 

resuscitating Synechocystis cells were added and incubated for another 30 min on an orbital 

shaker. The supernatant was removed and crude extract of chlorotic and resuscitating cells was 

added respectively. Incubation on an orbital shaker for 30 minutes. Supernatant was removed 

and beads were washed four times with binding buffer.  

Elution 

Preparation for proteomic analysis 

8.7 Bacterial two hybrid assays 

B2H assays were performed as described in publication 1 
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VI. DISCUSSION

1. Slr1334 is the first bacterial Glc-1,6-BP synthase

The interconversion of Glc-1P to Glc-6P and vice versa is one of the key reactions in central 

carbon metabolism. The reaction is carried out by phosphoglucomutase (PGM), a member of 

the ³PHM superfamily, which is widespread in all domains of life. It is known since a long time

that PGM activity is dependent on the activating compound Glc-1,6-BP, which is needed for 

keeping the active site serine of PGM in a phosphorylated state. Therefore, the levels of Glc-

1,6-BP are a strong regulator for PGM activity. Despite PGMs essential role in carbon 

metabolism no Glc-1,6-BP synthesizing enzyme was identified in prokaryotes so far. In this 

work the cyanobacterial model organism Synechocystis was used to identify Slr1334 as the first 

bacterial Glc-1,6-BP synthase. 

1.1 Glc-1,6-BP and its role in carbon metabolism 

The results of this work clearly showed that Slr1334 is a Glc-1,6-BP synthase, utilizing Frc-

1,6-BP and Glc-1P or Glc-6P to form Glc-1,6-BP. Being the first identified prokaryotic Glc-

1,6-BP synthase, the discovery of this enzyme closes a long-overlooked gap in carbon 

metabolism. As expected, Glc-1,6-BP is strongly activating Sll0726 which is responsible for 

the majority of PGM activity in Synechocystis [49]. However, while it was shown that a sll0726 

knockout mutant is viable under conditions which don9t rely on glycogen turnover, attempts to 
knockout slr1334 failed in other studies [49]. This indicates that Glc-1,6-BP might have further 

targets besides PGM. Those targets likely include the other members of the PHM superfamily, 

which might get activated by Glc-1,6-BP as well. This is because all members of the ³PHMs 
superfamily work after the same reaction principle, which involves the formation of a 

bisphosphorylated intermediate. In case of the other phosphohexose converting reactions 

common in bacteria, carried out by PMM and PGNM, these intermediates would be ³-d-

mannose-1,6-BP and ³-d-glucosamine-1,6-BP. Inferred from the effect of Glc-1,6-BP on PGM,

those intermediates would also serve as activating compounds for their corresponding 

phosphohexomutases. However, these intermediates are not known to be formed as free 

metabolites by any reaction. Therefore, it was suggested that Glc-1,6-BP could serve as a 

general activator for those enzymes. This is supported by the fact that all members of the PHM 

superfamily show at least some residual PGM activity, making it likely that Glc-1,6-BP can 

enter their active site [80]. In fact, it has been shown that an E. coli that PGNM gets activated 

in the presence of Glc-1,6-BP [81]. This enzyme carries out one of the central reactions in 

amino-sugar metabolism and is considered essential. In Synechocystis PNGM is expressed by 

sll1758 (glmM). The lack of Glc-1,6-BP would greatly diminish GlmM activity and would be 

one of the reasons for the failed knockout attempt on slr1334. Besides members of the PHM 

superfamily, other targets of Glc-1,6-BP were identified in the central carbon metabolism in 

mammals. Here, an inhibitory effect was shown for hexokinases, 6-phosphogluconate 

dehydrogenase and fructose-1,6-bisphosphatase, while an activating effect was shown for 
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phosphofructokinase and pyruvate kinase [82]. The fact that all these enzymes are part of 

central carbon metabolism and highly conserved among most organisms from all domains of 

life makes it likely that glucose-1,6-BP can also regulate those enzymes in prokaryotes. In 

addition, it was shown that Glc-1,6-BP is especially elevated in brain tissue, where a low level 

of Glc-1,6-BP can lead to severe neurological disorders in newborns [83]. Therefore, it is 

assumed that at least in mammalian brain there are other targets and roles of Glc-1,6-BP that 

have yet to be discovered. A main difference to the mammalian glucose-1,6-BP synthase is that 

Slr1334 uses Frc-1,6-BP for Glc-1,6-BP generation. While Glc-1,6-BP is not a free metabolite 

in any pathway, Frc-1,6-BP is an obligatory metabolite in the EMP and CBB pathways. Frc-

1,6-BP itself has been shown to be an activator of pyruvate kinase and inhibitor of PGM and is 

also a potential regulator of several other enzymes. Frc-1,6-BP levels are determined by the 

opposing reactions of phosphofructokinase (PFK) and fructose-1,6-bisphosphatase (FBPase) as 

well as by the activity of Frc-1,6-BP aldolase. Those enzymes are regulated by the energy state: 

PFK is activated by ADP, AMP and inhibited by ATP and citrate, whereas FBPase is 

downregulated by AMP [84]. By utilizing Frc-1,6-BP for Glc-1,6-BP synthesis and by also 

forming Frc-1,6-BP through the reverse reaction it is likely that Slr1334 contributes to 

balancing the levels of Frc-1,6-BP and Glc-1,6-BP. In addition, the level of Frc-6P, which is 

one of the most important precursors for amino-sugar formation, is likely affected by Slr1334 

as well. In case of Sll0726 it has been shown that Glc-1,6-BP and Frc-1,6-BP are conversely 

regulating the activity of this enzyme. This dynamic could be conceivable for other interactions 

as well. Figure 13 shows an overview of the regulatory network of Slr1334 and Glc-1,6-BP. 
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Figure 13 The potential regulatory network of Slr1334 and Glc-1,6-BP 
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1.2 Subfamilies in other bacteria 

The PHM superfamily comprises several different subfamilies. Table 4 gives an overview of 

these subfamilies according to the Conserved Domain Database (CDD) [85]. Slr1334 is part of 

a large subfamily of PHMs that was of so far unknown function. The fact that a Slr1334 

homologue of the same group, derived from Bacteroides salyersiae, shows the same properties 

by catalyzing the Glc-1,6-BP synthase reaction and showing low general PGM activity suggests 

that this might be a general feature of the entire subfamily.  

Slr1334 homologues are widespread in other prokaryotes but interestingly, they are especially 

found in deeply branching free-living bacteria which are relatively close to the last common 

universal ancestor (LUCA). This includes: Deinococci, Aquificae, Thermotogae, Bacteroidetes 

and Cyanobacteria among others. In addition, Slr1334 homologues are also found in several 

archaea. This is in line with phylogenetic analysis of the subfamilies, showing that the 

subfamily of Slr1334 appears to be the most primordial in the superfamily (Figure 14).  

CDD group name CDD identifier Proposed main function 

PGM1 cd03085 Phosphoglucomutase 

PGM2 cd05799 Phosphopentomutase (PGM2)/Glc-1,6-BP synthase (PGM2L1) 

PGM3(PAGM) cd03086 Phosphoacetylglucosamine mutase 

PMM/PGM cd03089 Bi-functional phosphomanno-/phosphoglucomutase 

PGM like 1 cd03087 Unknown 

PGM like 2 cd05800 Unknown/Glc-1,6-BP synthase 

PGM like 3 cd05801 Phosphoglucomutase 

PGM like 4 cd05803 Unknown 

ManB cd03088 Phosphomannomutase 

GlmM cd05802 Phosphoglucosamine mutase 

Table 4 Subfamilies in the aPHM superfamily with their identifier and proposed main function according to the NCBI 

conserved domain database (CDD) 
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Figure 14: Phylogenetic tree of the aPHM subfamilies that are considered <PGM-like= according to CDD. Adapted 

from [4]. The tree was built on the taxonomy based on the protein sequences present in the NCBI RefSeq_protein 

database. The CDD subfamilies cd03086, cd03088, cd05802 and cd05805, which are known to catalyze distinct 

reactions, were omitted from the analysis. The organisms investigated in this study are highlighted in bold letters.  
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Looking at the substrates that can potentially be used by Slr1334 it is remarkable that it can 

carry out a wide variety of reactions compared to other PHMs. Among those reported reactions 

are the PGM, PMM and Glc-1,6-BP synthase reaction, while for the latter Frc-1,6-BP and 1,3-

BPG can be used as substrates [49]. All of these reactions are carried out with a relative low 

efficiency compared to reactions catalyzed by other PHMs that seem to be more specialized on 

specific substrates (e.g. Sll0726), making Slr1334 more of a <generalist PHM=. It is possible 
that during evolution the superfamily developed towards more specialized enzymes that can 

carry out specific reactions with higher efficiency at the cost of losing other functions like for 

example the Glc-1,6-BP synthesis. This is supported by the observation that Slr1334 can be 

found as the sole PGM in several organisms, while other, more specialized PGMs are usually 

accompanied by other subfamily members. For prokaryotes that do not harbor a Slr1334 

homologue the question arises how those organisms synthesize Glc-1,6-BP. Since the 

requirement of Glc-1,6-BP is conserved for all known PGMs, it is likely that there are other 

ways for Glc-1,6-BP synthesis in these organisms. The most promising candidates for this are 

other subfamilies of PHM that are so far of unknown function. Further investigation of other 

PHM subfamily members and potential Glc-1,6-BP synthesizing enzymes might therefore 

greatly expand the general understanding of carbon metabolism in other bacteria. The fact that 

also pathogenic prokaryotes carry the Slr1334 homologue, but it is absent in eukaryotes makes 

it a potential target for the development of new antimicrobial drugs with little collateral damage 

to the host. PGM has been considered to be a virulence factor especially due to its role in 

bacterial capsule formation [86, 87]. In addition, Slr1334 homologues might provide a new 

cheap way to produce Glc-1,6-BP due to the substrates Frc-1,6-BP and Glc-1P/Glc-6P being 

widely available at relatively low cost. 

 

2. Role and regulation of glycogen associated isoenzymes 

Glycogen turnover is essential in Synechocystis to overcome situations of nutrient starvation. 

Regulating glycogen catabolic enzymes to prevent a premature degradation of glycogen on the 

one hand and initiate degradation when needed on the other hand is essential.  The glycogen 

catabolic enzymes are expressed at the onset of chlorosis but must remain inactive until the 

resuscitation process is initiated. While it has been shown that the regulation of PGM (Sll0726) 

plays an essential role in this regard, no regulation for enzymes directly acting on glycogen has 

been shown so far. Most glycogen associated enzymes are present as a pair of two isoenzymes. 

It has been shown that at least some of these isoenzymes likely fulfill different roles in the 

organism. Therefore, also a different mode of regulation is expected. 

 

2.1 Redox regulation of GlgP1 

GlgP initiates the first step in glycogen breakdown. Compared to eukaryotes there is only little 

knowledge about the regulation of glycogen degrading enzymes in bacteria. Of the two 

glycogen phosphorylases in Synechocystis it has been shown that GlgP2 is essential for 
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recovery from chlorosis as well as for glycogen degradation during dark phases. GlgP1 on the 

other hand does not contribute to glycogen degradation under those conditions [70]. Although 

a study has shown that GlgP1 plays an important role during growth at high temperatures, its 

overall role in the organism is only poorly understood [48]. The fact that GlgP1 is unable to 

degrade glycogen during resuscitation even though it shows comparable abundance levels than 

GlgP2, indicates a different mode of regulation [88]. The results of this work clearly showed 

that GlgP1 activity is strongly regulated by an isoenzyme specific C-terminal redox switch. 

Thereby, GlgP1 degrades glycogen with high efficiency in its oxidized state and is mostly 

inactive when in the reduced state. Although a redox regulation of glycogen associated enzymes 

has been suggested in Synechocystis, this is the first time this regulation mechanism has been 

shown for a glycogen catabolic enzyme in prokaryotes [74, 89]. A redox regulation of glycogen 

phosphorylase outside of the bacterial domain has been shown for the GlgP in human brain, 

one of the three GlgP isoenzymes found in humans. This enzyme is enhanced in binding its 

activator AMP when in the reduced state [90]. However, an effector dependent regulation via 

AMP is not known in bacteria. Being active in the oxidized state and by showing that reduced 

GlgP1 can get activated by H2O2 and GSSG links GlgP1 activity to situations with increased 

ROS formation. In all photosynthetic organisms ROS formation is a consequence of 

photosynthesis and the amount of ROS correlates with photosynthetic activity. GSSG, the 

oxidized form of GSH is a direct indicator for ROS species since GSH is one of the main 

compounds to counter ROS induced damage in photosynthetic organisms, including 

cyanobacteria [91]. The link of GlgP1 to photosynthetic activity is unexpected, since the 

activity of a carbon catabolic enzymes like GlgP is generally attributed to heterotrophic growth. 

However, this is in line with the expression levels of glgP1 where it was shown that, conversely 

to glgP2, glgp1 is upregulated during light and downregulated during dark periods [33]. In 

addition, the essential role of GlgP1 during high temperatures could only been shown during 

illumination [48]. In nature, high light and high temperatures are often correlating with each 

other. Furthermore, high temperatures are also known to induce ROS formation in bacteria 

which means both high light and high temperature conditions could potentially activate GlgP1 

[92]. An explanation for GlgP activity and thus glycogen degradation during these conditions 

could be the regeneration of ribulose-1,5-BP. During high temperatures the CO2/O2 ratio in 

water gets smaller, making it more likely for RuBisCO to incorporate oxygen instead of CO2. 

In addition, higher temperatures negatively affect the affinity for CO2 of RuBisCO itself [93, 

94]. The formation of 2-phosphoglycolate as a consequence of oxygen incorporation by 

RuBisCO is not only energy demanding due to the necessary recycling process of 2-

phosphoglycolate via photorespiration, but also a C3 body is lost in the process, which is not 

available for ribulose-1,5-BP regeneration. While the standard pathway for ribulose-1,5-BP 

regeneration requires a sequence of various reactions in the gluconeogenetic and RPP pathway, 

ribulose-1,5-BP can also be formed via the OPP pathway. Here, the degradation of glycogen 

by GlgP1 followed by the reactions of G6PDH and GND would provide a shortcut compared 

to the mentioned pathways, improving ribulose-1,5-BP regeneration and CO2 fixation as a 

consequence. Additionally, this would also provide reducing equivalents in the form of NADPH 

which are needed for the recovery of GSH. It has been shown that maintaining high levels of 

GSH are essential for surviving prolonged periods of ROS formation [95]. The C-terminal 
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domain harboring this redox switch is only present in certain strains of cyanobacteria making 

it an exclusive feature of this group. Further phylogenetic analysis of glgp1 mutants during high 

light and other stress conditions have to be carried out to confirm the hypothesized function of 

GlgP1. 

 

2.2 The role of the glycogen debranching enzymes 

About one third of a glycogen granule is considered to be freely accessible by GlgP degradation 

[96]. Therefore, a full and efficient breakdown of glycogen requires the additional activity of 

glycogen debranching enzymes. The role of the two isoenzymes GlgX1 and GlgX2 in 

Synechocystis has so far not been investigated at all. This work showed for the first time the 

role these enzymes play for glycogen degradation during different conditions. GlgX1 activity 

is essential for resuscitation from chlorosis and knockout mutants of glgx1 show a strong 

impairment. This phenotype becomes more pronounced for longer periods of chlorosis and 

when resuscitation is done in day/night rhythm. This can be explained by cells experiencing 

longer phases of heterotrophy when resuscitating from a deeper chlorosis or into the dark phase, 

making a more profound degradation of the glycogen granule necessary. The knockout of glgx2 

was without any visible phenotype, indicating that glgx2 does not contribute to glycogen 

debranching activity under these conditions. Interestingly, none of the glgx knockouts showed 

a phenotype in day/night during vegetative growth. It can be assumed that during diurnal growth 

a slower rate of glycogen degradation, provided solely by GlgP2, is sufficient, while during 

resuscitation the demand especially for carbon building blocks is much higher. A prolongation 

of the dark phase might lead to a more profound glycogen degradation as described above which 

could reveal an observable phenotype. By determining the enzymatic activity. it turned out that 

GlgX1 enhances GlgP activity in dependence of the glycogen source while GlgX2 showed no 

activity at all. For glycogen originating from Synechocystis both GlgPs benefit strongly from 

GlgX activity, but the effect is more pronounced for GlgP2. This suggests that the properties of 

the glycogen, presumably the branching pattern, determine the effect of GlgX on GlgP activity.  

The fact that GlgX1 particularly enhances GlgP2 activity and that a knockout of each enzyme 

shows a similar phenotype during resuscitation from chlorosis indicates that GlgX1 and GlgP2 

form a functional pair. 

The GlgX isoenzymes join the ranks of glycogen-associated enzymes in which one homolog is 

essential for chlorosis and recovery, while the other isoenzyme has a yet unknown role in the 

organism. However, in case of GlgX2 we could not confirm that this enzyme is carrying out its 

annotated reaction, which is not the case for any of the other glycogen associated isoenzymes. 

This challenges the classification of GlgX2 as a debranching enzyme. The group of glycogen 

debranching enzymes is diverse and there are many enzymes that carry a potential hydrolase 

domain which is a common reaction in carbohydrate metabolism. Therefore, another function 

might be assigned to GlgX2 which needs to be further investigated.  

With the investigation of the two glycogen debranching enzymes, there is now a full overview 

of all glycogen associated isoenzymes and their roles in certain metabolic situations. For 

chlorosis and recovery, only one knockout of an isoenzyme is viable in each case. This is also 
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partly the case for diurnal growth, but the overall picture is less clear at this condition. The role 

of isozymes whose knockout does not show a phenotype under these conditions remains to be 

further investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Potential regulatory interaction partners for GlgP1 and GlgP2 

While it has been shown that GlgP1 is regulated via redox regulation, no regulatory mechanisms 

for the essential GlgP2 have been found so far and it is still unclear how the signal of nitrogen 

availability is transferred towards the glycogen degrading enzymes. The pulldown assays 

performed in this work revealed different potential interaction partners for GlgP1 and GlgP2 

during chlorosis and the early phase of resuscitation. GlgP1 seems to be associated with GlgX2 

(Slr1857) and GlgA2 (Slr1393). Interestingly, together with GlgP1, these are the enzymes that 

do not appear to play a significant role during chlorosis and resuscitation (Table 4). 

Intriguingly, GlgX2 follows the same expression pattern as GlgP1 being upregulated during the 

day and downregulated during dark phases [33]. GlgP2 on the other hand shows strong 

enrichment of GlgA1 (Sll0945), the essential glycogen synthase for chlorosis. This finding 

could indicate that certain glycogen associated isoenzymes form a functional cluster, which is 

responsible for glycogen turnover at different situations. The essential Slr1334 appears to be 

Knockout strain Autotrophic 

(constant light) 

Day/Night 

(12h/12h) 

Chlorosis Resuscitation 

�glgC (slr1176) O X X X 

�glgA1 (sll0945) O O X X 

�glgA2 (slr1393) O O O O 

�glgB (sll0158) O X X X 

�glgP1 (sll1356) O O O O 

�glgP2 (slr1367) O X O X 

�glgX1 (slr0237) O O O X 

�glgX2 (slr1857) O O O O 

Table 5: Knockout mutants of the glycogen associated isoenzymes during different conditions: X: non-viable or 

significantly impaired in growth, O: viable without detectable phenotype. 
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especially associated with GlgP1. Based on data from the quantitative proteomics of glycogen, 

we assume that GlgP1 may be directly bound to the glycogen granule, which does not seem to 

be the case for GlgP2. Therefore, in the case of the GlgP1 pulldown, glycogen granules might 

also have been directly fished and thus proteins bound to glycogen might be more enriched in 

the GlgP1 pulldown. Next to the glycogen associated enzymes we discovered several potential 

interaction partners that could have a regulatory function. The most interesting candidate might 

be the glutamine synthetase GlnN (Sll0288), which was strongly enriched during chlorosis for 

GlgP2. This is intriguing since this enzyme as part of the GS/GOGAT cycle is directly able to 

sense the availability of combined nitrogen sources as well as the C/N ratio in general. It was 

shown before that blocking the GS/GOGAT reaction inhibits the initiation of resuscitation and 

glycogen degradation [5]. During resuscitation the enrichment of GlnN for GlgP2 declines 

which could be an indication that GlnN releases GlgP2 once combined nitrogen is available 

again. Another interesting candidate for GlgP2 regulation is Slr0374, which was one of the most 

enriched enzymes during resuscitation. Further studies need to elucidate if those interaction 

partners might truly play a regulatory role for GlgP2 and if glycogen associated enzymes form 

a real functional cluster. 

 

2.4 GlgB might be the missing link in signaling between SbtB and Cph1 
 

Phototrophic lifestyle requires a permanent metabolic switch between autotrophic and 

heterotrophic growth. During the day, the excess of newly fixed carbon is stored as glycogen, 

which gets degraded during the night. These processes are regulated by a very sophisticated 

system that is far from fully understood. Signaling via FR is one way for phototrophic 

organisms to measure day length and transition from day to night. Carbon fixation and glycogen 

turnover play a central role in this scenario. One of the central regulators for carbon uptake is 

the PII like protein SbtB, which negatively regulates the bicarbonate transporter SbtA. It has 

been shown that SbtB also has a strong influence on glycogen turnover, since a SbtB deficient 

mutant is strongly impaired in glycogen accumulation. Thereby, SbtB interacts with the 

essential glycogen branching enzyme GlgB in dependence of cyclic-di-AMP. Recently it has 

been shown that the SbtA/SbtB interaction is under control of FR sensing and that FR signaling 

also influences glycogen levels [35]. However, the mechanism underlying the FR light and the 

Cph1mediated regulation of SbtA activity via SbtB was so far unknown. By investigating if 

Cph1 itself might interact with glycogen associated enzymes an interaction with GlgA2, GlgB 

and GlgP1 was found in a B2H assay. The interaction with GlgB is especially intriguing because 

this enzyme also strongly interacts with SbtB. Therefore, GlgB could provide the missing link 

in FR signaling mediation towards SbtB and those might form a signaling network 
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3. The glycogen granule and its modifications 
 

It was shown that the two glycogen synthases both synthesize glycogen in comparable amounts. 

Still, the two knockout mutants of glga1 and glga2 behave fundamentally different: While a 

glga2 knockout mutant can undergo chlorosis and resuscitation like the wildtype, a glga1 

knockout mutant loses viability already when entering chlorosis. This raised the question on 

what distinguishes glycogen produced by the different synthases from another. From 

eukaryotes it is known that glycogen can undergo modifications in the form of phosphorylation 

and protein binding [43].  This study aimed at investigating the glycogen granule and its 

potential modifications in Synechocystis.  

 

3.1 Glycogen phosphorylation and glycogen proteome 
 

While it was not possible to detect a difference in the enzymatic activity of GlgA1 and GlgA2, 

an analysis of glycogen sedimentation behavior led for the first time to a visible difference 

between glycogen derived from WT, �glga1 and �glga2. Here, the glycogen derived from the 

�glga1 mutant shows the biggest difference in sedimentation behavior which is in line with the 

observed phenotype. Previous studies which analyzed the average chain length showed that 

glycogen derived from WT and a �glga1 are especially close, which is why a difference in 

branching was ruled out as  a potential cause [79]. A difference in attached protein could also 

be excluded, since the difference in density could also be detected when a purification method 

was chosen that should denature all potentially bound proteins. Therefore, it was assumed that 

a specific phosphorylation pattern, a known modification of glycogen in eukaryotes, might lead 

to a difference in density. The treatment of glycogen with alkaline phosphatase revealed that 

phosphate is released from glycogen and that the AP treated glycogen showed a worse 

degradability by the glycogen phosphorylases. This clearly indicates that glycogen is modified 

by phosphorylation, which might shape its properties. The phosphorylation state of glycogen 

has been shown to play an important role in eukaryotes, where an abnormal over-

phosphorylation pattern leads to the accumulation of glycogen inclusion bodies. This is 

associated with severe neurological disorders called Lafora disease. The reason for the 

abnormally phosphorylated glycogen is a defect in the gene encoding for a phosphatase called 

<laforin=, which detects and removes phosphate groups from glycogen [97]. A homologue of 

this enzyme is not known in prokaryotes, but this reaction could in theory be carried out by 

other phosphatases. Several ways on how glycogen is phosphorylated have been discussed. The 

most widely accepted way is that GlgA can phosphorylate glycogen at the C2, C3 or C6 

positions. This has been shown to happen as a side reaction by eukaryotic glycogen synthase 

incorporating the beta-phosphate of UDP-glucose [98, 99]. Although this has not been shown 

in bacteria, it is conceivable that the same can happen for bacterial GlgA with ADP-glucose. 

Another way how phosphate might be included is the reaction of GlgC, which forms the 

glycogen precursor ADP-glucose out of glucose-1P and ATP. Since it is now clear that Glc-

1,6-BP is present in Synechocystis this enzyme might occasionally use Glc-1,6-BP instead of 
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Glc-1P, which would lead to a phosphorylated sugar incorporated into the glucan chain by 

GlgA. It is possible that GlgA1 and GlgA2 are differently prone for this side reaction or have 

different affinities for the additionally phosphorylated ADP-glucose.  Interestingly, the Lafora 

disease is also associated with an ubiquitin ligase that is strongly interacting with laforin and 

essential for glycogenolysis [100]. In our glycogen quantitative proteomic analysis, we detected 

the ubiquitin like protein Sll6055 among the most enriched proteins. In eukaryotes it has been 

described before that ubiquitylation of glycogen associated enzymes is essential for their 

regulation [43, 101]. Glycogen is most likely associated with several proteins that are directly 

bound to the granule. While this work could not identify essential regulatory proteins, it gave a 

first insight in the complexity of the glycogen proteome and established purification methods 

for glycogen analysis for future studies. While it is still unclear what causes the difference 

between the GlgA1 and GlgA2 glycogen, this work for the first time investigated potential 

glycogen modifications in cyanobacteria. Glycogen in Synechocystis seems to be indeed 

phosphorylated and this phosphorylation appears to be influencing its degradability by GlgP. 

Thereby, the degree of phosphorylation might differ depending on the glycogen synthase that 

produced the glycogen. The cause and effect of phosphorylation can so far only be speculated 

and further studies need to be carried out for clarification. A complete degradation of the 

glycogen granule by amyloglucosidase followed by LC/MS analysis to detect potential glucose 

phosphates might be a reasonable approach to analyze the degree and the difference in 

phosphorylation. 

 

4. Final Conclusions  
 

Overall, the results presented in this work significantly expanded our knowledge on 

cyanobacterial glycogen metabolism and the regulation of the enzymes involved. In terms of 

function, configuration and its comprehensive regulatory network it was shown that glycogen 

metabolism comprises a high level of complexity and goes far beyond a simple glucose storage.  

Deepening the understanding of glycogen metabolism is not only relevant for cyanobacteria, 

but also of great importance for organisms in all domains of life. Figure 15 shows a (simplified) 

potential glycogen interactome, including the findings of this work.  Furthermore, this work 

provides the discovery of the first bacterial Glc-1,6-BP synthase, which closes a long-

overlooked gap in bacterial carbon metabolism. Besides the regulatory functions shown in this 

study, Glc-1,6-BP is suggested to regulate other key enzymes in carbon metabolism. This work 

laid the foundation for the investigation of further functions of Glc-1,6-BP in bacterial carbon 

metabolism and for the search for other enzymes that synthesize this compound. 
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Figure 15: Simplified depiction of a potential glycogen interactome based on results achieved in this work:  

Black lines: confirmed interactions, dashed black lines: indicated interactions; blue arrows: flow of metabolites 
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PII signal transduction proteins are widely spread among all domains of life where

they regulate a multitude of carbon and nitrogen metabolism related processes. Non-

diazotrophic cyanobacteria can utilize a high variety of organic and inorganic nitrogen

sources. In recent years, several physiological studies indicated an involvement of the

cyanobacterial PII protein in regulation of ammonium, nitrate/nitrite, and cyanate uptake.

However, direct interaction of PII has not been demonstrated so far. In this study,

we used biochemical, molecular genetic and physiological approaches to demonstrate

that PII regulates all relevant nitrogen uptake systems in Synechocystis sp. strain

PCC 6803: PII controls ammonium uptake by interacting with the Amt1 ammonium

permease, probably similar to the known regulation of E. coli ammonium permease

AmtB by the PII homolog GlnK. We could further clarify that PII mediates the ammonium-

and dark-induced inhibition of nitrate uptake by interacting with the NrtC and NrtD

subunits of the nitrate/nitrite transporter NrtABCD. We further identified the ABC-type

urea transporter UrtABCDE as novel PII target. PII interacts with the UrtE subunit without

involving the standard interaction surface of PII interactions. The deregulation of urea

uptake in a PII deletion mutant causes ammonium excretion when urea is provided as

nitrogen source. Furthermore, the urea hydrolyzing urease enzyme complex appears to

be coupled to urea uptake. Overall, this study underlines the great importance of the PII

signal transduction protein in the regulation of nitrogen utilization in cyanobacteria.

Keywords: PII signaling protein, GlnB, cyanobacteria, nitrogen regulation, nitrate uptake, ammonium uptake, urea

uptake, ABC transporters

INTRODUCTION

The emergence of the oxygenic photosynthesis by ancestors of present cyanobacteria (Soo
et al., 2017) laid the ground for the evolution of present days life on planet earth. Until
today, cyanobacteria occupy a high variety of illuminated habitats, where they represent one
of the most abundant primary producers (Whitton, 2012). Accordingly, cyanobacteria are
essential contributors to the global carbon cycle. Many cyanobacterial strains have acquired the
ability to fix atmospheric nitrogen, making them key players in the global nitrogen turnover
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(Herrero and Flores, 2008). Nitrogen represents a necessary
macronutrient for all living organisms and therefore constitutes
an important growth-limiting factor in most ecosystems
(Vitousek and Howarth, 1991). The regulation of nitrogen
metabolism in cyanobacteria mainly depends on the fine-tuned
network of the signal transduction protein PII, the global
nitrogen transcription factor NtcA and the NtcA co-activator
PipX (Vegapalas et al., 1992; Espinosa et al., 2006, 2007,
2014; Forchhammer, 2008; Luque and Forchhammer, 2008;
Forcada-Nadal et al., 2018).

PII signal-transduction proteins are widespread in all three
domains of life, where they represent one of the largest and most
ancient families of signaling proteins (Chellamuthu et al., 2013;
Forchhammer and Luddecke, 2016). PII proteins are involved in
the regulation of various nitrogen- and carbon-anabolic processes
(Forchhammer, 2004, 2008). Canonical PII proteins are homo-
trimeric with three characteristic loop regions, designated as B-,
C-, and T-loops, which compose the effector molecule binding
sites (Cheah et al., 1994; Xu et al., 2003; Forchhammer, 2004,
2008; Llacer et al., 2007; Fokina et al., 2010a; Zhao et al., 2010;
Zeth et al., 2014). The large surface exposed T-loop is the
prevailing protein interaction module of PII. The PII proteins
sense the energy status of the cell by the competitive binding of
ADP or ATP (Zeth et al., 2014). Binding of ATP and synergistic
binding of 2-oxoglutarate (2-OG) allows PII to sense the current
carbon/nitrogen status of the cell (Fokina et al., 2010a). 2-OG
is an intermediate of the TCA-cycle that provides the carbon
skeleton for inorganic nitrogen incorporation by the glutamine
synthetase/glutamate synthase (GS/GOGAT) cycle. Due to this,
2-OG links carbon and nitrogen metabolism and acts as an
indicator for the intracellular carbon/nitrogen balance (Muro-
Pastor et al., 2001; Fokina et al., 2010a). Besides effector molecule
binding, post-translational modification of PII represents a
second level of regulation (Forchhammer et al., 2004; Merrick,
2014). Depending on nitrogen availability, cyanobacterial PII can
be phosphorylated at the apex of the T-loop at position Ser49
(Forchhammer and Tandeau deMarsac, 1995; Forchhammer and
Hedler, 1997). In other prokaryotes, like E. coli, PII is modified
by uridylylation in response to nitrogen availability instead of
phosphorylation (Jiang et al., 1998). Binding of effector molecules
as well as post-translational modifications lead to various PII
conformations. Depending on the conformational state, PII
can interact with a variety of interaction partners and thereby
regulate the cellular C/N balance (Radchenko and Merrick,
2011; Forchhammer and Luddecke, 2016). In cyanobacteria, PII
indirectly regulates the global nitrogen control transcriptional
factor NtcA through binding of the NtcA co-activator PipX
(Espinosa et al., 2007). In common with other bacteria, the
cyanobacterial PII protein can control the acetyl-CoA levels by
interacting with the biotin carboxyl carrier protein (BCCP) of
acetyl-CoA carboxylase (ACC) (Hauf et al., 2016). Furthermore,
PII regulates arginine biosynthesis by interacting with the enzyme
N-acetylglutamate kinase (NAGK), which catalyzes the rate-
limiting step of this pathway (Caldovic and Tuchman, 2003;
Heinrich et al., 2004; Llacer et al., 2007; Watzer et al., 2015).
If sufficient energy and nitrogen is available, indicated by a
high intracellular ATP and low 2-OG level, non-phosphorylated

PII interacts with NAGK, enhancing its catalytic efficiency and
relieving it from feedback inhibition by arginine (Heinrich et al.,
2004; Maheswaran et al., 2004; Llacer et al., 2007). At high
intracellular arginine levels, the carbon/nitrogen storage polymer
cyanophycin (multi-L-arginyl-poly-L-aspartate) accumulates in
Synechocystis sp. strain PCC 6803 (hereafter Synechocystis)
(Maheswaran et al., 2006; Watzer et al., 2015). A PII variant
was identified with a single amino acid substitution, Ile86 to
Asn86 [thereafter referred as PII(I86N)], which constitutively
binds NAGK in vitro (Fokina et al., 2010b). Replacing the wild-
type PII with a I86N variant in Synechocystis generated a mutant
strain, which strongly overproduced arginine and cyanophycin
(Watzer et al., 2015). On the other hand, the PII(I86N) strain
showed a growth defect in ammonium-supplemented medium
(Watzer et al., 2015).

Cyanobacteria use nitrogen sources in a hierarchical order,
with ammonium being the preferred nitrogen source. As a
consequence, when ammonium is provided together with other
suitable nitrogen sources, ammoniumwill be utilized first (Muro-
Pastor et al., 2005). In most natural habitats, the ammonium
availability is low, so that high affinity ammonium permeases
are required for efficient ammonium uptake (Rees et al., 2006).
In Synechocystis, the Amt1 permease is mainly responsible
for ammonium uptake (Montesinos et al., 1998). However,
elevated intracellular ammonium concentrations are toxic to
the cells (Drath et al., 2008; Dai et al., 2014), and therefore,
ammonium transportmust be tightly controlled. The ammonium
transporter family (Amt) is widespread among all domains of
life (Wirén and Merrick, 2004). In E. coli, the PII homolog GlnK
regulates the ammonium permease AmtB by direct protein–
protein interaction. Under ammonium excess conditions, ADP-
complexed GlnK blocks an uncontrolled influx of ammonium by
inserting the apex of the T-loop into the cytoplasmic exit pores of
AmtB (Conroy et al., 2007).

For the assimilation of nitrate, an active nitrate transporter,
a nitrate reductase (NR) and a nitrite reductase (NiR)
are required (Ohashi et al., 2011). Two types of nitrate
transporter systems have been found among cyanobacteria,
a high-affinity nitrate/nitrite permease NrtP and the ABC-
type transporter NrtABCD (NRT) (Omata et al., 1993; Luque
et al., 1994; Sakamoto et al., 1999; Ohashi et al., 2011). NRT
is a bispecific nitrate/nitrite transporter showing high affinity
for both substrates (Maeda and Omata, 1997). Intracellular
nitrate is first reduced to nitrite by NR and subsequently
reduced to ammonium by NiR. Subsequently, ammonium is
assimilated in the GS/GOGAT cycle (Flores and Herrero, 1994).
Both, NR and NiR, use photosystem I reduced ferredoxin
as an electron donor, indicating a coupling of photosynthesis
and nitrate assimilation (Manzano et al., 1976; Flores and
Herrero, 1994). Addition of ammonium to nitrate adapted
cells results in an immediate inhibition of nitrate uptake
and a repression of proteins involved in nitrate assimilation
(NR and NiR). The ammonium-induced inhibition of NRT is
regulated by the PII protein and the C-terminal domain of
NrtC (Kobayashi et al., 1997; Lee et al., 1998). Phosphomimetic
variants of PII and a PII phosphatase (PphA) deletion
mutant, in which PII is constitutively phosphorylated, showed
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ammonium promoted inhibition of nitrate uptake like the
wild-type (Lee et al., 2000; Kloft and Forchhammer, 2005).
However, this response was abolished in a PII deficient mutant
(Kloft and Forchhammer, 2005).

The ability to utilize urea as nitrogen source is widely
distributed among bacteria, fungi and algae (Baker et al.,
2009; Solomon et al., 2010; Esteves-Ferreira et al., 2018). In
common with other bacteria, the cyanobacteria Synechocystis
and Anabaena sp. PCC 7120 possess a high affinity urea
ABC-type transporter, which is capable of urea import at
concentrations lower than 1 µM (Valladares et al., 2002). The
gene cluster urtABCDE, encoding all subunits of this ABC-type
urea transporter, is transcriptionally controlled by the global
transcription factor NtcA (Valladares et al., 2002).

The present study was inspired by the phenotype of
the cyanophycin-accumulating strain variant Synechocystis
PII(I86N), which was impaired in ammonium utilization.
Starting with analyzing a possible regulation of the cyanobacterial
Amt1 permease by PII, we found additional evidence for a direct
regulation of the nitrate/nitrite transporter NrtABCD and
the urea transporter UrtABCDE by the PII signaling protein
during this study.

MATERIALS AND METHODS

Cultivation Conditions
Standard cloning procedures were performed in Escherichia coli
NEB 10-beta (NEB). Strains were grown in LB-medium at 37çC
with constant shaking at 300 rpm.

Synechocystis strains were grown photoautotrophically in
BG-11 medium supplemented with 5 mM NaHCO3 and nitrate,
ammonium, or urea as nitrogen source (Rippka et al., 1979).
BG-11 agar plates were produced by adding 1.5% (w/v) Bacto-
agar (Difco), 0.3% (w/v) sodium thiosulfate pentahydrate and
10 mM TES-NaOH pH 8 (Roth) to liquid BG-11 medium.
Antibiotics were added when required. Cultivation of liquid
cultures for physiological experiments occurred in 50, 100,
or 500 mL Erlenmeyer flasks, at 28çC and with constant shaking
of 120 rpm. Cultures were continuously illuminated with a
photon flux rate of 40–50 µE. Growth rates were determined by
measuring the optical density at 750 nm (OD750).

For induction of nitrogen starvation conditions, exponentially
growing cells (OD750 0.4–0.8) were harvested by centrifugation
(3,000 × g for 10 min at room temperature), washed and
resuspended in BG-11 medium lacking a suitable nitrogen
source (BG-110).

For spot assays (drop plate method), Synechocystis cultures
were adjusted to an OD750 of 1. A dilution series to the power
of 10 was made using BG-110. Then, 5 µL of every dilution
step (100–1024) were dropped on BG-11 agar plates. Plates were
cultivated at 28çC with constant illumination of 40 µmol of
photons s21 m22.

Bacterial Two-Hybrid Assay
Plasmids were constructed by PCR amplification using high-
fidelity Q5 polymerase (NEB) and oligonucleotides with

overlapping regions. Genomic Synechocystis DNA or plasmids
served as templates. PCR fragments were inserted in linearized
bacterial two-hybrid vectors pUT18 and pKT25 containing the
genes for either the T18 or T25 subunit of the adenylate cyclase
CyaA (Karimova et al., 2001) by isothermal, single-reaction
DNA assembly according to Gibson et al. (2009). Since the
multiple cloning site of pKT25 is located downstream of the
T25 subunit, allowing only N-terminal localization of the tag,
we constructed plasmid pKT25n (Table 1; pKT25n_fw and
pKT25n_rev) to achieve a C-terminal fusion of the tag to the gene
of interest. Therefore, plasmid pKT25 was linearized using PCR
and the gene of interest was fused upstream of the T25 subunit.
Primers, plasmids, and strains used in this study are listed
in Tables 1–3, respectively.

Escherichia coli BTH101 cells were co-transformed with
plasmid pUT18 and plasmid pKT25 or pKT25n (Table 2).
Plasmids pKT25 or pKT25n contained the possible PII
interaction partner fused N- or C-terminal to the T25 subunit.
Plasmid pUT18 contains a gene-fusion of the PII-encoding glnB
gene or a genetically modified glnB gene containing the I86N
mutation [Ile (52ATC) at codon position 86 to Asn (52AAC)]
(Watzer et al., 2015), the R9L mutation [Arg (52CGC) at codon
position 9 to Leu (52CTG)] (Fokina et al., 2010a) or the S49D
mutation [Ser (52TCG) at codon position 49 to Asp (52GAT)]
(Lee et al., 2000) with the T18 subunit. The glnB gene and
the modified glnB genes were always fused N-terminal with
the T18 subunit. Co-transformants were plated on LB-plates
(supplemented with 100 µg mL21 ampicillin and 50 µg mL21

kanamycin) and cultivated for 2 days at 30çC.
To reduce the level of heterogeneity, five clones from each

plate were picked to inoculate 5 mL LB-medium (containing
100 µg mL21 ampicillin and 50 µg mL21 kanamycin). Cultures
were cultivated overnight at 37çC. Overnight cultures were
diluted 1:100 in 3 mL of fresh LB-medium (containing 100 µg
mL21 ampicillin and 50 µg mL21 kanamycin) and grown to an
OD600 of 0.7. Three µL of each culture were plated on X-Gal
(containing 100 µg mL21 ampicillin, 50 µg mL21 kanamycin,
1 mM IPTG, 40 µg mL21 X-Gal) and MacConkey (containing
100 µg mL21 ampicillin, 50 µg mL21 kanamycin, 1 mM IPTG,
1% maltose) reporter plates. Reporter plates were incubated for
3–4 days at 25çC.

Construction and Cultivation of
Synechocystis PII-3xFLAG Tag Strains
The previously described pPD-NFLAG and pPD-CFLAG
plasmids were used to construct Synechocystis PII (GlnB) fusion
proteins with an N- or C-terminal 3xFLAG tag, respectively
(Hollingshead et al., 2012; Chidgey et al., 2014). Together with a
kanamycin resistance cassette, this construct was inserted in the
Synechocystis wild-type genome by homologous recombination,
replacing the psbAII gene (Chidgey et al., 2014). Transformants
were selected and segregated by kanamycin resistance. For
pull-down experiments, 2 L batch cultures were inoculated at
OD750 = 0.2 in BG-11 medium and propagated as described
above, with magnetic stirring at 120 rpm and bubbling with
2% CO2 (v/v) supplemented ambient air. Cell harvesting was
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TABLE 1 | Oligonucleotides used in this study.

Primer Sequence (52–32 direction)

pKT25n_fw ACCATGCAGCAATCGCATCAG

pKT25n_rev CATAGCTGTTTCCTGTGTGAAATTG

glnB_fw TGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGAAAAAAGTAGAAGCGATTATTC

glnB_rev CTCGCTGGCGGCTGAATTCGAGCTCGGTACCCGGGGATCAATAGCTTCGGTATCCTTTTC

pipX_fw TTCACACAGGAAACAGCTATGAGTAACGAAATTTACCTTAAC

pipX_rev GATGCGATTGCTGCATGGTAAAAGTGTTTTTATGTAACTTTG

pipX_pKT25n_fw AAGTTACATAAAAACACTTTTACCATGCAGCAATCGCATCAG

pipX_pKT25n_rev TAAGGTAAATTTCGTTACTCATAGCTGTTTCCTGTGTGAAATTG

amt1_pKT25_fw CTGGCGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGATGTCTAATTCGATATTGTCTAAAC

amt1_pKT25_rev AAAACGACGGCCGAATTCTTAGTTACTTAGGTACCCGGGGATCTTATTCAGGGACAGTGG

amt1_fw AACAATTTCACACAGGAAACAGCTATGTCTAATTCGATATTGTCTAAAC

amt1_rev TGATGCGATTGCTGCATGGTTTCAGGGACAGTGGCACCG

amt1_pKT25n_fw TCTCCGGTGCCACTGTCCCTGAAACCATGCAGCAATCGCATC

amt1_pKT25n_rev ACAATATCGAATTAGACATAGCTGTTTCCTGTGTGAAATTGTTATCCGC

nrtC_pKT25_fw CGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCCCCTTCATTGAAATTGATCATGTTG

nrtC_pKT25_rev AGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTATTGATTAACTTGATCAATTTGGTCGATGAG

nrtC_fw AATTTCACACAGGAAACAGCTATGCCCTTCATTGAAATTGATCATG

nrtC_rev CTGATGCGATTGCTGCATGGTTTGATTAACTTGATCAATTTGG

nrtC_pKT25n_fw AAATTGATCAAGTTAATCAAACCATGCAGCAATCGCATCAG

nrtC_pKT25n_rev TCAATTTCAATGAAGGGCATAGCTGTTTCCTGTGTGAAATTG

nrtD_pKT25_fw CGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCCAAACAATGAATGTCAATGACCCTATCC

ntrD_pKT25_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTAAGACCCTTCCATGGATTCCACTGAGGGGGTAG

nrtD_fw AATTTCACACAGGAAACAGCTATGCAAACAATGAATGTCAATGACCCTATC

nrtD_rev CTGATGCGATTGCTGCATGGTAGACCCTTCCATGGATTCCACTGAG

nrtD_pKT25n_fw TGGAATCCATGGAAGGGTCTACCATGCAGCAATCGCATCAG

nrtD_pKT25n_rev ATTGACATTCATTGTTTGCATAGCTGTTTCCTGTGTGAAATTG

urtD_pKT25_fw CGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCACCAGCAAAATCTTAGAAATTCAAG

urtD_pKT25_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGCTAATCTCCATCCTCATCAAC

urtD_fw ACACAGGAAACAGCTATGACCAGCAAAATCTTAGAAATTCAAGAC

urtD_rev GATGCGATTGCTGCATGGTATCTCCATCCTCATCAACACTG

urtD_pKT25n_fw AGTGTTGATGAGGATGGAGATACCATGCAGCAATCGCATCAG

urtD_pKT25n_rev TTCTAAGATTTTGCTGGTCATAGCTGTTTCCTGTGTGAAATTG

urtE_fw GCGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATGCTATGTTATCCTTTCCCCCATTCTTG

urtE_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTATACTGCCAAAAATTTTTGGATAAC

urtE_fw ACAATTTCACACAGGAAACAGCTATGGCTATGTTATCCTTTCCC

urtE_rev TGATGCGATTGCTGCATGGTTACTGCCAAAAATTTTTGGATAACC

urtE_pKT25n_fw TATCCAAAAATTTTTGGCAGTAACCATGCAGCAATCGCATCAG

urtE_pKT25n_rev GGGAAAGGATAACATAGCCATAGCTGTTTCCTGTGTGAAATTG

performed at OD750 = 0.6 by mixing the cultures with ice in a 2:1
ratio (w/w) for rapidmetabolic inactivation, and centrifugation at
7,477 × g for 10 min. Cell pellets were subsequently washed with
nitrogen-free BG-110 at 4çC and snap frozen in liquid nitrogen.
For experimental controls, the wild-type strain was similarly
cultivated and subjected to pull-down assays followed by mass
spectrometry analyses as described below. Two independent
replicates were prepared per condition.

Preparation of Cell Extracts and
Anti-FLAG Pull-Down
Frozen cell pellets were washed with 5 mL IP buffer, containing
25 mM MES/NaOH; pH 6.5, 5 mM CaCl2, 10 mM MgCl2,
and 20% (v/v) glycerol and subsequently resuspended in 3 mL

IP buffer, including protease inhibitors (complete EDTA-free;
Roche) for cell lysis. Therefore, an equal volume of glass beads
(0.1–0.15mmdiameter) was added and cells were disrupted using
a FastPrep-24 Ribolyser (MP Biomedicals) with five cycles of
20 s at 6.5 m s21 and 4çC. After centrifugation for 5 min at
3,314 × g and 4çC, the supernatant was transferred and adjusted
with IP buffer to a final volume of 6 mL. For membrane protein
solubilization, 1.5% (w/v) dodecyl-β-D-maltoside (DDM; Carl
Roth) was added and incubated under agitation for 1 h at 4çC,
before insoluble cell debris was removed by centrifugation for
20 min at 20,000 × g and 4çC. The soluble cell extracts (from 2
L cultures) were subjected to the PII-FLAG pull-down procedure:
for this, 400 µL of resuspended anti-FLAG-M2-agarose (Sigma)
was added into empty SPE-columns and washed twice with each
1 mL IP buffer, supplemented with 0.04% (w/v) DDM, before
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TABLE 2 | Plasmids used in this study.

Plasmid Tag localization Description References

pPD-NFLAG N-terminal Encoding the N-terminal 3xFLAG tag Hollingshead et al., 2012

pPD-CFLAG C-terminal Encoding the C-terminal 3xFLAG tag Chidgey et al., 2014

pKT25 Encoding T25 fragment of adenylate cyclase CyaA (amino acids 1–224) Karimova et al., 2001

pKT25n Derived from pKT25. Upstream of the T25 fragment This study

pUT18 Encoding T18 fragment of adenylate cyclase CyaA (amino acids 225–399) Karimova et al., 2001

pUT18 glnB N-terminal Derived from pUT18. Encoding glnB This study

pUT18 glnB (I86N) N-terminal Derived from pUT18. Encoding glnB containing the I86N mutation This study

pKT25n pipX C-terminal Derived from pKT25. Sequence encoding pipX. Positive control This study

pKT25 pipX N-terminal Derived from pKT25. Sequence encoding pipX. Positive control This study

pKT25n amt1 C-terminal Derived from pKT25. Sequence encoding amt1 This study

pKT25 amt1 N-terminal Derived from pKT25. Sequence encoding amt1 This study

pKT25n nrtC C-terminal Derived from pKT25. Sequence encoding nrtC This study

pKT25 nrtC N-terminal Derived from pKT25. Sequence encoding nrtC This study

pKT25n nrtD C-terminal Derived from pKT25. Sequence encoding nrtD This study

pKT25 nrtD N-terminal Derived from pKT25. Sequence encoding nrtD This study

pKT25n urtD C-terminal Derived from pKT25. Sequence encoding urtD This study

pKT25 urtD N-terminal Derived from pKT25. Sequence encoding urtD This study

pKT25n urtE C-terminal Derived from pKT25. Sequence encoding urtE This study

pKT25 urtE N-terminal Derived from pKT25. Sequence encoding urtE This study

the supernatants were incubated for 5 min and removed by
gravity flow. Repeated washing steps with each 5 mL DDM
supplemented IP buffer were performed similarly, until the flow
through appeared colorless. Elution of coupled proteins from
the anti-FLAG resin was performed by incubation in 600 µL
DDM supplemented IP buffer containing 0.3 µg/mL 3xFLAGTM

peptide (Sigma-Aldrich) for 40 min.

Proteomics Workflow, NanoLC-MS/MS
Analysis, and Data Processing
Eluates from the pull-down workflow were subjected to
acetone/methanol precipitation and resulting protein pellets
were resuspended in denaturation buffer for subsequent tryptic
digestion as described elsewhere (Spät et al., 2015). Resulting
peptide mixtures were subjected to stage tip purification

TABLE 3 | Strains used in this study.

Strains Description References

E. coli NEB 10-beta Cloning strain NEB

E. coli BTH101 Bacterial two-hybrid host

strain

Euromedex

Synechocystis sp.

PCC 6803

Wild type Pasteur Culture Collection

Synechocystis sp.

PII(I86N)

Genomic PII(I86N) mutant Watzer et al., 2015

Synechocystis sp.

1PII

Chromosomal deletion of

glnB

Hisbergues et al., 1999

Synechocystis sp.

1PII + PII-Venus

Synechocystis sp. 1PII

transformed with pVZ322

encoding a PII-Venus fusion

Hauf et al., 2016

(Rappsilber et al., 2007). Protein detection by mass spectrometry
(MS) was performed as described previously (Spät et al., 2015): in
brief, peptide mixtures were loaded onto a 15 cm reversed-phase
C18 nanoHPLC column on an EASY-LC system (Proxeon
Biosystems) and separated in a 90 min segmented linear
gradient. Eluted peptides were ionized by the on-line coupled
ESI source and injected in a LTQ Orbitrap XL mass spectrometer
(Thermo Scientific). MS spectra were acquired in the positive-ion
mode. Per scan cycle, one initial full (MS) scan was followed
by fragmentation of the 15 most intense multiply charged ions
by collision induced dissociation (CID) for MS/MS scans. The
scan range was 300–2,000 m/z for precursor ions at resolution
60,000 and sequenced precursors were dynamically excluded
for fragmentation for 90 s. The lock mass option was enabled
for real time mass recalibration (Olsen et al., 2005). All raw
spectra were processed with the MaxQuant software (version
1.5.2.8) (Cox and Mann, 2008) at default settings. Peak lists
were searched against a target-decoy database of Synechocystis
sp. PCC 6803 with 3,671 protein sequences, retrieved from
Cyanobase (Nakao et al., 2010) (July 2014), plus the sequence
of the N- or C-terminal 3xFLAG tagged PII fusion protein
(MDYKDDDDKDYKDDDDKDYKDDDDKAAAKKVEAIIRPF
KLDEVKIALVNAGIVGMTVSEVRGFGRQKGQTERYRGSEYT
VEFLQKLKIEIVVDEGQVDMVVDKLVSAARTGEIGDGKIFIS
PVDSVVRIRTGEKDTEAI or MKKVEAIIRPFKLDEVKIALVN
AGIVGMTVSEVRGFGRQKGQTERYRGSEYTVEFLQKLKIEIV
VDEGQVDMVVDKLVSAARTGEIGDGKIFISPVDSVVRIRTG
EKDTEAIASYKDDDDKDYKDDDDKDYKDDDDK), respecti-
vely, as well as 245 common contaminants with the following
database search criteria: trypsin was defined as a cleaving enzyme
and up to two missed cleavages were allowed; carbamido-
methylation of cysteines was defined as a fixed modification
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and methionine oxidation and protein N-terminal acetylation
as variable modifications. Peptide and protein false discovery
rates retrieved from MaxQuant were limited to 1%, each.
Raw data acquired by mass spectrometry was deposited at the
ProteomeXchange Consortium via the Pride partner repository
(Vizcaino et al., 2013) under the identifier PXD013411.

Determination of Nitrate, Nitrite,
Ammonium, and Urea in Cell-Free
Culture Medium
To determine the nitrate, ammonium, or urea uptake,
exponentially growing cells (OD750 = 0.4–0.8) were harvested by
centrifugation (3,000 × g for 10 min at room temperature) and
washed twice with BG-110 medium lacking combined nitrogen
sources. Subsequently, the cultures were adjusted to OD750 = 1
with BG-110 medium. The assays were started by adding either
200 µM NaNO3, 200 µM NH4

+ or 150 µM urea, respectively.
Cells were cultivated under constant shaking of 120 rpm and
illumination of 40–50 µE. 1 mL aliquots of the cell suspensions
were taken and subsequently centrifuged (13,000 × g for 5 min
at room temperature) to remove the cells.

For nitrate quantification, the absorbance at 210 nm was
measured in the cell-free medium. Since both nitrate and nitrite
absorb at 210 nm, the apparent nitrate values were corrected for
the presence of nitrite (Kloft and Forchhammer, 2005). Nitrite
concentration of the cell-free medium was determined using the
modified Griess reaction according to Fiddler (1977).

The ammonium concentration of cell-free medium was
measured by using the Nessler reaction (Vogel et al., 1989). Urea
was quantified by using the urea nitrogen (BUN) colorimetric
detection kit (Invitrogen).

Microscopy Procedures and Image
Evaluation
Fluorescence microscopy was performed using a Leica DM5500B
microscope with a 100×/1.3 oil objective. For the detection
of Venus fluorescence, an ET500/20× excitation filter and an
ET535/30m emission filter were used referred as YFP-channel.
To detect cyanobacterial autofluorescence, an excitation filter
BP 535/50 and a suppression filter BP 610/75 were used.
Image acquisition was done with a Leica DFC360FX black-
and-white camera. Captured images were colored with the
Leica Application Suite Software (LAS AF) provided by Leica
Microsystems. Bright-field images were exposed for 6 ms, Venus
fluorescence images for 150 ms and autofluorescence images
for 100 ms. Microscope slides covered with dried 2% (w/v)
agarose solution were used to immobilize the cells during all
microscopical examinations.

Quantitative image evaluation by fluorescence intensity
measurements was performed using the open-source software
ImageJ (Fiji) (Schindelin et al., 2012). To estimate the
fluorescence intensities in different cell compartments, a linear
profile of the gray values across the cells through the plasma
membrane and cytoplasmwas determined. The average gray level
of the cytoplasm was subtracted from the maximum gray level of
the plasma membrane signal to yield the “1 fluorescence” value,

which indicates the cytoplasmic membrane-localized signal.
An example of this profile data quantification is given in
Supplementary Figure 1.

RESULTS

PII Signaling Mutants Show Increased
Sensitivity to Ammonium
PII homologs of the GlnK subfamily from heterotrophic bacteria
are known to regulate cellular ammonium influx by direct
protein–protein interaction with the ammonium permease
AmtB (Huergo et al., 2012). The observation of impaired
ammonium utilization in the Synechocystis strain, which harbors
the PII(I86N) variant, suggested that this PII variant either
blocked ammonium uptake or abolished proper ammonium
uptake regulation with consequent ammonium sensitivity. The
Ile 86 to Asn point mutation in this PII variant causes a
specific alteration of the T-loop conformation, which facilitates
interaction with NAGK and thus, results in an over-activation
of this PII target (Fokina et al., 2010b). Conversely, other
PII targets might by negatively affected by the altered T-loop
conformation. To gain further insights into the role of PII in
ammonium uptake, we tested ammonium utilization of a PII
deletion mutant (1PII) (Hisbergues et al., 1999) and of the
1PII strain complemented with PII-Venus (PII-Venus-comp.)
(Hauf et al., 2016). The complementation strain was previously
generated by introducing a shuttle vector (pVZ322), encoding a
PII-Venus fusion under control of the native glnB promoter into
the Synechocystis 1PII mutant (Hauf et al., 2016). The Venus
fluorescent protein was fused to the C-terminus of PII to avoid
sterical hindrance of the T-loop.

When grown in presence of 5 mM ammonium in liquid
medium, the Synechocystiswild-type, the1PII and the PII-Venus-
comp. strains showed similar growth rates and ammonium
consumption (Figures 1A,B). However, with an elevated
ammonium concentration of 10 mM, only the wild-type and
PII-Venus-comp. strains could maintain normal growth, while
the 1PII mutant arrested growth (Figure 1C). Ammonium
utilization of wild-type and PII-Venus-comp. were similar
under this condition (Figure 1D) while the 1PII strain ceased
ammonium utilization (Figure 1D). The ammonium-sensitive
phenotype of the 1PII strain, in particular the response
toward 10 mM ammonium, resembled the previously reported
phenotype of the Synechocystis PII(I86N) strain (Watzer et al.,
2015). One possibility to explain the inability of the PII
mutant strains to grow in 10 mM ammonium-supplemented
medium is an increased sensitivity toward toxic effects of
ammonium. Although ammonium represents the preferred
nitrogen source, it becomes toxic for many photosynthetic
organisms at higher concentrations (Drath et al., 2008). To
find out whether the reduced growth and impaired ammonium
utilization results from ammonium intoxication, we assayed the
growth of the various strains in the presence of increasing
concentrations of ammonium using the spot assay method
(Figure 2). Over a range from 5 to 40 mM ammonium, the
wild-type and PII-Venus-comp. strains showed a similar growth
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FIGURE 1 | Ammonium supplemented growth and ammonium utilization of Synechocystis sp. wild-type, 1PII and PII-Venus-comp. (1PII + PII-Venus) strains.

Values are the means of three biological replicates. (A) Growth curve in presence of 5 mM ammonium. (B) Ammonium concentration in culture supernatants of the

various Synechocystis strains grown in BG-11 medium with 5 mM ammonium. (C) Growth curve in presence of 10 mM ammonium. (D) Ammonium concentration in

culture supernatants of the various Synechocystis strains grown in BG-11 medium with 10 mM ammonium.

FIGURE 2 | Ammonium sensitivity of the various Synechocystis strains (as in Figure 1) as determined by the drop plate method with three biological replicates per

strain. Starved cultures were adjusted to an OD750 of 1.0 and diluted tenfold in series. The dilutions were dropped onto BG-11 agar plates containing increasing

concentrations of ammonia (5–40 mM).

and ammonium tolerance. However, the PII(I86N) mutant
showed impaired growth at 25 mM while the 1PII mutant
was already strongly affected at a concentration of 10 mM
ammonium (Figure 2). This demonstrated that PII is indeed
required to cope with elevated ammonium concentrations.
The PII(I86N) mutant can only partially replace the wild-type
PII protein, whereas PII-Venus perfectly complemented the
1PII strain.

Identification of Novel PII Interaction
Partners by FLAG-Tag PII

Pull-Down Assays
Uncontrolled influx of ammonium and resulting intoxication
of Synechocystis 1PII and PII(I86N) mutants is likely a
cause for the elevated ammonium sensitivity in these strains.
This suggested the involvement of PII in the regulation of
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Synechocystis ammonium permeases. In order to verify such an
interaction, we performed pull-down assays using a C-terminal
3xFLAG-tagged PII fusion protein that was expressed in
Synechocystis under control of the strong psbA promoter. Protein
extracts were prepared in presence of detergent, to solubilize
membrane-bound proteins, and were subjected to anti-FLAG-
tag immunoprecipitation. The proteome composition of the
immunoprecipitate was subsequently analyzed by MS to reveal
the proteins that co-purify with FLAG-tag PII. As an initial
experiment, the immunoprecipitation was performed with cells
grown in BG-11 medium, containing nitrate as unique nitrogen
source. To discriminate between PII interaction partners and
unspecific background proteins, the non-transformed wild-type
strain was used as an experimental control. Each experiment was
further validated by an independent replicate.

As a proof of concept, we were able to identify PII
as the most abundant protein in the PII 3xFLAG pull-
down (thereafter PII pull-down). Furthermore, some reported
interaction partners, such as PipX, were either exclusively
identified in the PII pull-down, or, as in the case of the

PII phosphatase PphA, were strongly enriched compared to
the background control (Supplementary Figure 2) (Kloft
and Forchhammer, 2005; Espinosa et al., 2007; Forcada-
Nadal et al., 2014). The identification of a large number
of background proteins in the experiments depends on the
wash-stringency, the abundance of individual proteins and
the high sensitivity of MS-detection. To distinguish between
specific PII-enriched interaction partners and background, we
determined relative protein abundance ratios between the PII
and control experiments by using label free quantification
(LFQ) (Cox et al., 2014). Proteins with a significantly higher
abundance in the PII pull-down were identified by significance
analysis (p-value = 0.01). Since both independent replicates
from nitrate-grown cultures yielded very similar results, we
correlated the data (Figure 3). Using this approach, the major
ammonium permease Amt1 (Montesinos et al., 1998) indeed
appeared among the significantly enriched proteins, supporting
our suggestion that Amt1 represents a PII binding target in
cyanobacteria. Surprisingly, we could also identify subunits of
other nitrogen import complexes besides Amt1 among the

FIGURE 3 | Proteins enriched in anti-FLAG-tag PII immunoprecipitates from nitrate growth conditions. (Left) Scatterplot of the log2 transformed LFQ protein ratios

(PII/control pull-down experiment) of 355 quantified proteins detected in two independent replicates. PII pull-down specific outliers which are significantly enriched in

both replicates are indicated in red, and significant outliers enriched only in Replicate 1 are indicated in magenta (p-value = 0.01). (Right) Heat map representation of

the PII-specific enrichment of nitrogen metabolism related proteins. Log2 transformed LFQ protein ratios from both replicates are color coded and stars indicate

significance. Proteins with missing LFQ ratios, detected exclusively in the PII but not in the control pull-down, are striped in red/gray.
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significantly enriched proteins, in particular subunits of the
bispecific NrtABCD nitrate/nitrite and the UrtABCDE urea
transporter complexes. For the NRT and URT transporters,
all subunits except the periplasmic substrate binding proteins
NrtA and UrtA were either exclusively present or strongly
enriched in the PII pull-downs. This suggests that the
cytoplasmic components of the transporters together with
the pore forming subunit are still associated in a complex,
detached from the loosely associated periplasmic binding
proteins (NrtA or UrtA).

To further validate a potential interaction between PII and
the URT transporter complex, we repeated the experiment with
cells grown in urea-supplemented medium. In agreement with
the results from the PII pull-down at nitrate growth conditions,
we detected an enrichment of the PII target PipX, the ammonium
permease Amt1, subunits of the NRT nitrate/nitrite transporter,
and most prominent, subunits of the URT urea transporter
(Supplementary Figure 3). By correlating the data from both
independent replicates (Figure 4), it became evident that UrtD
andUrtE are the strongest enriched proteins under this condition
besides PII. This suggests that the presence of urea in the

medium influences the interaction of the URT transporter
complex with PII.

Besides proteins associated with nitrogen import, we also
identified two small hypothetical proteins to be significantly
enriched in all experiments, Sll0944 and Ssr0692. Interestingly,
both proteins are under transcriptional control of the global
nitrogen regulator NtcA (Giner-Lamia et al., 2017), and reveal
opposed dynamics in response to nitrogen availability. Under
nitrogen-limiting conditions, Sll0944 was found to be strongly
up-regulated at transcriptome and proteome levels, whereas
Ssr0692 was strongly down-regulated (Spät et al., 2015; Giner-
Lamia et al., 2017). Intriguingly, Ssr0692 seems to be up-regulated
under carbon limitation (Battchikova et al., 2010) and might be
associated to carbon fixation, as it was identified as a potential
interactor of NdhH (Sato et al., 2007). The protein Sll0944 is
highly conserved in cyanobacteria and possesses a domain of
unknown function (DUF1830). Overall, our results imply a direct
linkage of Sll0944 and Ssr0692 to nitrogen metabolism with a
regulatory involvement of PII. Both proteins are currently under
investigation to validate a potential interaction with PII and to
determine their function.

FIGURE 4 | Proteins enriched in anti-FLAG-tag PII immunoprecipitates from urea growth conditions. (Left) Scatterplot of the log2 transformed LFQ protein ratios

(PII/control pull-down experiment) of 110 quantified proteins detected in two independent replicates. PII pull-down specific outliers which are significantly enriched in

both replicates are indicated in red, and significant outliers enriched in only one replicate are indicated in magenta (Replicate 1) or orange (Replicate 2)

(p-value = 0.01). (Right) Heat map representation of the PII-specific enrichment of nitrogen metabolism related proteins. Log2 transformed LFQ protein ratios from

both replicates are color coded and stars indicate significance. Proteins with missing LFQ ratios, detected exclusively in the PII but not in the control pull-down, are

striped in red/gray, and n.d. indicates no detection in PII and control pull-down.
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Surprisingly, the well-studied PII interactor NAGK was not
clearly enriched in these experiments. A low percentage of PII-
NAGK complexes was expected to be present under nitrate
or urea growth conditions (Burillo et al., 2004), although
the strongest interaction occurs under conditions of nitrogen
oversupply. Possibly, the C-terminal 3xFLAG-tag fusion of this
PII variant could negatively affect complex formation with
NAGK. Therefore, pull-down experiments were also performed
with an N-terminal 3xFLAG-tag fusion to PII. There, we
could clearly identify NAGK in the pull-down of nitrate
grown cells in two independent replicates (Table 4). The
identification of NAGK in both N-terminal PII-fusion pull-
down replicates implies that the localization of the 3xFLAG-
tag has an influence on the interaction between PII and its
targets. Comparing the results from N- or C-terminal FLAG-tag
fused PII pull-down experiments can give additional information
to identify potential PII interaction partners. In contrast to
the experiments utilizing the C-terminal FLAG-tag, where
subunits of the heterotrimeric urease complex UreABC were
not enriched, to our surprise, the N-terminal FLAG-tagged
PII protein co-purified the entire urease-complex including
associated urease accessory proteins D, F, and G. This remarkable
finding implies a possible direct interaction between the urease

TABLE 4 | Identified proteins in pull-down experiments at nitrate growth

conditions utilizing the N-terminal 3xFLAG-tagged PII fusion protein: Displayed are

the identified proteins from two independent replicates (Repl. I and Repl. II).

Protein name/ Cyanobase Mol. weight

complex ID (kDa) iBAQ intensity

Repl. I Repl. II

PII/N-3xFLAG PII Ssl0707 15.43 4.27107 1.17109

PipX Ssl0105 10.45 3.17106 9.17107

PphA Sll1771 28.47 4.27104 9.17105

NAGK Slr1898 31.53 9.47104 6.57105

Amt1 Sll0108 53.58 1.27108 2.97108

NrtA Sll1450 48.97 1.17105 1.47106

NrtB Sll1451 29.72 8.87105 5.17106

NrtC Sll1452 75.10 1.47106 6.17106

NrtD Sll1453 36.56 1.97105 2.97106

UrtA Slr0447 48.36 1.07105 2.67105

UrtB Slr1200 41.68 2.47105 1.67106

UrtC Slr1201 45.08 3.57105 4.97106

UrtD Sll0764 41.19 8.17105 3.97106

UrtE Sll0374 27.42 6.57105 6.47106

UreA Slr1256 11.06 – 4.97105

UreB Sll0420 11.38 2.07105 5.27107

UreC Sll1750 61.04 9.97106 3.57107

UreD Sll1639 27.16 1.27105 6.47105

UreF Slr1899 20.23 3.17104 5.27105

UreG Sll0643 22.01 1.37105 1.27106

Sll0944 Sll0944 18.15 8.47105 9.87107

Ssr0692 Ssr0692 5.85 2.87105 9.37106

Protein intensities were calculated using the MaxQuant iBAQ algorithm

(Schwanhausser et al., 2011).

transport complex and the succeeding enzymatic machinery urea
metabolism, indicating possible metabolic channeling of urea
(Sweetlove and Fernie, 2018).

Bacterial Two-Hybrid Assay
To further confirm the interaction of PII with the identified
nitrogen transporters, we performed bacterial two-hybrid assays
using the Bordetella pertussis adenylate cyclase two-hybrid
system (BACTH) (Battesti and Bouveret, 2012). We tested the
cytoplasmic localized ATP-binding proteins of the ABC-type
transporters NrtC, NrtD, UrtD, UrtE (Omata et al., 1993;
Valladares et al., 2002) as well as Amt1 for possible interactions
with various PII proteins. For each interaction candidate, an
N- and a C-terminal fusion to the T25 fragment was constructed.
In case of a positive interaction with a PII-T18 fusion, cAMP is
formed within a cAMP deficient E. coli host cell. The interactions
were tested by plate assays on X-Gal and MacConkey reporter
plates for highest detection sensitivity. The PII – PipX and leucine
zipper interactions were used as positive controls. PII-T18 fusions
with an empty pKT25 vector were used as negative controls. Next
to wild-type PII-T18 fusion, we also included T18 fusions of the
PII(I86N), PII(S49D), and PII(R9L) variants to find out how these
different PII variants, including a phosphomimetic T-loop variant
and variants with different effector binding properties would
differ in potential PII interactions. Figure 5 shows the observed
interactions on X-Gal plates in the bacterial two-hybrid assays.

FIGURE 5 | Bacterial-two-hybrid interactions on X-Gal plates of wild-type PII

and the PII variants PII(R9L), PII(I86N), PII(S49D) with different transporter

subunits. Interaction of PII with C-terminal tagged PipX was used as a positive

control. PII with an empty pKT25 vector was used as negative control.

Positive interactions are indicated by a blue coloration of the colonies.

June 2019 | Volume 10 | Article 1428
76

https://www.frontiersin.org/journals/microbiology#articles


Watzer et al. PII Controls Nitrogen Uptake in Cyanobacteria

All PII variants showed interaction with the known PII
interaction partner PipX. Wild-type PII showed clear interaction
with Amt1 C-terminally fused to the T25 fragment, while the
variants PII(I86N) and PII(R9L) did not interact. The loss of
interaction of PII(I86N) is in agreement with our previous
conclusions regarding the impaired ammonium utilization of
Synechocystis sp. strain PII(I86N). The phosphomimetic variant
PII(S49D) showed weak interaction with Amt1. In case of the
nitrate transport ATP-binding subunits NrtC and NrtD, the
BACTH assay revealed clear interaction of wild-type PII with
both subunits. Intriguingly, PII interacted only with NrtC when
it was fused at its C-terminus with T25, whereas in the case
of NrtD, PII interacted with the N-terminal fusion. In contrast
to wild-type PII, the PII(R9L) variant was completely unable to
interact with any of the Nrt-proteins, while weak interactions
were observed with variants PII(S49D) and PII(I86N). With the
ATP-binding subunits of the urea transporter, no interaction was
observed with the UrtD protein, neither with wild-type PII nor
with any of the tested variants. By contrast, the C-terminal T25
fusion of UrtE showed clear interaction with wild-type and all
PII variants. The fact that positive interactions only occurred
with selective combinations of PII variants and N-or C-terminal
T25 fusions of target proteins supports the conclusion that the
observed interactions are indeed specific.

PII Deletion Mutant and PII(I86N) Mutant
Excrete Nitrite
The pull-down and BACTH assays shown above clearly indicated
interaction of wild-type PII protein with components of the
uptake systems for ammonium, nitrate, and urea. The interaction
with Amt1 likely resembles the known interaction of the
PII protein GlnK from heterotrophic bacteria with AmtB
(Conroy et al., 2007; Gruswitz et al., 2007) and perfectly
explains the physiological response of Synechococcus PCC
7942 (hereafter Synechococcus) and Synechocystis PII mutants
toward ammonium. Interaction of PII with components of the
NrtABCD nitrate/nitrite transporter had in fact been suggested
previously by several physiological studies, which documented
altered nitrate utilization properties in various Synechococcus
and Synechocystis PII mutants (Kobayashi et al., 1997; Lee et al.,
1998, 2000; Kloft and Forchhammer, 2005). A characteristic
phenotype of a PII deletion mutant grown in the presence of
nitrate is the uncontrolled uptake of nitrate and subsequent
excretion of nitrite into the medium (Kloft and Forchhammer,
2005). Reduction of nitrate requires two electrons whereas six
electrons are needed for the reduction of nitrite to ammonium.
Because of the lower electron demand for nitrate reduction,
nitrite reduction becomes limiting when insufficient reductant is
available. Therefore, when nitrate uptake is uncontrolled, nitrite
accumulates and is excreted. We wondered if the Synechocystis
PII(I86N) strain shows a similar nitrite excretion phenotype
than the PII deficient mutant when grown on nitrate and if
PII-Venus complements the nitrite excretion phenotype of the
PII-deficient mutant.

To answer this question, Synechocystis wild-type strain,
PII(I86N), 1PII and the PII-Venus comp. strains were grown

with nitrate as sole nitrogen source under constant illumination
(40 µmol photons m22 s21) and samples were removed for
nitrite determination. Under these conditions, the various strains
showed similar growth rates (Figure 6). Both mutant strains
expected to be impaired in proper control of the NRT complex,
the 1PII mutant and the PII(I86N) strain, indeed excreted
nitrite into the medium. Notably, the PII(I86N) mutant excreted
much lower nitrite amounts than the PII deletion mutant, in
agreement with the partial interaction of the PII(I86N) variant
observed in the BACTH assays with NrtC and NrtD subunits. By
contrast, PII-Venus perfectly complemented the nitrite excretion
phenotype. Together, these results indicated that the BACTH
interactions of PII with the NrtC and NtcD subunits are
physiologically meaningful.

PII Is Responsible for Inhibition of Nitrate
Uptake
To gain further insights in the PII-dependent regulation of nitrate
uptake, we measured nitrate consumption rates of the various
PII-mutants under different conditions. For this purpose, cells
from exponential phase of growth in standard BG-11 medium
were washed and subsequently incubated in BG-110 medium
containing 200 µM NO3 as nitrogen source. Nitrate utilization
was quantified by measuring the nitrate concentration in the
culture supernatant over time. Under constant illumination of
40 µmol photons m22 s21, Synechocystis wild-type and the PII-
Venus comp. strain showed lower nitrate consumption rates,
while both, the PII(I86N) and1PII mutant, showed higher nitrate
removal (Figure 7A). In agreement with our previous results, we
observed excretion of nitrite by the PII(I86N) and 1PII mutants
(Figure 7B). Interestingly, while the nitrate utilization rate of the
PII(I86N) and 1PII mutant appeared almost identical, the two
mutants differed in their rate of nitrite excretion. While nitrite
excretion of the1PII mutant accelerated over time, the PII(I86N)
initially excreted nitrite faster but then slowed it down over
time, explaining the lower amounts of nitrite in the exponentially
growing culture (Figure 6) as compared to the 1PII mutant.

FIGURE 6 | (A) Nitrite excretion of Synechocystis sp. wild-type, PII(I86N), 1PII

and PII-Venus-comp. (1PII + PII-Venus) complementation grown in BG11

medium supplemented with nitrate. (B) Corresponding growth curve to the

experiment shown in panel (A).
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FIGURE 7 | Nitrate utilization and nitrite excretion of various Synechocystis strains as indicated. Exponentially growing and nitrate supplemented Synechocystis cells

were washed and resuspended in a medium containing 200 µM nitrate. Shown are the means of three biological replicates. (A) Nitrate utilization and (B) nitrite

excretion under constant illumination of 40 µmol photons m-2 s-1. (C) Nitrate utilization and (D) nitrite excretion in presence of 2 mM ammonium and under constant

illumination of 40 µmol photons m22 s21. (E) Nitrate utilization and (F) nitrite excretion in the dark.

Addition of ammonium to nitrate grown cells leads to
an immediate inhibition of nitrate uptake. This ammonium-
dependent inhibition of nitrate uptake requires the presence of
PII protein or PII phosphomimetic variants (Lee et al., 1998).
Here, we tested if the PII(I86N) mutant was able to perform
the ammonium-dependent nitrate uptake inhibition. For this
purpose, nitrate consumption rates were determined after the
addition of 2 mM ammonium. Both, Synechocystis wild-type
and the PII-Venus comp. strains showed a complete inhibition
of nitrate uptake in response to ammonium (Figure 7C). By

contrast, the PII(I86N) and 1PII mutant strains maintained
nitrate uptake after ammonium addition. However, nitrate
uptake in the PII(I86N) mutant was clearly diminished as
compared to the 1PII mutant (Figure 7C). The uncontrolled
nitrate uptake of the PII(I86N) and1PII mutant caused excretion
of nitrite. Due to the diminished uptake of nitrate by the
PII(I86N) mutant, its nitrite excretion was correspondingly lower
as compared to the 1PII mutant (Figure 7D).

In addition to the absence of ammonium, active
nitrate transport also requires photosynthetic CO2 fixation
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(Romero et al., 1985). Nitrogen assimilation is tightly regulated
by light/dark transitions. A transition from light to dark causes
an immediate inhibition of nitrate uptake and an inhibition of
the ammonium assimilating GS (Romero et al., 1985; Marques
et al., 1992). To reveal a role of PII in this response, we tested
the dark-switch-off of nitrate uptake in the various PII mutant
strains. Although the overall nitrate consumption was very low
in darkness (Figure 7E) clear differences could be resolved.
Notably, the PII(I86N) and 1PII mutant strains showed slow
but constant nitrate uptake as compared to the wild-type and
the PII-Venus comp. strain, which did not take up any nitrate.
Corresponding to the uptake of nitrate, PII(I86N) and 1PII
mutant excreted small amounts of nitrite (Figure 7F), supporting
the notion that the PII(I86N) and 1PII mutants are unable to
completely switch-off nitrate uptake in the dark.

PII Signaling Mutants Show Impaired
Urea Utilization
To validate the physiological relevance of the interaction of
PII with the UrtE subunit of the urea transporter UrtABCDE,
we analyzed urea utilization in the different PII mutants. For

this purpose, exponentially growing cells were washed and
incubated in BG-110 medium, containing 150 µM urea as sole
nitrogen source with constant illumination of 40 µmol photons
m22 s21. Under these experimental conditions, Synechocystis
wild-type and PII(I86N) mutant strains utilized similar amounts
of urea (Figure 8A), whereas both, the 1PII and PII-Venus
comp. strains consumed considerably higher amounts of urea
(Figure 8A). The wild-type property of the PII(I86N) variant
is in agreement with the interaction of the PII(I86N) protein
with the UrtE subunit, which appeared to be T-loop independent
according to BACTH assays. Urea is hydrolyzed to CO2 and
two molecules of ammonium by the enzyme urease (Mobley and
Hausinger, 1989; Esteves-Ferreira et al., 2018). We wondered
if an uncontrolled influx of urea could lead to an excretion of
ammonium. Therefore, we measured ammonium concentrations
in culture supernatant of those cells, which were incubated with
150 µM urea as the sole nitrogen source. Indeed, we detected
ammonium excretion of the 1PII mutant proportional to its
urea utilization (Figure 8B). In contrast, only minor amounts
of ammonium could be detected in the culture supernatant
of the Synechocystis wild-type, PII(I86N) and PII-Venus comp.
strain (Figure 8B).

FIGURE 8 | Urea utilization and ammonium excretion of various Synechocystis strains as indicated. Exponentially growing and nitrate supplemented Synechocystis

cells were washed and resuspended in a medium containing 150 µM urea. Shown are the means of three biological replicates. (A) Urea utilization and (B)

ammonium excretion under constant illumination of 40 µmol photons m22 s21. (C) Urea utilization in presence of 2 mM ammonium and under constant illumination

of 40 µmol photons m22 s21.
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Synechocystis utilizes available nitrogen sources in a hierarchi-
cal order. In presence of ammonium, the uptake of external
nitrogen sources is blocked (Muro-Pastor et al., 2005). To test
ammonium-dependent inhibition of urea utilization, we deter-
mined urea consumption in presence of 2 mM ammonium. The
Synechocystis wild-type, PII(I86N) and PII-Venus comp. strains
showed a clear inhibition in urea utilization in response to
the addition of ammonium. In contrast, urea uptake in the
1PII mutant was completely unaffected by ammonium addition
(Figures 8A,C). This demonstrates that PII also controls urea
uptake, as suggested by the interaction assays.

PII Localization Changes Upon Addition
of Nitrate, Ammonium, and Urea
Our previous pull-down experiments and bacterial two-hybrid
assays clearly showed interaction of Synechocystis PII with
Amt1 as well as with nitrate and urea transport components.
All interactions appeared to be physiologically relevant. Since
all these transporters are localized to the plasma membrane,
we suspected that this interaction might affect the cellular
localization of PII. Therefore, we monitored PII localization using
the Synechocystis PII-Venus comp. strain grown under different
nitrogen regimes.

Nitrate-replete cells in the mid-exponential growth phase
(OD750 > 0.5) showed heterogeneous distribution of PII-
Venus fluorescence in the cell. The majority of cells displayed
a strong fluorescence signal in their center and peripheral
cell boundary (Figures 9A,B,D). The intense signal in the
center corresponds to the central cytoplasmic space, inside
the multiple thylakoid layers. In this region, PII might

FIGURE 9 | Localization of PII-Venus during exponential growth (OD750 of 0.5)

of Synechocystis (A) Phase contrast image of cells. (B) Venus fluorescence.

(C) Autofluorescence of thylakoid membranes. (D) Overlay of Venus

fluorescence and phase contrast images.

interact with different soluble proteins, like NAGK or PipX.
The area with low Venus fluorescence is occupied by the
thylakoid membranes. The PII-Venus fluorescence at the cell
boundary corresponds to the plasma membrane, where Amt1,
NrtABCD and UrtABCDE are located (Hahn and Schleiff,
2014) (Figure 9C).

When cells are shifted to nitrogen-depleted conditions,

they activate the NtcA regulon, including the glnB gene

and various uptake systems for nitrogen compounds. During

prolonged starvation, they undergo chlorosis, which includes a

reduction of thylakoid membranes (Forchhammer and Schwarz,
2018). The chlorotic cells rapidly respond to the addition of

combined nitrogen sources. Therefore, investigation of PII-
Venus fluorescence in chlorotic cells and following the addition

of combined nitrogen sources was expected to reveal further
insights in the in vivo dynamics of PII interactions. To monitor
the PII localization in the chlorotic, nitrogen depleted state, cells
were grown to an OD750 of 0.4–0.6, washed, and resuspended
in BG-110. After 1 week of nitrogen starvation, the PII-Venus
signal was evenly distributed throughout the whole cell and its
localization on the plasma membrane was not as distinct as
during nitrate-supplemented exponential growth (Figure 10A).
To test the localization following the addition of different

nitrogen sources, 1 week nitrogen starved Synechocystis cultures
were supplemented with 5 mM NO3, 5 mM NH4

+ or 5 mM
urea, respectively. Immediately thereafter, a change in the PII
localization became visible. The majority of cells showed a
clearly visible, distinct plasma membrane localized PII-Venus
fluorescence, while the remaining cytosol showed homogenously
distributed fluorescence. The re-localization of PII to the plasma

FIGURE 10 | PII-Venus localization under different nitrogen supplemented

conditions. (A) PII-Venus fluorescence of 1 week nitrogen starved

Synechocystis cells. (B–D) PII-Venus fluorescence of Synechocystis during

resuscitation from nitrogen starvation. One week nitrogen starved

Synechocystis cultures were resuscitated by adding 5 mM nitrate (B), 5 mM

ammonium (C), or 5 mM urea (D). Fluorescence images were taken 1 h after

addition of the nitrogen source.

June 2019 | Volume 10 | Article 1428
80

https://www.frontiersin.org/journals/microbiology#articles


Watzer et al. PII Controls Nitrogen Uptake in Cyanobacteria

membrane appeared most clearly in response to ammonium
addition as compared to nitrate or urea (Figures 10B–D).

Since the fluorescence distribution is subject to a certain
degree of heterogeneity with the bulk of single cells observed
in the microscope, we attempted to quantitatively describe the
average distribution of PII-Venus in a representative set of
cells. Therefore, a profile of the fluorescence intensities across
median cell sections was determined from 54 individual cells
per investigated time point. From these profiles, the relative
fluorescence intensity distribution between plasma membrane
localized signal to the average cytoplasmic signal was determined
and displayed as box-plot (Figure 11). Under nitrogen depletion,
the majority of the cells showed a higher cytoplasmic PII-
Venus localization than plasma membrane localization. Addition
of a nitrogen source directly induced a re-localization of PII
toward the plasma membrane. In the first 2 h after addition of
nitrate or urea, PII-Venus showed a similar localization change
(Figures 11A,C,D). Two hours after the addition of nitrate,
the PII-derived signal from the plasma membrane decreased
again and re-appeared in the cytoplasmic space (Figure 11A),
whereas in urea treated cells, PII continued to accumulate at
the plasma membrane (Figure 11C). Addition of ammonium

induced the most prominent migration of PII-Venus to the
plasma membrane in the first hour as compared to nitrate or
urea, but thereafter, PII-Venus started to move back to the
cytoplasm (Figure 11B).

DISCUSSION

The present investigation unraveled a so far unrecognized
global function of the cyanobacterial PII signaling protein in
controlling the uptake of the major nitrogen sources ammonium,
nitrate and urea. Previous studies already suggested occasionally
involvement of PII in the regulation of ammonium and
nitrate transport (Kobayashi et al., 1997; Lee et al., 1998,
2000; Kloft and Forchhammer, 2005; Conroy et al., 2007),
however, this issue was never addressed systematically using
a combined biochemical, genetic and physiological approach.
Starting from a series of pull-down experiments using FLAG-
tagged PII variants, we observed a putative interaction of
PII with various nitrogen transport systems. The interactions
were verified by bacterial-two hybrid assays and the biological
significance of the interaction was validated by physiological

FIGURE 11 | Quantification of the PII-Venus migration toward the plasma membrane in response to the addition of different nitrogen sources to nitrogen starved

Synechocystis sp. cultures. A linear profile of the fluorescence intensities across midcell was recorded and evaluated as shown in Supplementary Figure 1. The

maximum fluorescence intensity at the plasma membrane was normalized to the average intensity of the cytoplasm and then, the difference between plasma

localized signal and average cytoplasmic signal was calculated (1 fluorescence intensity). When 1 fluorescence intensity values are below 0, this indicates that the

plasma membrane signal is weaker than the average cytoplasmic signal, while values above 0 indicate that the plasma membrane signal is higher than the average

cytoplasmic signal. Resuscitation of 1 week nitrogen starved Synechocystis sp. cultures were induced by adding either 5 mM NO3 (A), 5 mM NH4 (B), or 5 mM urea

(C). 50–60 cells were measured per time point. Dots indicate single cell measurements; whiskers showing the standard-deviations; thick black lines show the

arithmetic mean. (D) Direct comparison of the mean 1 fluorescence intensities from NO3, NH4, and urea induced resuscitation.
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experiments. Finally, the proposed dynamic interaction of
PII with cytoplasmic membrane bound transporters was
corroborated by fluorescence microscopy.

Significance Statement
PII signaling proteins play versatile roles in the coordination
of carbon- and nitrogen anabolism in prokaryotes and plant
chloroplast. In different phylogenetic lineages, PII controls a
variety of different target proteins. In cyanobacteria, the PII
paralog GlnB has been shown to control global nitrogen-
responsive gene expression by interacting with the transcriptional
co-activator PipX. Furthermore, PII controls nitrogen storage
metabolism in cyanobacteria by regulating the key enzyme
of arginine synthesis, N-acetylglutamate kinase. Finally, a key
enzyme in fatty acid metabolism, the acetyl-CoA carboxylase,
was shown to be a target of PII. Several lines of evidences
suggested that PII might also be involved in the control of
ammonium and nitrate uptake, however, direct involvement
of PII has not yet been shown. In this study, we revealed
the interactome of PII from the cyanobacterium Synechocystis
by immunoprecipitating FLAG-tagged PII protein. We found
prominent enrichment of components of ammonium, nitrate
and urea uptake systems. Direct protein–protein interaction was
confirmed by bacterial-two hybrid analysis and the physiological
relevance was verified by analyzing ammonium-, nitrate-, and
urea-uptake in various PII mutant strains of Synechocystis. This
study, therefore, demonstrates that PII is the master regulator of
the most prominent nitrogen transport systems in cyanobacteria.

Synechocystis PII Regulates Ammonium
Uptake by Interacting With the Amt1
Ammonium Permease
In E. coli, the PII homolog GlnK regulates AmtB by direct
protein–protein interaction to control the influx of ammonium
(Conroy et al., 2007). In the GlnK-AmtB complex, the nucleotide
binding pockets of GlnK are occupied with ADP and the T-loop
of GlnK adopts a vertically extended conformation that closes
the ammonium gas channel (Conroy et al., 2007; Maier et al.,
2011; Forcada-Nadal et al., 2018). Since the conformation of
the T-loop changes upon binding of ATP-Mg2+-2-oxoglutarate,
the GlnK-AMT complex only forms under conditions of low
2-OG concentrations, which allows formation of the alternative
GlnK-ADP complex (Radchenko et al., 2014).

The present results suggest that in Synechocystis, PII regulates
the major ammonium permease Amt1 in a similar manner than
GlnK the AmtB channel. A weak interaction of Amt1 could still
be detected with the phosphomimetic variant S49D. The reduced
affinity indicates that the negative charge at position 49 reduces
the affinity to Amt1. Therefore, S49 phosphorylated wild-type
PII is expected to have an even weaker affinity to Amt1 (two
negative charges of phosphoserine as compared to one negative
charge of aspartate). In this respect, phosphorylation of S49
would be analogous to uridylylation of Y51 in enterobacterial
GlnK proteins, which prevents AmtB interaction (Conroy et al.,
2007). Under conditions of strong PII phosphorylation (nitrogen-
poor conditions or high CO2 to nitrate ratio), the Amt1

channel would remain open, allowing unrestricted uptake of
ammonium ions. When cells are shifted to excess ammonium
conditions, PII becomes dephosphorylated (Ruppert et al., 2002)
and diminished 2-OG levels allow formation of the PII-ADP
complex, which then can close the Amt1 pores.

In BACTH assays, the PII(R9L) variant was completely
impaired in Amt1 interaction. This variant is also unable to
interact with NAGK, presumably due to a stabilizing function
of the R9 residue at the interface to the binding partner (Fokina
et al., 2010a). The failure of this variant to interact with Amt1
indicates that also for Amt1 interaction, the lower face of
PII with the protruding T-loops is involved in this protein–
protein interaction, in agreement with the structure of the GlnK-
AmtB complex.

The failure of the PII(I86N) variant to interact with Amt1
corresponds to the loss of its affinity toward ADP (Fokina et al.,
2010b). PII(I86N) has one order of magnitude higher affinity
toward ATP than toward ADP and thus, is expected to reside
almost exclusively in the ATP-bound state, which would abrogate
the interaction with Amt1.

Despite that ammonium uptake in the Synechocystis PII(I86N)
variant is no more under PII control, this strain exhibits a higher
ammonium tolerance than the 1PII mutant. This difference
could be explained by different ammonium assimilation
properties. In the PII deletion mutant, the ammonium-
scavenging arginine synthesis pathway is not active due to
lacking activation of the key enzyme NAGK by PII (Maheswaran
et al., 2006). By contrast, Synechocystis PII(I86N) highly
enhances NAGK activity, resulting in high intracellular arginine
concentrations that leads to accumulation of cyanophycin
granules (Watzer et al., 2015). This pathway will foster the
metabolic removal of excess ammonium and thus results in
increased ammonium tolerance.

Analysis of the subcellular localization of PII in response
to ammonium stimuli agrees with the above-depicted concept.
Only 1 h after the addition of ammonium to chlorotic cells,
PII shows a strong migration toward the plasma membrane.
Providing ammonium to nitrogen-starved cells should cause a
strong decrease of the cellular 2-OG levels. This leads to the
observed accumulation of PII to the cytoplasmic membrane,
preventing an excess uptake of too much ammonium. After
a while, a new equilibrium will be established leading to a
partial re-localization of PII to its cytoplasmic targets, such
as NAGK. Indeed, Synechocystis cells recovering from nitrogen
chlorosis start to produce cyanophycin already after a few hours
(Watzer and Forchhammer, 2018).

PII Regulates Nitrate Uptake by
Interacting With NrtD and NrtC Subunits
Several previous studies documented an involvement of PII in
the regulation of nitrate/nitrite uptake. Our data provide novel
insights regarding the mechanism of PII-mediated regulation of
the NrtABCD transporter. It appears that the NrtABCD complex
is directly regulated by interaction of PII with the cytoplasmic
ATPase subunits NrtC and NrtD, as indicated by the co-isolation
of wild-type PII with both of these proteins. The inability of
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the PII(I86N) complemented strain to regulate nitrate utilization
as well as the reduced interaction of PII(I86N) with NrtC and
NrtD subunits in BACTH assays could in principle be explained
by the altered T-loop conformation or by the different ligand
binding properties of this variant, discussed above. As shown
by BACTH assays and by recent in vitro studies (Watzer and
Forchhammer, unpublished), the PII(I86N) variant is indeed
able to interact with PipX. This interaction requires a vertically
extended conformation of the T-loop (Llacer et al., 2010; Forcada-
Nadal et al., 2018). Although PII-PipX complexes are favored by
the ADP-state of PII, efficient PipX-PII interaction also occurs
with the PII-ATP complex. As explained above, the PII(I86N)
variant is trapped in the ATP-bound state. The fact that this
PII variant binds PipX indicates, that the T-loop of PII(I86N) is
flexible enough to adopt various conformations. Therefore, it is
likely that formation of the PII-NrtC or NrtD complex requires
the ADP-bound state of PII, which is disabled in the PII(I86N)
variant. As for NAGK and Amt1, the PII(R9L) variant is unable
to interact with any of the NRT subunits, indicating that PII
interaction involves the lower part of the PII body, where the
T-loop emanates.

The phosphomimetic variant PII(S49D) shows, albeit weaker,
interaction with the NRT subunits. This positive interaction
explains previous reports, that Synechocystis and Synechococcus
strains expressing these phosphomimetic variants, display a
wild-type like regulation of nitrate/nitrite utilization (Lee et al.,
2000; Kobayashi et al., 2005). Why the diminished interaction
measured by BACTH assays does not properly reflect the
physiological behavior of the PII(S49D) expressing strain (full
complementation) could be due to different sensitivities of the
assays. Kobayashi et al. (2005) used for the complementation of
the Synechocystis deficient mutant plasmid-borne PII constructs,
which cause higher expression levels as in the wild-type genotype.
Therefore, a weaker interaction of PII with the NRT subunits
could still be sufficient to inhibit NRT. The mechanism of NRT
inhibition by PII still awaits structure-functional explanation.
Our BACTH assays indicate that PII interacts with both ATPase
subunits of NRT. Of these, the NrtC subunit seems to play a
particular role: Truncation of the regulatory domain of NrtC
results in an ammonium-insensitive NRT, despite the presence
of a functional PII system. The regulatory domain of NrtC
possesses a putative binding site for nitrate (Koropatkin et al.,
2006). Probably PII, through binding to NrtC and NrtD, must
act in concert with the regulatory NrtC domain, to stop nitrate
uptake. If one of the two regulators is missing, ammonium
inhibition would not work. It is tempting to speculate that the
regulatory domain of NrtC directly senses the nitrate-state of
the cells (Koropatkin et al., 2006) to prepare NRT for inhibition
by the PII-ADP complex, whereas PII in the 2-OG-Mg-ATP
complex (signaling high C/low N state) would not interact
and, therefore, not inhibit NRT. This dual regulatory model
combines information from the nitrate status with the global
C/N and energy state sensing of PII to tune NRT activity to
the actual need. This model also explains the light-response
of NRT: Low energy conditions favor the ADP-complex of
PII, explaining why in the dark, complete switch-off of NRT
requires PII.

PII Regulates Urea Uptake by Interacting
With the UrtE Subunit
In addition to Amt1 and NRT, our data also identified the ABC-
type urea transporter (UrtABCDE) as a novel PII target, with
the UrtE subunit being the direct interaction partner of PII. No
BACTH interaction was observed for UrtD. This implies that the
UrtD protein identified in the FLAG-tag pull-down resulted from
pull-down of the entire URT complex. As deduced from the urea-
utilization phenotype of the different PII variant strains, as well
as form the properties of BACTH interactions, the interaction of
PII with UrtE is distinct from the mode of Amt1 or NrtC and
NrtD interaction. PII interaction with UrtE seems to be T-loop
independent, since the phosphomimetic S49D variant as well as
the PII(I86N) and PII(R9L) variants interacted in BACTH assays
like wild-type PII. The ability of PII(R9L) to interact with UrtE
indicates that the interaction may involve a region of PII distinct
from the usual interaction face used by NAGK, PipX or Amt1.

In agreement with a different binding mode between PII
and UrtE, the PII(I86N) variant could substitute wild-type PII
regarding the control of urea utilization. This suggests that
the PII-ATP complex is able to interact with UrtE in a non-
conventional manner. The control of urea uptake prevents its
futile hydrolysis and the consequent release of ammonium.
Although the PII-Venus variant displayed higher urea uptake
rates than the PII deficient mutant, it could prevent concomitant
ammonium excretion, indicating that also the PII-Venus variant
successfully regulates urea utilization. Consistently, all the tested
PII variant strains (wild-type, I86N and PII-Venus) were able
to carry out ammonium inhibition of urea uptake. Careful
examination of the data shows that the PII-Venus strain displayed
slightly higher urea uptake rates than the other two strains. It is
possible that due to the bulky fluorescent proteins fused to PII the
interaction with PII does not tune down urea uptake as efficient
as in the case of the non-tagged PII variants. Nevertheless, the
PII-Venus construct is functional, which also agrees with the re-
localization of PII-Venus to the plasma membrane upon addition
of urea to nitrogen-starved cells. Under certain conditions,
the entire multisubunit urease complex appeared in PII-FLAG-
tag pull-down experiments. This observation deserves further
investigation. It suggests either a direct interaction of the urease
complex with PII or a possible metabolic channeling between the
urea uptake system and the multisubunit urease complex, leading
to a co-immunoprecipitation of the entire super-complex.
Further studies are required to reveal the molecular mechanism
of urea metabolism and the involvement of PII in this process.

CONCLUSION

All together, the present study has expanded the insights in
PII regulatory interactions in Synechocystis. According to this
study, the PII regulatory network includes all relevant nitrogen
uptake systems in Synechocystis. It is highly probable that
the same holds true for other cyanobacteria. In Synechococcus
elongatus, (Chang et al., 2013) genetic and physiological studies
suggested that in addition to NRT, PII is likely involved in the
control of a cyanate ABC transporter (CynABC), which is not
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present in Synechocystis. Localization of PII-YFP fusions to
the cytoplasmic membrane could also be seen in fluorescent
images from S. elongatus (Espinosa et al., 2018). Control of
transport proteins appears to be a highly conserved property
of the PII family members, as exemplified by the widely
distributed GlnK-Amt interaction. Recently, a more distantly
related member of the PII superfamily, SbtB, an accessory
component of the sodium-dependent bicarbonate transporter
SbtA, was shown to be involved in regulation of bicarbonate
metabolism in Synechocystis (Selim et al., 2018). Moreover, many
putative non-characterized PII family members are genetically
linked to transport and channel proteins. However, except
for GlnK-AmtB, no structures are known for PII-protein
complexes with membrane channel proteins. Whether the
interactions of the PII members with the channels follow
a universal mode, or whether different types of interaction
exist, remains to be demonstrated. However, the differences
observed between the interactions of PII variants with UrtE,
NrtC/D and Amt1 suggest that the interactions could be as
versatile as observed for the various soluble PII interactors
(Forcada-Nadal et al., 2018).
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Supplementary Figure 1 

Supplementary Figure 1: Example of image evaluation of a nitrogen starved (A) and ammonium supplemented 

(B) Synechocystis cell. The fluorescents intensities of every pixel in a linear region of interest (ROI) across the

cell were determined. The maximum gray value of the plasma membrane (PM) was subtracted from the average

gray value of the cytoplasm (� Fluorescence intensity). (C) shows the final representation of the � Fluorescence
intensity values. Values < 0 indicate a stronger cytoplasmic localized signal, while values > 0 show a stronger

plasma membrane association.
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Supplementary Figure 2 

Supplementary Figure 2: Scatterplot of quantified proteins from two independent replicates at nitrate growth 

conditions (17.5 mM). Left: Log2 transformed LFQ protein ratios (PII/control pull down experiment) are plotted 

against the log10 transformed sum of protein intensities. Significant outliers in PII pull down experiments 

(p value=0.01) are indicated in red. Right: Heat map representation of the P II-specific enrichment of nitrogen 

metabolism related proteins. Log2 transformed LFQ protein ratios are color coded with stars indicating 

significance. Proteins with missing LFQ ratios, detected exclusively in the PII but not in the control pull down, 

are displayed by red/grey stripes.
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Supplementary Figure 3 

Supplementary Figure 3: Scatterplot of quantified proteins from two independent replicates at urea growth 

conditions (5 mM). Left: Log2 transformed LFQ protein ratios (PII/control pull down experiment) are plotted 

against the log10 transformed sum of protein intensities. Significant outliers in PII pull down experiments 

(p value=0.01) are indicated in red. Right: Heat map representation of the P II-specific enrichment of nitrogen 

metabolism related proteins. Log2 transformed LFQ protein ratios are color coded with stars indicating 

significance. Proteins with missing LFQ ratios, detected exclusively in the PII but not in the control pull down, 

are displayed by red/grey stripes, and n.d. indicates no detection in the PII and control pull down.
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Abstract

Nitrogen starvation induces developmental transitions in 

cyanobacteria. Whereas complex multicellular cyanobacte-

ria of the order Nostocales can differentiate specialized cells 

that perform nitrogen fixation in the presence of oxygenic 

photosynthesis, non-diazotrophic unicellular strains, such as 

Synechococcus elongatus or Synechocystis PCC 6803, under-

go a transition into a dormant non-growing state. Due to loss 

of pigments during this acclimation, the process is termed 

chlorosis. Cells maintain viability in this state for prolonged 

periods of time, until they encounter a useable nitrogen 

source, which triggers a highly coordinated awakening pro-

cess, termed resuscitation. The minimal set of cellular activ-

ity that maintains the viability of cells during chlorosis and 

ensures efficient resuscitation represents the organism’s 

equivalent of the BIOS, the basic input/output system of a 

computer, that helps “booting” the operation system after 

switching on. This review summarizes the recent research in 

the resuscitation of cyanobacteria, representing a powerful 

model for the awakening of dormant bacteria.

© 2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

Nutrient starvation can be detrimental to organisms 
when it leads to metabolic disorder that impairs vital cel-
lular processes. A successful strategy to survive such pe-
riods of nutrient deprivation that is particularly wide-
spread in prokaryotes is the transition into a dormant 
state. In this state, the metabolic processes are reduced to 
an absolute minimum. The remaining activities just en-
sure survival and enable the dormant cells to awake and 
resume growth once the limiting nutrient becomes avail-
able again. It is assumed that in natural environments a 
majority of the bacteria reside in a dormant state, and 
these cells comprise a <seed bank= 3 a reservoir 3 that can 
be resuscitated when favourable conditions occur. This 
mechanism is largely responsible for the fitness of bacte-
rial populations and contributes to the sudden appear-
ance of bacteria in the environment and the spreading of 
antibiotic resistances and bacterial pathogens. An exam-
ple of dormant bacteria acting as a reservoir of antibiotic 
resistance is presented in the study by Udikovic-Kolic et 
al. [2014], where manure supplementation of soil is 
shown to result in proliferation of diverse soil-resident 
bacteria, some carrying antibiotic resistance genes.

The ways in which the cells enter dormancy and re-
cover from the dormant stage are rather diverse. Some 
bacteria form endospores or exospores, others create en-
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capsulated cysts or even generate apparently non-differ-
entiated persister cells, which is the case in Mycobacteri-
um tuberculosis [Keren et al., 2011]. Despite the differ-
ences among these quiescent states, a common 
requirement in this survival strategy is the ability to re-
activate metabolism upon encountering permissive con-
ditions.

Studying the molecular mechanisms supporting these 
cellular processes is complicated for several reasons. A 
bacterial population that has undergone the transition 
into a dormant state is usually highly heterogeneous, 
since phenotypical variation can be beneficial in the 
emergence from starvation-induced growth arrest [More-
no-Gámez et al., 2020]. In many cases, including popula-
tions of nutrient-starved Flavobacterium columnare and 
Brucella suis cells, only a small proportion of the cells re-
main viable [Arias et al., 2012; AlDahouk et al., 2013]; in 
others, such as the germination of akinetes of filamentous 
heterocyst-forming cyanobacteria, re-activation of me-
tabolism is highly asynchronous [Perez et al., 2018]. This 
heterogeneity precludes the employment of powerful 
molecular methods that rely on homogenous popula-
tions, such as metabolomics, proteomic or transcriptom-
ic studies. Therefore, in many cases, the behaviour of dor-
mant cells can only be studied using single-cell analysis, 
which still has many limitations. One of the rare cases 
where transition into and out of the dormant state occurs 
in a population-wide coherent manner is the case of ni-
trogen starvation-induced chlorosis in some unicellular 
cyanobacterial strains, such as Synechococcus elongatus 
and Synechocystis PCC 6803. Following a brief descrip-
tion of nitrogen starvation-induced chlorosis, the present 
article provides a consolidated review of our current 
knowledge on the resuscitation of these cyanobacteria 
from prolonged nitrogen chlorosis.

Entry into Chlorosis
That nitrogen starvation leads to bleaching of cyano-

bacterial cultures was already described in 1910 and this 
process was termed <chlorosis= [Boresch, 1910]. Only 
about 70 years later, studies in S. elongatus showed that 
the rapid bleaching caused by nitrogen starvation, a co-
lour change from deep blue-green to yellowish-greenish, 
was mainly caused by the degradation of the blue phyco-
biliproteins [Allen and Smith, 1969]. These proteins con-
stitute the light-harvesting antenna system for the photo-
synthetic reaction centres, the phycobilisomes (PBS) 
[Grossman et al., 1993]. By screening for mutants with a 
non-bleaching phenotype on nutrient-deficient plates in 
the 1990s, nbl (non-bleaching) genes were identified in 

the laboratory of A. Grossman [Collier and Grossman, 
1994]. These nbl-genes are responsible for phycobilipro-
tein degradation upon various stress conditions, includ-
ing nitrogen starvation or high-light stress. Until the mid-
1990s, it was assumed that the chlorotic cells lost viability, 
until a study by Görl et al. [1998] showed that chlorotic 
Synechococcus cells maintain viability for extended peri-
ods of time [reviewed in Schwarz and Forchhammer, 
2005]. This study revealed a gradual decline in cellular 
activities following the initial phycobiliprotein degrada-
tion, until the cells entered a dormant-like state with al-
most no detectable metabolic activity. Based on these ob-
servations, the chlorosis process could be divided into 3 
phases, with phase 1 being the rapid degradation of phy-
cobiliprotein occurring within 132 days, followed by 
phase 2, the gradual decline of metabolic activity (con-
comitant with a decline in chlorophyll a) within the fol-
lowing 8314 days, and finally, the terminal phase 3, the 
dormant state with a low basal level of photosynthetic ac-
tivity [Görl et al., 1998]. Concomitant with the gradual 
decline of metabolic activity, the cells undergo substantial 
intracellular re-organization through proteolysis, in par-
ticular with respect to the degradation of the intracellular 
membrane system, the thylakoids, which accommodate 
the molecular machines of the photosynthetic electron 
transport chain including photosystem I and II. However, 
a low level of photosynthetic activity involving PSI and 
PSII activity is preserved during prolonged chlorosis, 
which was shown to be required to maintain long-term 
cell viability [Sauer et al., 2001]. Since no net yield of pho-
tosynthesis could be determined, it was suggested that the 
photosynthetic electrons are recycled through a water-to-
water cycle, where oxygen, produced through water split-
ting at PSII, serves as electron acceptor for PSI-reduced 
ferredoxin [Sauer et al., 2001]. Considering the severe de-
composition of intracellular structures after long-term 
chlorosis, it is astonishing that cells readily re-green with-
in 2 days and resume growth following the addition of a 
nitrogen source [Görl et al., 1998; Sauer et al., 1999; Sau-
er et al., 2001; reviewed in Schwarz and Forchhammer, 
2005].

Synechocystis sp. 6803 is a unicellular cyanobacterium 
only distantly related to S. elongatus [Robertson et al., 
2001]. It is metabolically more versatile than S. elongatus 
as it is not strictly photoautotrophic and is able to synthe-
size various reserve polymers not present in S. elongatus, 
such as the nitrogen storage compound cyanophycin 
(CP) [Stephan et al., 2000] or the polymer polyhydroxy-
butyrate (PHB) [Hauf et al., 2013; reviewed in Koch et al., 
2020]. Despite these differences, the basic nitrogen-star-
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vation acclimation response seems to be highly con-
served. Similar to S. elongatus, Synechocystis employs a set 
of nbl genes under the control of a conserved sensor ki-
nase (Hik33/NblS) to degrade phycobiliproteins, which 
degrades the photosynthetic apparatus and tunes down 
metabolic activity until a dormant-like state is attained, 
from which it rapidly recovers after supplementation 
with combined nitrogen [reviewed in Schwarz and Forch-
hammer, 2005]. A distinguishing feature of the strains is 
the accumulation of large amounts of PHB in Synechocys-
tis during prolonged chlorosis [Schlebusch and Forch-
hammer, 2010; Hauf et al., 2013; Damrow et al., 2016]. 

However, mutants defective in PHB synthesis are neither 
impaired in the chlorosis response, nor in the ability to 
recover from nitrogen starvation [Klotz et al., 2016; Koch 
et al., 2020], indicating that PHB metabolism is not di-
rectly involved in surviving nitrogen deprivation. Unlike 
PHB, glycogen seems to be a major carbon polymer sup-
porting nitrogen starvation; both Synechocystis and S. 
elongatus rapidly accumulate large amounts of this poly-
mer upon nitrogen limitation or upon inhibition of glu-
tamine synthetase (GS) activity [Klotz et al., 2015]. How-
ever, mutants that are defective in glycogen synthesis 
(glgC mutants or glgA1/glgA2 double mutants) display 
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Fig. 1. Synechocystis cells during developmental transitions through nitrogen starvation and resuscitation. a Cell 
in exponential growth phase. b Chlorotic cell starved for 1 month. c Cells during the first 24 h of resuscitation.  
d Cells after 36 h of resuscitation. G, glycogen granules; PHB, polyhydroxybutyrate granules; Cg, cyanophycin 
granules; Tm, thylakoid membrane; R, ribosomes.
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metabolic deficiencies during nitrogen starvation and are 
impaired in phycobiliprotein degradation and, therefore, 
show a non-bleaching phenotype. After a few days under 
nitrogen-deficient medium, they lose viability [Gründel 
et al., 2012; Hickman et al., 2013]. The synthesis of glyco-
gen is accompanied by the concomitant induction of ex-
pression of glycogen catabolic genes, for which the SigE 
and Rre37 regulators are responsible [Azuma et al., 2011; 
Osanai et al., 2014]. Although this appears paradoxical, it 
illustrates that a genetic program exists that <anticipates= 
the recovery from nitrogen starvation (see below).

Resuscitation from Chlorosis: A Global Analysis
A first global and comprehensive analysis of the resus-

citation of chlorotic Synechocystis cells was performed by 
Klotz et al. [2016]. When fully developed, long-term chlo-
rotic Synechocystis cells were supplied with nitrate, and it 
could be shown that they started to re-green and regain 
photosynthetic activity after about 24 h. After about 2 
days, photosynthetic performance was almost completely 
restored, and after 3 days, cell division was resumed. Fig-
ure 1 provides a graphical representation of these devel-
opmental transitions. At a first glance, the retarded ap-
pearance of photosynthetic pigments might give the im-
pression that the cells only respond to the addition of a 
nitrogen source with a delay of approximately a day. 
However, examination at the molecular level reveals that 
the apparent 24-h lag phase is in fact a highly dynamic 
period. As shown by transcriptomic and proteomic anal-
ysis, the basic operating system of the cells, which during 
chlorosis has been turned down to a minimum, must be 
re-established before the cells are able to re-green and re-
build the complex intracellular machineries of photosyn-
thesis [Klotz et al., 2016; Spat et al., 2018]. It transpired 
that the entire process follows a highly orchestrated ge-
netically encoded program, evident at all levels of cellular 
activity.

At the metabolic level, resuscitation can be divided 
into two principal phases. In the first phase, immediately 
after nitrate addition, cells turn on a heterotrophic-like 
metabolism, based on glycogen consumption and oxy-
gen-dependent respiration. In the second phase, after 
about 24 h, when the photosystems reappear, cells switch 
to a mixotrophic metabolism, where glycogen utilization 
co-occurs with CO2 fixation and oxygenic photosynthe-
sis. Only in the fully recovered state do they finally resume 
the classical photoautotrophic metabolism and return to 
vegetative growth. A key to the understanding of the re-
suscitation program is the underlying glycogen metabo-
lism, which provides the cells with energy and metabolic 

precursors (see Fig.  2 for an overview of the principal 
pathways of glycogen metabolism in Synechocystis). 
Therefore, glycogen is pivotal to the viability of chlorotic 
cells. The Synechocystis genome harbours two paralogous 
genes for glycogen synthetases, glgA1 (sll0945) and glgA2 
(sll1393). Knockout of only one of the two glgA para-
logues results in mutants that synthesize the same amount 
of glycogen as the wild type following nitrogen step down. 
Nevertheless, these two mutants display striking pheno-
typic differences upon nitrogen starvation. Whereas the 
glgA2 mutants are able to carry a wild-type response to 
chlorosis, the glgA1 mutants as well as the glgA1/glgA2 
double mutants show impaired chlorosis: instead of a 
step-wise degradation of the photosynthetic pigments, 
the mutants do not initially respond to nitrogen deple-
tion, but after a while they turn white and lose viability 
[Koch et al., 2019]. This suggests that only glycogen pro-
duced by GlgA1 is relevant for survival. The molecular 
basis of this difference is unclear and is currently under 
investigation.

Similar non-redundant pairs of glycogen metabolic 
genes are found for the paralogues of glycogen phosphor-
ylase, glgP1 (sll1356) and glgP2 (slr1367), as well as for the 
paralogues for glycogen-debranching enzyme glgX1 
(slr0237) and glgX2 (slr1857). The analysis of the respec-
tive mutants showed that only GlgP2 supports the resus-
citation program. The glgP2 mutants (still able to produce 
GlgP1), as well as the glgP1/glgP2 double knockout mu-
tants, are unable to be resuscitated from chlorosis, al-
though the initial process of chlorosis proceeds normally, 
as deduced from the ordered degradation of pigments 
[Doello et al., 2018]. The poor resuscitation of the various 
glgA and glgP mutants is depicted in Figure 2b. The gly-
cogen phosphorylase reaction releases Glc-1P, which is 
further converted by phosphoglucomutase (PGM, 
sll0726) to generate Glc-6P (see Fig. 2a). This metabolite 
can either enter the Embden-Meyerhof-Parnas pathway 
(EMP), or it can be oxidized by glucose-6P dehydroge-
nase (encoded by the zwf gene) to 6P-gluconate, which is 
further metabolized by the oxidative pentose phosphate 
(OPP) cycle or the Entner-Doudoroff (ED) pathway. 
Whereas mutants with a deficient EMP pathway recover 
almost like the wild type from the chlorotic state, zwf 
knockout mutants are strongly impaired in resuscitation. 
A mutant deficient in only the ED pathway is less severe-
ly affected than a mutant with an impairment in the OPP 
pathway, showing that the latter is the most important 
glycogen catabolic pathway in recovering chlorotic cells 
[Doello et al., 2018].
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When the cells started to respire and to degrade glyco-
gen upon the addition of nitrate to chlorotic cultures, the 
low level of photosynthetic activity, which is still measur-
able in the chlorotic state, is completely shut down. Pho-
tosynthetic oxygen evolution only reappears at the end of 
the first phase of resuscitation, indicating a switch to a 
mixotrophic metabolism. During this period, which takes 
place about 1 day after addition of the nitrogen source, 

re-greening becomes visible, indicating the re-installa-
tion of the photosynthetic machinery. Electron micro-
graphs reveal that in this second phase of resuscitation, 
the cells reconstruct the thylakoid system de novo (see 
Fig. 1d). After about 2 days, most of the cells have recov-
ered their photosynthetic machineries and are able to 
switch metabolism toward vegetative growth. With the 
onset of cell division, 233 days after the addition of a ni-
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trogen source, the resuscitation program is complete, and 
the cells exhibit typical vegetative growth. During chloro-
sis, the cells apparently become arrested in a pre-division-
al state; they contain on average double the amount of 
chromosomal DNA than actively growing cells. At the 
end of the resuscitation program, the average cell size, as 
well as the average chromosome copy number, decrease 
to half the values of chlorotic cells, which is indicative of 
ongoing cell division [Klotz et al., 2016].

The Start of Resuscitation

Bioenergetics of Awakening
During chlorosis, metabolic reactions are reduced to a 

minimum and the intracellular energy charge is kept low; 
the ATP content is maintained at a basal level, which con-
stitutes the minimum to maintain cell survival. Thus, the 
ATP levels in nitrogen-starved cells are reduced by up to 
25% of the value in vegetatively growing cells. Upon ad-
dition of a nitrogen source to chlorotic cells, the first de-
tected cellular response is a rapid increase in the ATP 
content. However, the extent of this increase is dependent 
on the form in which nitrogen is provided. Addition of 
sodium nitrate to chlorotic cells triggers a 100% increase 
in the ATP content within 20 min, whereas supplementa-
tion with potassium nitrate leads to a slower increase in 
the ATP levels (approximately 20330% less compared to 
sodium nitrate). Doello et al. [2021] investigated this pe-
culiar phenomenon and have discovered a so far unrec-
ognized and unique bioenergetic strategy in nitrogen-
starved cells.

During prolonged chlorosis, the thylakoid mem-
branes, which accommodate the majority of the F-type 
ATPase complexes, are degraded. Consequently, chlorot-
ic cells rely on the ATP synthases located in the plasma 
membrane, which are able to use a sodium motive force 
to power ATP synthesis. When resuscitation is started by 
the addition of sodium nitrate, the sudden rise of the ex-
tracellular sodium concentration leads to an increased so-

dium motive force, which causes an instantaneous in-
crease in the ATP levels. When potassium nitrate is used 
to induce resuscitation, the concentration of sodium re-
mains constant, and the increase in the ATP content re-
sults from a metabolically regulated response to the avail-
ability of a nitrogen source.

When nitrogen assimilation initiates, the cellular ATP 
demand dramatically increases due to the high turnover 
rate of the energy-consuming GS reaction. A concomi-
tant increase in ATP synthesis is, therefore, essential to 
ensure efficient nitrogen assimilation and to avoid drain-
age of the cellular ATP levels. How cells achieve this tight 
control of the ATP homeostasis has not yet been entirely 
deciphered; however, it has been shown that activation of 
the GS reaction is involved in this regulatory mechanism, 
because the increase in ATP levels in response to the 
availability of nitrogen is sensitive to MSX, a specific GS 
inhibitor. Additionally, upon addition of a nitrogen 
source, ATP synthesis requires glycogen degradation and 
respiration. This was demonstrated by the lack of an in-
crease in the ATP content in a GlgP-negative mutant, 
which is impaired in glycogen catabolism, and in wild-
type cells when they are treated with potassium cyanide 
(KCN), an inhibitor of the respiration. Moreover, spe-
cific inhibition of electron transfer from the plastoqui-
none pool (PQ) to the cytochrome b6f complex, which is 
exclusively found in the thylakoid membranes, reveals 
that respiration takes place at the plasma membrane in 
chlorotic cells undergoing the early steps of resuscitation 
[Doello et al., 2021]. It is, therefore, tempting to speculate 
that nitrogen assimilation through the GS reaction initi-
ates glycogen breakdown, thereby generating reducing 
equivalents, which then activate respiration at the cyto-
plasmic membrane. The plasma membrane is equipped 
with an alternative respiratory chain consisting of a type 
II NADH:quinone oxidoreductase (NDH II) and an alter-
native respiratory terminal oxidase (ARTO) [Baers et al., 
2019]. In fact, we could show that NDH II is one of the 
most highly accumulated proteins in the chlorotic state 

NAD(P)H

NAD(P)+

NDH II

PQ

ARTO

ATPase

ADP ATPH+

O2 H2O

H+ H+ H+
H+

H+

Na+

Na+/H+

antiporter

Na+

Na+

Na+

Na+

Na+
Na+

Cytoplasm

Plasma
membrane

Fig. 3. Sodium-dependent bioenergetic 
processes in nitrogen-starved cells. Depic-
tion of the components of the respiratory 
chain and the ATP synthesis machinery in 
the plasma membrane of Synechocystis.

98



Neumann/Doello/ForchhammerMicrob Physiol 2021;31:78–87
DOI: 10.1159/000515742

[Spat et al., 2018]. In vegetative cells, this respiratory sys-
tem is coupled to the generation of a sodium motive force 
to energize sodium-dependent bicarbonate uptake [Pils 
and Schmetterer, 2001]. In nitrogen-starved cells, where 
inorganic carbon fixation is arrested, this bioenergetic 
system ensures energy provision in the standby mode and 
to support the initial phase of resuscitation (Fig. 3).

Resumption of Nitrogen Assimilation
The activity of GS is subject to tight regulation. In cya-

nobacteria, GS activity is controlled by the inhibitory pro-
teins IF7 and IF17, whose synthesis is under global nitro-
gen control and is strongly downregulated during nitro-
gen starvation [Bolay et al., 2018]. Moreover, the cells 
express a second, nitrogen starvation-specific GS gene, 
glnN [Reyes and Florencio, 1994]. In S. elongatus, GlnN 
helps recovery of the cells from long-term nitrogen star-
vation [Sauer et al., 1999]. Thus, the cells maintain highly 
active nitrogen assimilation capacity during chlorosis. As 
soon as nitrogen becomes available again, GS starts work-
ing, thereby initiating the resuscitation program. Nitro-
gen assimilation then operates at full capacity, with the 
inhibitory peptides IF7 and IF187 only being induced to-
ward the end of resuscitation [Spat et al., 2018]. In agree-
ment with these findings is the observation that the non-
coding regulatory RNA NsiR4, which prevents expres-
sion of IF7, remains highly expressed in the initial phase 
of resuscitation. The assimilation of combined nitrogen 
initially exceeds the pace of protein synthesis, since the 
entire translational machinery first has to be re-installed. 
The excess of assimilated nitrogen is transiently stored as 
CP [Watzer and Forchhammer, 2018], which is deposited 
as a granular structure in the cytoplasm (see Fig. 1c; struc-
tures indicated by Cg). When the protein synthesis ma-
chinery is fully operational, the CP material is recycled for 
synthesis of cellular building blocks. This strategy enables 
cells to store any available nitrogen for subsequent utili-
zation in an environment with fluctuating and transient 
nitrogen supply. Physiological comparison of mutants 
deficient in CP synthase (cphA) with wild-type cells dem-
onstrated that in the absence of CP synthesis cells are un-
able to recover completely when nitrogen is only tran-
siently available to the cells. By contrast, wild-type cells 
can resuscitate successfully and return to vegetative 
growth [Watzer and Forchhammer, 2018].

Early Events in Transcriptional Regulation
To reveal the molecular events occurring during the 

process of resuscitation, a detailed transcriptome study 
has been performed [Klotz et al., 2016]. To achieve this, a 

high-density microarray covering the entire chromo-
some and the 7 plasmids was used, probing all 8,916 tran-
scripts of coding and non-coding RNA. RNA was extract-
ed at 5 different time points (after 0, 4, 12, 24 and 48 h 
after nitrate addition), starting with fully developed chlo-
rotic cells and finishing with completely re-greened cells. 
A total of 1,570 differentially regulated genes were de-
tected, which corresponds to 17.6% of the entire tran-
scriptome. Of these genes, approximately one-third com-
prises non-coding RNA. The changes in the transcrip-
tome during the resuscitation process perfectly reflect the 
chronological order of cellular processes. The majority of 
the differentially regulated genes belong to the early re-
sponding genes, whose expression changes after about 4 
h. They comprise 425 and 626 up- or downregulated
genes, respectively, compared with the dormant state.
The upregulated group of genes includes the entire set of
genes encoding the translational apparatus, as well as
metabolic genes, particularly those involved in nitrate/
nitrite assimilation, genes encoding enzymes for co-fac-
tor biosynthesis, ATP synthesis and CO2 fixation. The lat-
ter finding is striking, as it hints at a role for CO2 fixation
prior to the onset of photosynthesis. In agreement with
this suggestion, Doello et al. [2018] detected CO2 fixation
activity as soon as 10 h after the initiation of resuscitation, 
well before the onset of oxygen evolution. Surprisingly,
the genes encoding the enzymes required for glycogen
catabolism are not strongly upregulated at the transcrip-
tional level. In fact, the glycogen catabolic genes are al-
ready upregulated in response to the nitrogen step down,
concomitant with the synthesis of glycogen. Proteome
analyses confirm that the respective proteins are main-
tained at elevated levels throughout the chlorotic state.
This demonstrates an <anticipatory principle= in the ac-
climation toward nitrogen starvation. The decisive cata-
bolic enzymes are prepared in standby mode, awaiting
the availability of nutrient. This necessarily implies that
the enzymes, such as glycogen phosphorylase, have to be
kept in an inactive state, in order to prevent premature
glycogen consumption. Preliminary data indicate a key
role for PGM in the control of glycogen breakdown [un-
publ. data].

As deduced from the dynamics of the transcriptome, 
the early responses reflect the re-installation of the basic 
operation system of the cells, the core anabolic reactions, 
energy metabolism and the translational apparatus, en-
abling the cells to re-configure the complex cellular struc-
tures that were degraded during chlorosis. As deduced 
from this study, the transcriptional machinery itself, in 
particular the components of the RNA polymerase, does 

99



Resuscitation from Nitrogen  
Starvation-Induced Dormancy

Microb Physiol 2021;31:78–87
DOI: 10.1159/000515742

not change in expression as strongly as the translational 
machinery. The changes are more subtle and affect spe-
cific regulatory components. During nitrogen starvation, 
the transcriptional machinery switches from use of the 
house-keeping SigA-dependent RNA polymerase to use 
of alternative sigma factors, in particular, SigB, SigC and 
SigE [Imamura and Asayama, 2009; Heilmann et al., 
2017]. In particular, SigC has been shown to promote 
late-stage gene expression and nitrogen promoter recog-
nition [Asayama et al., 2004]. SigE mediates induced ex-
pression of various carbon catabolic genes during nitro-
gen starvation (see above). During resuscitation, howev-
er, the transcriptional machinery has to be re-wired 
toward SigA-dependent transcription, which is respon-
sible for the expression of the core operating system of the 
cell. The extensive re-organization of the transcriptome 
agrees with a dominant role for different sigma factors 
that affect global transcriptional patterns [Srivastava et 
al., 2020]. The small non-coding 6S RNA may have a key 
role in sigma factor transition. The 6S RNA is widely dis-
tributed in prokaryotes and acts as a global regulatory 
RNA involved in growth control. Synechocystis mutants 
with mutations in ssaA show delayed recovery from the 
chlorotic state [Heilmann et al., 2017]. The authors of that 
work also performed in vivo pull-down analysis of the 
RNA polymerase complex, and the data suggest that the 
6S RNA promotes the recruitment of the housekeeping 
sigma factor SigA to the RNA polymerase core complex, 
concurrently supporting displacement of group 2 sigma 
factors, such as SigB, C and E. An early transition back to 
SigA-dependent transcription explains the extensive 
transcriptional response observed at the onset of resusci-
tation in the study by Klotz et al. [2016].

The Second Phase of Resuscitation: Restoration of 
Photosynthesis
Only after the re-launch of the basic components of 

the metabolic machinery can the cells afford to re-install 
the photosynthetic machinery. This is because it imposes 
a high metabolic burden on the cells through the coordi-
nated synthesis of lipids for thylakoid membranes, the 
large amounts of tetrapyrroles and all the proteins re-
quired for the photosynthetic complexes, from the PBS 
antenna to the reaction centres. The timing of chlorophyll 
biosynthesis is especially crucial, because free chlorophyll 
is toxic to the cells. All these processes must, therefore, 
occur in a highly coordinated manner. How this is 
achieved is still poorly understood. The two aforemen-
tioned transcriptome and proteome studies [Klotz et al., 
2016; Spat et al., 2018], however, provide preliminary in-

sights into this process. Remarkably, the first cellular re-
sponse upon nitrogen addition is in fact to suppress any 
residual photosynthetic activity. This early negative im-
pact on photosynthesis is in good agreement with the ob-
servation that the function of some of the early regulated 
gene products is to prevent premature synthesis of pho-
tosynthetic components. For example, transient expres-
sion of the non-coding RNA PsrR1 supresses chlorophyll 
biosynthesis and PBS gene expression [Georg et al., 2014] 
and expression of several PSII-related and chlorophyll 
biosynthesis-related genes are repressed in the early stage 
of resuscitation. The logic of this strategy might also be 
related to the diurnal lifestyle of cyanobacteria. In nature, 
the cyanobacteria are constantly subjected to the daily 
availability of light energy for a certain length of time. The 
awakening of the cells relies exclusively on glycogen-de-
pendent energy metabolism, which allows utilization of 
nitrogen sources independent of light availability. This 
ensures a secure progression of resuscitation until the en-
tire basic operation system is completely re-installed. 
Only then do the cells start to reconstitute the photosyn-
thetic apparatus. The corresponding process works ex-
tremely precisely and is finely tuned at all levels. This is 
clearly illustrated for chlorophyll biosynthesis [Spat et al., 
2018], whereby a decisive step in chlorophyll biosynthesis 
is the conversion of protochlorophyllide to chlorophyl-
lide, for which light-dependent and light-independent 
isoenzymes exist in Synechocystis. At the proteome level, 
the enzymes are undetectable in the chlorotic state and in 
the early phase of resuscitation. The light-dependent pro-
tochlorophyllide reductase (Por) only becomes detect-
able in the middle phase of resuscitation [Spat et al., 
2018], whereas the light-independent isoenzymes ChlB 
and ChlL are still absent. In agreement with this, the ex-
pression of the corresponding genes is repressed during 
the early phase of resuscitation (see above). This strategy 
ensures that chlorophyll biosynthesis can start as soon as 
the basic operation system is re-installed and light is 
available. The final biosynthetic enzyme, chlorophyll syn-
thase (ChlG) is already present prior to the induction of 
Por synthesis, so that using this strategy the cells are pre-
pared to convert the highly toxic chlorophyllide molecule 
into chlorophyll a, which is then incorporated into chlo-
rophyll-binding proteins, which have to be synthesized 
simultaneously.

Another crucial step in the re-installation of the pho-
tosynthetic machinery is the assembly of the photosyn-
thetic protein complexes in newly synthesized thylakoid 
membranes. Here, quantitative analyses of the phospho-
proteome have yielded first intriguing insights into what 
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is occurring. Among the phosphoproteins whose degree 
of phosphorylation changed dynamically over the time 
course of resuscitation, the largest functional group is in-
deed the proteins related to photosynthesis [Spat et al., 
2018]. These proteins can be grouped in 5 classes accord-
ing to the pattern of phosphorylation change. The few 
residual proteins of the PBS rods are highly phosphory-
lated during chlorosis and the phosphorylation level 
gradually decreases during resuscitation. Phosphoryla-
tion of the phycobiliproteins could be related to protein 
stability and turnover. Other photosynthetic proteins, 
such as PBS core proteins or some components of PSI and 
PSII, show a transient increase in phosphorylation. The 
Vipp1 proteins, for example, which play a decisive role in 
thylakoid membrane biogenesis [Heidrich et al., 2017], 
show a particularly complex phosphorylation pattern 
with 8 detected phosphorylation sites, occurring on 2 
clustered regions of the protein. The phosphorylation lev-
el remains high during the initial resuscitation phase, 
with some sites even showing initially increased phos-
phorylation, until time point 24 h. Subsequently, phos-
phorylation of all sites decreases, which occurs concomi-
tantly with the accumulation of newly synthesized Vipp1 
protein and the emergence of stacked thylakoid mem-
branes. Vipp1 was shown to form large multimeric struc-
tures that form rings and rods [Theis et al., 2019] and 
control the formation of thylakoid membranes [West-
phal et al., 2001]. Phosphorylation of Vipp1 might thus 
keep this protein in an inactive state, until the progression 
of resuscitation advances to the stage where Vipp1 activ-
ity comes into play. Based on this study, protein phos-
phorylation has thus emerged to add another layer of reg-
ulator complexity controlling the timing of resuscitation.

Conclusions
The analysis of the nitrogen starvation-induced transi-

tion of Synechocystis into a dormant-like chlorotic state 
and resuscitation form this state has revealed new insights 
into dormancy and awakening. Organisms from most di-
verse origins tune down cellular activities to a minimum 
in order to survive extended periods of adverse environ-
mental conditions, such as nutrient starvation. Under 
these circumstances, they all need to find the answer to a 
major issue: What is the minimal activity necessary to 
maintain viability?

In order to resuscitate cells from the dormant state, a 
minimal initial energy is necessary, and a minimal set of 
the most fundamental cellular functions has to be main-
tained; in order to make new protein, at least some ribo-
somes and translation factors need to be in place. This 

minimal set of cellular activities represents the organ-
ism9s equivalent of the BIOS, the basic input/output sys-
tem of a computer, that helps re-boot the operation sys-
tem after being switched on. In analogy, the same tasks 
have to be performed when resuscitation from the dor-
mant state is executed. We have learned by using chloro-
sis in Synechocystis as a model system that evolution has 
prepared cells with a sophisticated genetic program to 
achieve this task. Moreover, it appears that already at the 
stage when the cells enter the dormant state, they antici-
pate the future awakening and prepare essential compo-
nents to allow rapid resuscitation. The revival of nutrient 
starvation-induced Bacillus subtilis spores is another ex-
ample of the existence of a highly organized developmen-
tal program to awaken from dormancy and reconstruct a 
cell [Sinai et al., 2015]. Another lesson learned from these 
investigations is the identification of the functions of 
genes that have been annotated as <hypothetical,= since 
their roles appear only under extreme conditions, and 
some of these may even belong to the cellular BIOS.
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Diurnal metabolic control in cyanobacteria requires 
perception of second messenger signaling molecule 
c-di-AMP by the carbon control protein SbtB

Khaled A. Selim1,2*†, Michael Haffner1†, Markus Burkhardt1, Oliver Mantovani3,

Niels Neumann1, Reinhard Albrecht2, Roland Seifert4, Larissa Krüger5, Jörg Stülke5,

Marcus D. Hartmann2, Martin Hagemann3, Karl Forchhammer1*

Because of their photosynthesis-dependent lifestyle, cyanobacteria evolved sophisticated regulatory mechanisms 
to adapt to oscillating day-night metabolic changes. How they coordinate the metabolic switch between autotrophic 
and glycogen-catabolic metabolism in light and darkness is poorly understood. Recently, c-di-AMP has been 
implicated in diurnal regulation, but its mode of action remains elusive. To unravel the signaling functions of c-di-AMP 
in cyanobacteria, we isolated c-di-AMP receptor proteins. Thereby, the carbon-sensor protein SbtB was identified 
as a major c-di-AMP receptor, which we confirmed biochemically and by x-ray crystallography. In search for the 
c-di-AMP signaling function of SbtB, we found that both SbtB and c-di-AMP cyclase–deficient mutants showed
reduced diurnal growth and that c-di-AMP–bound SbtB interacts specifically with the glycogen-branching enzyme 
GlgB. Accordingly, both mutants displayed impaired glycogen synthesis during the day and impaired nighttime
survival. Thus, the pivotal role of c-di-AMP in day-night acclimation can be attributed to SbtB-mediated regula-
tion of glycogen metabolism.

INTRODUCTION

Aerobic life on Earth evolved about 2.7 to 3.2 billion years ago with 
the evolution of oxygenic photosynthesis by cyanobacteria. Because 
photosynthesis uses energy provided by sunlight, cyanobacteria 
have evolved intricate circadian timing machinery to fine-tune 
photosynthesis and other metabolic activity to successive day-night 
cycles of different length (1). The recent discovery of a true circa-
dian clock in the nonphotosynthetic bacterium Bacillus subtilis 
suggests that circadian rhythms may be widespread among other 
prokaryotes as well (2). All eukaryotic organisms independently 
evolved a circadian clock to acclimate to different diurnal cycles. 
In humans, the disruption of circadian timing correlates with 
diverse health problems including cancer and cardiovascular 
diseases (3).

Photoautotrophic organisms are constantly exposed to alternating 
day-night light regimes, which requires a permanent metabolic 
switch between autotrophic CO2 fixation via Calvin-Benson cycle 
during the day and heterotrophic-like carbon catabolism during the 
night. During the day, newly fixed CO2 is used for anabolic reac-
tions, producing the building blocks for cell growth, and, in addi-
tion, for building up organic carbon reserves such as glycogen in 
cyanobacteria or starch in plants. During the night, glycogen is 
metabolized mainly using the oxidative pentose-phosphate (OPP) 
pathway, to provide reduction equivalents for energy conserving 

respiration (4, 5). The constant switch between autotrophic and 
heterotrophic metabolism is operated by a sophisticated network 
of regulatory processes, which we only begin to understand. It 
involves sensing of the redox, energy, carbon, and nitrogen status as 
well as a specific timing machinery, the circadian clock (1, 3, 6). 
Although it is clear that the diurnal rhythm affects central carbon 
metabolism, mainly of glycogen anabolism and catabolism (3, 7, 8), 
our understanding of the signaling cascades regulating central 
carbon and nitrogen metabolisms under diurnal growth is still very 
preliminary.

Recent investigations pointed toward additional regulatory 
circuits, whose connection to the circadian clock is unclear. For 
instance, these reports revealed a noncanonical role of the second 
messengers cyclic di-adenosine monophosphate [32,52-c-di3adenosine 
52-monophosphate; hereafter c-di-AMP] and of the alarmone guano-
sine penta- and tetraphosphate ppGpp(p) in the diurnal photo-
synthetic lifestyle of cyanobacteria (9311). Since its discovery in 
2008, the second messenger c-di-AMP came into focus of research, 
owing to its essentiality in many organisms (12314). This cyclic 
nucleotide has been implicated in regulating several biological 
processes, mainly related to cell wall and osmotic homeostasis in 
Firmicutes and, to a lesser extent, in Actinobacteria. In these hetero-
trophic bacteria, the main c-di-AMP targets are ion and osmolyte 
transporters, including those of K+, Na+, and Mg2+ ions, glycine 
betaine, and amino acids (12314). Binding of c-di-AMP has also 
been demonstrated for a protein of the PII superfamily, termed 
DarA in B. subtilis (15) or PstA in Staphylococcus aureus (16); 
however, the physiological role of those signaling proteins remains 
unclear. In cyanobacteria, c-di-AMP has been recently described to 
be required for nocturnal dormancy of Synechococcus elongatus, 
because mutants of the c-di-AMP cyclase were impaired in nighttime 
survival. However, the molecular mechanism underlying the func-
tion of c-di-AMP in nocturnal dormancy has remained unresolved 
(11). In addition, the analysis of Synechocystis sp. mutants in which 
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the c-di-AMP concentration was elevated or reduced implied a role 
for c-di-AMP in acclimation to abiotic stress and osmotic homeo-
stasis (17). These findings agreed with the prediction of c-di-
AMP3dependent riboswitches upstream of genes involved in ion 
homeostasis and osmolyte transport (18). Furthermore, expression 
of the sll0505 gene, encoding the Synechocystis di-adenylate cyclase, 
showed a strong correlation with the acclimation to long-term 
nitrogen starvation. Upon resuscitating the chlorotic Synechocystis 
cells from nitrogen starvation, sll0505 belonged to the strongest early 
up-regulated genes, implying a role of c-di-AMP in the awakening 
from dormancy (19). Although several c-di-AMP receptor proteins 
were identified in heterotrophic bacteria (12, 14), the c-di-AMP 
targets and its signaling role in cyanobacteria remain elusive.

Another second messenger nucleotide that returned into the 
focus of interest is cyclic AMP (32,52-cAMP; hereafter cAMP), as it 
was revealed as effector molecule for the PII-like signaling protein 
SbtB. We identified SbtB as a unique component of the cyanobacterial 
carbon-concentrating mechanism (CCM), required for efficient 
acclimation to varying inorganic carbon (Ci) regimes (20). HCO3

2/CO2 
metabolism is also strictly regulated by the diurnal metabolic status 
of the cells, with active Ci accumulation during the autotrophic 
day mode and arrest of HCO3

2 transport during nocturnal dor-
mancy (21). Recently, it has been shown that the diurnal switch 
of Ci transport activity is regulated via phytochromes involving 
SbtB (21). The sbtB gene is located in an operon with the gene for 
the sodium-dependent bicarbonate transporter SbtA. A similar genetic 
arrangement is frequently found in proteins of the PII family, which 
cluster with the transport proteins they regulate. Accordingly, SbtB 
was proven as a regulator of SbtA transport activity (20, 22, 23). 
Similar to canonical PII proteins (24, 25), SbtB perceives energy 
signals by binding adenosine 52-triphosphate (52-ATP) or adenosine 
52-diphosphate (52-ADP), but unlike canonical PII proteins, SbtB 
also senses 52-AMP and preferentially binds the second messenger 
cAMP (20). The cAMP concentration was correlated with the CO2 
supply of the cells, implying an evolutionary conserved role of the 
second messenger cAMP as an indicator of the cellular carbon 
status via SbtB signaling (20, 26). Furthermore, structural analysis 
of SbtB revealed a putative redox-sensitive motif at the C terminus 
(20), suggesting that SbtB may play a role in controlling HCO3

2 
transport in response to light/dark-mediated redox stimuli.

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

RESULTS

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

variety of adenine-based nucleotides made it likely that SbtB could 
also bind the second messenger c-di-AMP. Using isothermal titra-
tion calorimetry (ITC), we tested the ability of recombinant SbtB 
protein from Synechocystis (ScSbtB) to bind c-di-AMP. The trimeric 
ScSbtB was able to bind with high affinity to c-di-AMP (Fig. 1A) 
with dissociation constant (Kd) values (Kd1 of 2.3 mM, Kd2 of 12.2 mM, 
and Kd3 of 35.9 mM for the first, second, and third binding site of 
trimeric ScSbtB, respectively) comparable to that of cAMP but 
stronger than that of ATP, ADP, and AMP (20). Moreover, the 
binding enthalpy for c-di-AMP was almost equivalent or higher than 
that of ATP, ADP, and AMP at a lower concentration of c-di-AMP 
(fig. S1), which indicates preferential binding to c-di-AMP over 
standard adenine nucleotides. To test whether binding to c-di-AMP 
is a common trait among SbtB proteins in cyanobacteria, we exam-
ined the ability of the SbtB protein from the filamentous cyanobac-
terium Nostoc sp. PCC 7120 (NsSbtB) to bind c-di-AMP. Similar to 
ScSbtB protein, ITC analysis revealed that NsSbtB is able to bind 
c-di-AMP as well.

To reveal whether c-di-AMP binding to SbtB proteins is of physio-
logical relevance, we performed a pull-down experiment with a 
crude cell extract from Synechocystis using immobilized c-di-AMP 
as a bait and searched for protein preys that specifically bound to 
c-di-AMP (Fig. 1B). The ScSbtB protein, encoded by slr1513, was
the highest enriched protein in the pull-down fraction (Fig. 1B),
confirming that ScSbtB is a real target of c-di-AMP signaling. In
addition to ScSbtB, we identified several transporters, among them
the major potassium transporters in Synechocystis KtrA (sll0493),
TrkA (slr0773), and MthK (sll0993). Moreover, the magnesium
transporter MgtE (slr1216), the sodium/H+ antiporters NhaS2 and
NhaS5 (sll0273 and slr0415, respectively), and the glutamate-Na+

symporter (slr0625) were identified as c-di-AMP3binding proteins.
In addition to SbtB, the identification of these potential c-di-AMP3
dependent transporters implied that c-di-AMP may play a major
role in regulating ionic and osmotic homeostasis of Synechocystis.
KtrA, TrkA, and MgtE are also well-known c-di-AMP target
proteins in Gram-positive bacteria (12, 14, 28); their successful
identification here validated our pull-down assay. None of the
c-di-AMP target proteins was identified in the negative control
experiment.

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

Structural basis of c-di-AMP binding to SbtB
To gain deeper insight into the structural basis of c-di-AMP binding 
by ScSbtB, we aimed to obtain the crystal structure of the ScSbtB:c-di- 
AMP complex. To this end, we used crystals that we previously 
obtained in different ligandation states from several cocrystallization 
trials of ScSbtB (20). These crystals contain one ScSbtB trimer in the 
asymmetric unit in space group P32, such that the three monomers 
and the three ligand binding sites, which are situated between the 
subunits, are involved in different crystal contacts (20). We now 
used apo crystals of this form in soaking experiments with c-di-AMP, 
resulting in a 2.0 Å crystal structure of the ScSbtB:c-di-AMP com-
plex (Fig. 1, C to F). However, only two of the binding sites turned 
out to be occupied by c-di-AMP (Fig. 1C), both with clear electron 
density for c-di-AMP in full occupancy (Fig. 1D). In these two sites, 
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as compared to the AMP- or cAMP-bound complexes, the base of 
the T-loop was found in a different conformation (Fig. 1E), forming 
additional interactions with the ligand (Fig. 1F), while the third site 
remained in apo-state due to limitations of the crystal packing. To 

exclude that also the folding of the T-loop or other binding-induced 
conformational changes were possibly restrained by crystal contacts 
during the soaking experiment, we also performed cocrystallization 
trials with c-di-AMP. Unexpectedly, these again yielded the same 
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Fig. 1. Identification of SbtB as a major c-di-AMP receptor protein in cyanobacteria. (A) ITC analysis shows that SbtB binds c-di-AMP in an anticooperative manner 
with Kd values as indicated. Top: The raw ITC data in the form of the heat produced during the titration of 33.3 mM SbtB (trimeric concentration) with 0.5 mM c-di-AMP. Bottom: 
The binding isotherms and the best-fit curves according to the three sequential binding site model. (B) SDS–polyacrylamide gel electrophoresis analysis of c-di-AMP 
pull-down elution fraction and Western blot detection of SbtB, using a-SbtB antibodies. Samples were analyzed with quantitative MS-based proteomics analysis. Identified 
proteins are sorted by their scores. NAD+, nicotinamide adenine dinucleotide; ATPase, adenosine triphosphatase; ABC, ATP-binding cassette; NUDIX hydrolases cleave 
nucleoside diphosphates linked to any (“x”) moiety. (C to F) Structural and binding properties of the ScSbtB protein. (C) Overall architecture of the trimeric SbtB:c-di-AMP 
complex with nucleotide-binding pockets located in the intersubunit clefts and shown in ribbon representation with different color for each monomer. (D) The electron 
density of c-di-AMP is shown as an Fo-Fc omit map contoured at 2.5 s. (E) Superposition of ScSbtB:c-di-AMP (brown) with ScSbtB:AMP (pink; PDB: 5O3R), yielding an root 
mean square deviation of 0.33 Å and showing that the T-loop in the SbtB:c-di-AMP complex is partially ordered and adopts a different conformation than in the SbtB:AMP 
structure. (F) Close-up of the c-di-AMP binding site with relevant residues for nucleotide binding shown as sticks, and H bonds indicated by thin lines. (E) Inset: Highlighting 
the superposition of the nucleotide binding sites, with residues specific for c-di-AMP binding labeled in blue and those for AMP in orange.

107



S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

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

All three subunits of the ScSbtB:c-di-AMP complex are essen-
tially in the same conformation as in the apo-ScSbtB coordinates, 
and the whole ScSbtB:c-di-AMP complex superimposes with a 
Ca3root mean square deviation value of 0.26 Å on the apo-ScSbtB 
trimer [Protein Data Bank (PDB): 5O3P] (fig. S2). While there were 
no major differences between the ScSbtB:c-di-AMP complex and 
apo-ScSbtB, a comparison with the AMP- or cAMP-bound com-
plexes revealed several additional unique interactions between 
c-di-AMP and the base of the T-loop (Fig. 1, E and F, and fig. S2),
which caused a partial ordering and restructuring of the loop
(Fig. 1, C to F). Structural alteration of the T-loop is a characteristic
mechanism by which effector molecules modulate the interaction
of canonical PII proteins with their receptors (25, 29). The effect of
c-di-AMP binding on the T-loop conformation strengthened the
above results on the specificity of c-di-AMP binding to SbtB and
suggested that c-di-AMP signaling via SbtB is functionally relevant
and affects SbtB interaction with diverse interaction partners.

Physiological role of SbtB as a c-di-AMP receptor protein
Next, to search for a functional link between SbtB as a c-di-AMP 
receptor protein and c-di-AMP signaling cascade, we aimed to com-
pare the phenotype of a sbtB-deficient mutant (encoded by slr1513) 
with a mutant deficient in dacA, which encodes for the only identified 
di-adenylate cyclase A (DacA; encoded by sll0505) in Synechocystis.
To create a c-di-AMP free mutant, we first attempted the genera-
tion of a deletion or insertion DdacA mutant in a glucose-sensitive
background (GS-strain). The insertion attempt aimed to avoid a
polar effect on the expression of the downstream gene sll0506
(encoding for undecaprenyl phosphate synthetase), because the sll0505
gene overlaps with sll0506 and is predicted to contain a possible
promoter region for sll0506 (17). However, we only achieved partial 
segregation by both attempts (fig. S3). In contrast, complete segrega-
tion was obtained in the background of glucose-tolerant Synechocystis
strain (GT-strain), as revealed by the absence of the wild-type (WT) 
gene fragment through polymerase chain reaction (PCR) amplifica-
tion (fig. S3). This implies that DacA is not essential for the viability 
of the GT-Synechocystis under standard, glucose-free conditions
but it is, for unknown reasons, essential for the lifestyle of GS- 
Synechocystis. Unless mentioned otherwise, the following results
were generated using the fully segregated DdacA insertion mutant
in GT-Synechocystis background. However, we were able to
reproduce all these results using the DdacA deletion mutant in
GT-Synechocystis as well.

Measurements of the intracellular c-di-AMP concentration 
confirmed that the completely segregated DdacA mutant was free of 
c-di-AMP, while the WT cells contained around 4.6 mmol per cell of 
c-di-AMP under photoautotrophic growth conditions (Fig. 2A). To 
further confirm that dacA gene (sll0505) encodes an active di- 
adenylate cyclase able to synthesize c-di-AMP, Escherichia coli,
which does not synthesize c-di-AMP naturally, was transformed with 
a plasmid expressing a sll05053green fluorescent protein (GFP) fusion
protein under the control of the isopropyl-b-D-thiogalactopyranoside
(IPTG)3inducible T7 promoter. High concentration of c-di-AMP
was detected in E. coli cells upon induction as compared to un-
induced cells (fig. S3), confirming the annotation of DacA.

In cyanobacteria, c-di-AMP signaling was previously linked to 
osmoregulation, to the resuscitation from long-term chlorosis under 

nitrogen starvation condition, and to day-night rhythms (11, 17, 19), 
whereas SbtB was shown to be important for Ci acclimation (20). It 
was therefore obvious to assume that c-di-AMP perception by SbtB 
could be involved in one or more of those c-di-AMP3linked pro-
cesses by comparing the phenotypes of the mutants DdacA and 
DsbtB under different growth conditions.

First, Synechocystis WT, &dacA, and &sbtB mutants were sub-
jected to osmotic stress by treating them with increasing concentra-
tions of sorbitol (50 to 600 mM) (fig. S4). In agreement with a 
previous study (17), the growth of DdacA was strongly impaired in 
the presence of high osmolyte concentrations, with 300 mM sorbitol 
completely preventing growth. By contrast, the DsbtB mutant was 
not affected by osmotic stress (fig. S4), implying that c-di-AMP 
sensing by SbtB is not involved in osmoregulation. This clear 
phenotype of DdacA supports the notion that c-di-AMP has a key 
role in osmoregulation and maintenance of the intracellular turgor 
pressure within cyanobacteria. Moreover, this phenotype agrees 
with the identification of several ion and osmolyte transporters in 
the c-di-AMP pull-down experiment, including those for K+, Na+, 
and Mg2+ ions, glutamate, and maltose (Fig. 1B).

Second, the recovery from nitrogen starvation3induced chlorosis 
of the mutant strains was tested by resupplementation with a nitro-
gen source. The DdacA mutant was neither able to properly enter 
chlorosis nor to recover from chlorosis nearly as efficiently as the 
WT cells, which is consistent with high expression of the dacA gene 
under resuscitation conditions (fig. S5) (19). In contrast, the DsbtB 
mutant did not show any phenotypic difference to WT during these 
treatments (fig. S5). This suggests that SbtB is not required for 
entering and exiting from chlorosis, whereas c-di-AMP plays an 
important role in this process perhaps due to interaction with as yet 
unknown receptor protein.

Third, we wanted to test whether c-di-AMP might be involved in 
primary Ci acquisition, because our previous study revealed that 
DsbtB is impaired in proper Ci acclimation (20). Therefore, the 
photosynthetic HCO3

2-dependent oxygen evolution of the DdacA 
mutant was compared to WT in high Ci (HC)3 and low Ci (LC)3 
acclimated cells (Fig. 2B and fig. S6). Both WT and DdacA cells 
showed the expected acclimation to HC conditions by lowering 
affinity for HCO3

2 as estimated by an increase of HCO3
2 Km to 

about 300 mM (Fig. 2B). Under LC conditions, the affinity toward 
HCO3

2 increased markedly in both DdacA mutant and WT cells 
(Fig. 2B). Although the initial rise of the photosynthetic activity at 
low Ci concentrations was similar, the maximal photosynthetic 
rates (Vmax) in the DdacA mutant was lower than in WT cells under 
LC-acclimated condition. The decreased Vmax indicates a lower 
activity of the Calvin-Benson cycle (fig. S6), at saturating Ci amounts. 
Despite this difference, this experiment indicated that, in contrast 
to the DsbtB mutant, operation of the CCM was not affected in the 
DdacA mutant (20).

Last, we investigated the involvement of DacA and SbtB in diurnal 
growth by exposing the cells to 12-hour light/12-hour dark cycles. 
Similar to S. elongatus (11), the Synechocystis DdacA mutant showed 
a strong growth defect under day-night conditions (Fig. 2, C and D, 
and fig. S7). Unexpectedly, the DsbtB mutant showed a similar 
diurnal growth impairment (Fig. 2, C and D, and fig. S7). SbtB is 
known to regulate the HCO3

2 transporter SbtA through direct 
protein-protein interaction in response to the energy state of the 
cell and the second messenger cAMP (20, 22, 23, 27), raising several 
questions of either an involvement of SbtA or cAMP in impaired 
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diurnal growth. However, the DsbtA and Dcya1 (encodes for the 
major cAMP cyclase in Synechocystis) mutants grew almost like WT 
cells under 13 successive day-night cycles (fig. S7D). Together, these 
results indicated that the common growth defect of the DsbtB and 
DdacA mutants under diurnal cycles (Fig. 2, C and D) was not 
mediated by neither cAMP nor by a defect in primary Ci acquisition 
via SbtA (Figs. 2B and figs. S6 and S7). Rather, it pointed toward a 
specific/unidentified c-di-AMP3controlled process, involving signal 
perception by SbtB.

Diurnal cycling of c-di-AMP correlates with SbtB
To gain insight into the mechanism that makes c-di-AMP and SbtB 
indispensable for diurnal growth, we first looked for sbtB (slr1513) 
and dacA (sll0505) expression in the transcriptome dataset of diur-
nally grown Synechocystis cells (30). Both sbtB and dacA transcripts 
showed a diurnal dynamic, with a sharp increase at the beginning of 
the day and a decline in the dark phase (fig. S8). To reveal whether 
the changes in dacA transcript levels correlated with the c-di-AMP 
levels, the intracellular concentration of c-di-AMP was determined 

in WT Synechocystis cells under diurnal growth at different time 
points during day-night cycles. The first sampling point was taken 
at the end of the light phase, and four samples were taken during the 
following 12 hours of dark phase and four samples in the following 
12 hours of light phase (Fig. 2E). While the c-di-AMP concentra-
tion dropped during the dark period, a rapid two to fourfold in-
crease in c-di-AMP concentration was observed 30 min after onset 
of light (Fig.  2E). The maximum c-di-AMP concentration was 
reached in the early light phase and then declined throughout the 
remaining light phase (Fig. 2E), correlating well with the expression 
pattern of dacA (fig. S8). Because SbtB is known to bind the second 
messenger cAMP as well and to further exclude any possible role for 
cAMP in day-night metabolism (fig. S7E), we checked for intracellular 
concentration of cAMP under the same cycling condition in the 
WT and DdacA cells. The intracellular concentration of cAMP did 
not change markedly between day-night cycle within both of WT 
and DdacA cells (fig. S8C), which further supports the specificity of 
c-di-AMP in regulating Synechocystis diurnal metabolism. Moreover, 
we monitored SbtB expression using as a reporter the fluorescently 
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Fig. 2. Physiological characterization of DsbtB and DdacA mutants. (A) c-di-AMP concentration shown in mmol per cell within vegetative photoautotrophic growing 
Synechocystis sp. PCC 6803 WT (black bar) and the di-adenylate cyclase deficient mutant DdacA (gray bar; undetectable). (B) Bicarbonate affinity represented by the Km 
(HCO3

−) values of Synechocystis WT and the DdacA mutant under either high carbon (HC; black bars) or low carbon (LC; gray bars) regimes. (C) Specific growth rate of 
Synechocystis WT, DsbtB, and DdacA cells under either continuous light (black bars) or a 12-hour diurnal rhythm (gray bars). (D) Growth test by drop plate assay of Synechocystis 
WT, DsbtB, and DdacA cells as indicated under either continuous light (left) or a 12-hour diurnal rhythm (right). Cells were normalized to an optical density at 750 nm 
(OD750) of 1.0 and serial diluted in 10-fold steps (top to bottom; depicted by a green triangle). (E) Relative c-di-AMP concentration within Synechocystis WT cells throughout 
a 12-hour diurnal rhythm. Statistically significant differences (P < 0.05) are indicated by asterisk (*) for the transition from the end of the night phase (12 hours) to early 
day-phase (12.5 and 14 hours). Values are means ± SD; n = 5 to 6 independent measurements. The c-di-AMP was not detectable within DdacA cells. The x axis shows the 
time in hours; the y axis shows the relative amount of c-di-AMP normalized to the first time point at the end of the day phase (indicated by 0.0 hours). (E) Inset: c-di-AMP 
concentration shown in micromoles per cell for the first measurable time point (0.0 hours). (F) Mean of in vivo SbtB-sfGFP expression throughout a 12-hour diurnal 
rhythm, as indicated. The x axis shows the time in hours; the y axis shows the mean GFP fluorescence in fluorescence units (FU).
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labeled fusion protein SbtB3super-folded GFP (sfGFP) (20). The 
SbtB-sfGFP fluorescence showed the same cycling pattern as the 
c-di-AMP concentration, dropping during the dark phase and
peaking during the day (Fig. 2F). Last, to examine whether there might 
be a regulatory connection between sbtB and dacA at the level of
transcription, we checked for the expression profile of sbtB (slr1513) in 
DdacA and for dacA (sll0505) in DsbtB mutant in comparison to
WT cells using microarray technology (fig. S8, D and E). The sbtB
mutation had negligible effect on the expression of dacA, while the
dacA mutation led to partial down-regulation of sbtB, which could
explain the inability of dacA mutant to fully activate the Calvin-Benson 
cycle (fig. S6), consistent with the proposed role for SbtB in regulating 
the entire CCM (20). Notably, the expression of the genes situated
upstream (sll0504) and downstream (sll0506) of dacA was similar in 
both the DdacA and DsbtB mutants and very close to that of the WT 
cells, which confirmed that dacA mutation has no polar effects on
the transcription of neighboring genes.

SbtB regulates glycogen metabolism via interaction 
with the glycogen-branching enzyme GlgB
Because the proteins of the PII superfamily, to which SbtB belongs, 
are known to exert their regulatory functions via direct protein- 
protein interaction (29), we hypothesized that SbtB binds to yet 
unknown target(s) in a c-di-AMP3dependent manner, thereby 
affecting diurnal growth.

To identify potential SbtB interaction partners, we characterized 
the global SbtB interactome using several mass spectrometry-based 
pull-down approaches and screened for hits that could be involved 
in day-night acclimation. First, coimmunoprecipitation (CoIP) 
experiments were performed with WT Synechocystis crude cell 
extracts using a-SbtB3specific antibodies. As negative control, we 
used crude cell extracts from DsbtB cells. Compared to the negative 
control, the immunoprecipitate contained five to ninefold enriched 
enzymes related to glycogen metabolism (fig. S9A). In particular, we 
identified glycogen synthase (GlgA2, sll1393), glycogen phosphoryl-
ase (GlgP2, slr1367), glycogen-branching enzyme (GlgB, sll0158), and 
glycogen-debranching enzyme (GlgX1, slr0237) as potential SbtB 
interacting partners. Because glycogen metabolism is of primary 
importance for day-night acclimation in cyanobacteria (3, 8), the 
observed enrichment of glycogen metabolic enzymes would fit into 
the proposed c-di-AMP3related function of SbtB in diurnal growth.

To further elucidate c-di-AMP3dependent SbtB interactions, we 
performed several pull-down assays by immobilizing recombinant 
C-terminal His8- or strep-tagged ScSbtB protein on Ni2+ magnetic
beads or streptavidin magnetic beads, respectively, and incubating
them with Synechocystis crude cell extracts either in the presence or
absence of c-di-AMP, followed by successive washes to remove the
unbound proteins. In several pull-down experiments, the known
SbtB-target SbtA was identified, which validated the procedure.
With the His8-tagged ScSbtB protein on Ni2+ magnetic beads, in
addition to SbtA, we identified again GlgA2, GlgP2, GlgB, GlgX, and
furthermore the second glycogen-debranching enzyme (GlgX2, slr1857)
and glucose-1-phosphate adenylyltransferase (GlgC, slr1176).
Notably, GlgB and GlgA2 were more than 20-fold enriched in the
presence of c-di-AMP (fig. S9B), implying that they could be of par-
ticular importance. When strep-tagged ScSbtB protein was used as
affinity bait, a cleaner pull-down with a low background due to
higher specificity of streptavidin beads was obtained. Using this
attempt, only the glycogen-branching enzyme GlgB was enriched as 

specific interaction partner (Fig. 3A and fig. S9, C and D). In the 
presence of c-di-AMP, GlgB was 14 times more abundant as com-
pared to the pull-down in the absence of effector molecules (Fig. 3A). 
This enrichment was specific for c-di-AMP and not observed in the 
presence of cAMP (fig. S9, C and D). GlgB was not identified in the 
negative control (empty streptavidin beads) as well.

To further validate the specificity of SbtB-GlgB interaction and 
examine possible interactions with other glycogen-related enzymes 
by an independent method, we carried out interaction assays using 
the bacterial adenylate cyclase two-hybrid (BACTH) system. The 
BACTH system relies on the reconstitution of a functional adenylate 
cyclase (Cya) upon positive interaction of the proteins of interest 
fused to the T25 and T18 subunits of Cya, which can be detected by 
color change on X-Gal reporter plates. Here, we fused the T25 
subunit of Cya N-terminally to SbtB, while the T18 subunit of Cya 
was fused either N- or C-terminally to the glycogen-related enzymes 
GlgA1, GlgA2, GlgP1, GlgP2, GlgB, and GlgC (fig. S10). The 
T25-SbtB fusion with an empty pUT18 vector was used as negative 
control, while the leucine zipper interaction was used as positive 
control. A clear interaction was observed only between T25-SbtB 
and GlgB N-terminally tagged with a T18 subunit (Fig. 3B), whereas 
no interaction was obtained with C-terminally tagged GlgB and the 
other glycogen metabolic enzymes (fig. S10). This result strongly 
indicated that SbtB is a specific interactor of GlgB.

To gain further insights into SbtB-GlgB complex formation, we 
studied the SbtB-GlgB interaction using microscale thermophoresis 
(MST). We titrated SbtB against labeled GlgB in the presence or 
absence of c-di-AMP. SbtB was able to bind GlgB with a Kd of 
0.22 ± 0.07 mM (Fig. 3C); however, the presence of c-di-AMP (100 mM) 
did not change the binding constant markedly (Kd of 0.43 ± 0.10 mM).

Molecular basis for diurnal, c-di-AMP–dependent  
control of GlgB by SbtB
The photosynthetic synthesis of glycogen as carbohydrate reserve 
during the day is crucial for cyanobacterial survival in the night 
(3, 7, 31). To confirm the involvement of GlgB in this process, we 
tested diurnal growth of a DglgB mutant. The DglgB mutant was 
impaired in diurnal growth in a similar manner to the DsbtB and 
DdacA mutants (Fig. 3D), confirming the importance of glycogen 
metabolism and GlgB in diurnal growth. To obtain further evidence 
of a functional link between SbtB and the regulation of glycogen 
metabolism via GlgB in a c-di-AMP3dependent manner, we deter-
mined the intracellular glycogen concentration at the mid of the day 
phase. As compared to Synechocystis WT cells, glycogen levels were 
significantly reduced in all three mutants (DsbtB, DdacA, and DglgB) 
(Fig. 3E), with DdacA showing the lowest amount of glycogen with 
about 14.7%, DsbtB with 28.2%, and DglgB with 26.7% (Fig. 3E). 
Complementation of DsbtB by introducing copy of slr1513 under 
the control of the psbA2 promoter restored the growth of the 
mutant under day-night rhythm and restored the glycogen content 
to the levels of WT cells (fig. S11, A and B). Moreover, addition of 
glucose to BG11 medium rescued the diurnal growth defect of DsbtB 
(fig. S11C).

Because glycogen catabolism is the major source for respiration 
in the dark, supporting a heterotrophic mode of metabolism (32), 
we measured oxygen evolution and respiration during three succes-
sive day-night cycles. During the day, both DsbtB and DdacA 
mutants showed 50% less oxygen evolution than WT cells (Fig. 3F), 
in agreement with the inability of both mutants to fully activate the 
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Calvin-Benson cycle (fig. S6) (20). Upon onset of darkness, all 
strains started respiration, with WT cells displaying approximately 
twofold higher oxygen consumption than the mutants. Whereas 
WT cells kept on the respiration process for the whole night (12 hours), 
the DsbtB and DdacA cells ceased respiration after 6 hours (fig. 3FG). 
This result suggests that both mutants were unable to maintain 
respiration throughout a 12-hour night period and, therefore, were 
impaired in diurnal growth. To confirm this assumption, we deter-
mined the viability of the mutants compared to the WT cells during 
a prolonged dark incubation for 5 days. As revealed by drop plate 
assay, both mutants showed a marked loss of viability after 2 days of 
darkness. After 5 days of darkness, DsbtB cells were completely 
unviable (fig. S11D). Moreover, all strains retained a comparable effi-
ciency of photosystem II (PSII) and photosynthetic pigmentations 

over 3 days of darkness, implying that the loss of viability of the 
mutants was not due to an alteration in the photosynthetic machinery 
(fig. S11, E and F). Again, all of those results indicate that the low 
glycogen levels in both mutants are the main cause of the growth 
defect under the day-night rhythm. However, it should be men-
tioned that DdacA cells showed about 25% reduction of apparent 
PSII quantum yield [determined by pulse-amplitude modulation 
(PAM) fluorescence] in the absence of actinic light as compared to 
WT cells (fig. S11E).

DISCUSSION

Here, we revealed that the PII-like signaling protein SbtB binds the 
second messenger c-di-AMP in addition to the standard adenine 
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Fig. 3. Regulation of glycogen metabolism via c-di-AMP dependent SbtB signaling. (A) Streptavidin magnetic bead-based pull-downs using strep-tagged ScSbtB 
protein in the absence or presence of c-di-AMP. The c-di-AMP enriched SbtB-GlgB interaction. (B) BACTH assay was performed using E. coli cells expressing T25-SbtB 
fusion together with either C-terminal (GlgB_C) or N-terminal (GlgB_N) T18-GlgB fusion, or empty Cya-T18 (negative control). SbtB-GlgB interaction is evidenced by 
appearance of a blue color on X-Gal reporter plates (middle). (C) MST analysis of the SbtB-GlgB interaction in either presence (blue line) or absence (black line) of 100 mM 
c-di-AMP, as indicated. The y axis shows the relative, normalized fluorescence units. (D) Growth test by drop plate assay of Synechocystis WT, DsbtB, and DglgB cells, as 
indicated in a 12-hour diurnal rhythm. Cells were normalized to an OD750 of 1.0 and serial diluted in 10-fold steps (up to down). (E) Relative glycogen levels of Synechocystis 
WT (black bar), DsbtB (gray bar), DdacA (red bar), and DglgB (blue bar) cells in the midday of a 12-hour diurnal rhythm. The glycogen content was normalized to 100% of 
WT cells. (F) Photosynthetic oxygen production and respiration of Synechocystis WT (black line) in comparison to DsbtB (black, dashed line) and DdacA (gray, dashed line) 
throughout a 12-hour diurnal rhythm for 72 hours, as indicated. The y axis shows the oxygen levels in parts per million (milligrams per liter). (G) Oxygen consumption rates 
in milligrams per liter per hour based on the data from (F). Oxygen consumption rates for WT (black bars), DsbtB (gray bars), and DdacA (red bars) were calculated for the 
early night (first 3 hours), midnight (next 3 to 6 hours), and the end of the night (last 6 to 12 hours).
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nucleotides (AMP, ADP, and ATP) and to the carbon status report-
ing second messenger nucleotide cAMP. To our knowledge, this is 
the first signaling protein known to interact with both cAMP and 
c-di-AMP. This highlights the central role of SbtB as a switch point
in cyanobacterial cell physiology, integrating not only signals from
the energy state and carbon supply through adenine nucleotide and
cAMP binding (20, 23, 27), respectively, but also from the diurnal
state by binding to c-di-AMP. We were able to confirm the ability of 
SbtB to bind c-di-AMP from two distinct cyanobacterial species of
unicellular Synechocystis sp. PCC 6803 and filamentous filamentous
Nostoc sp. PCC 7120, which emphasizes a general role for c-di-AMP
signaling via SbtB. In Gram-positive bacteria, c-di-AMP synthesis is
related to cell wall homeostasis, potassium homeostasis, and osmotic
control (12314). Previous data indicated that, in cyanobacteria too,
c-di-AMP might also control osmoregulation (17), which we were
able to confirm in our study as well (Fig. 1B). We linked the c-di-
AMP signaling with cyanobacterial osmoregulation by identifying 
several c-di-AMP target transporters in the c-di-AMP3dependent
pull-down experiment, including transporters for K+, Na+, and
Mg2+ ions, glutamate, and maltose. Furthermore, a link between
c-di-AMP and nighttime survival was reported in S. elongatus as
suggested by loss of viability of the DdacA mutant under dark con-
ditions by a cryptic mechanism (11). Here, we revealed the exact
mechanism by which c-di-AMP contributes to the regulation of the 
day-night rhythm in cyanobacteria.

Our data indicate that binding of c-di-AMP to SbtB modulates 
the interaction of SbtB with enzymes of glycogen synthesis, particu-
larly with the glycogen-branching enzyme GlgB (Fig. 4), which we 
were able to confirm by different independent methods. In the 
sbtB-deficient mutant, the accumulation of glycogen during daytime 
is severely diminished and to a similar degree in the DdacA or DglgB 
mutants, which are unable to synthesize c-di-AMP or branched 
glycogen, respectively. Further support for a correlation between 
c-di-AMP concentration and glycogen synthesis comes from the
diurnal cycling of c-di-AMP concentration, high during the day,
when glycogen is synthesized, and low in the night, when glycogen
is consumed. In Synechocystis, the daily c-di-AMP cycling levels
correlate well with the expression of the diadenylate cyclase-encoding
gene sll0505 (dacA) under day-night cycles. In agreement, the
SbtB-encoding gene slr1513 was found to follow the same expres-
sion pattern as sll0505 (30). Furthermore, the interaction between
SbtB and GlgB was enriched in the presence of c-di-AMP, at least in 
the in vivo pull-down experiments; however, such influence was
not observed using the recombinant purified proteins from E. coli
in the in vitro MST experiment. The reason for that is presently
ambiguous, but one possibility is that other components in the
Synechocystis crude extract contribute to enhancing the affinity of
SbtB for GlgB, perhaps other components of the glycogen metabolic
enzymes, such as GlgA2 and/or GlgP2. Of note, GlgA2 and GlgP2
were enriched in the CoIP and His-tag SbtB pull-downs; however,
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Fig. 4. Model of regulation of day-night switch of glycogen metabolism via c-di-AMP sensing by SbtB. During the day, cyanobacteria use an active carbon 
concentrating mechanism, which composes of several Ci uptake systems (among them the HCO3

− transporter SbtA), and the carboxysome, where HCO3
− is dehydrated 

to CO2 by carbonic anhydrase (CA) and then CO2 fixation occurs by RubisCO. Via the activity of Calvin-Benson (CBB) cycle, a part of the newly fixed carbon is redirected 
toward synthesis of carbon storage compound (glycogen). Simultaneously, the concentration of the second messenger nucleotide c-di-AMP increases in the day due to 
di-adenylate cyclase (DacA) activity. The soluble fraction of SbtB protein, not sequestered by SbtA, interacts with c-di-AMP and promotes glycogen synthesis by interacting 
with the glycogen-branching enzyme GlgB. After nightfall, c-di-AMP concentration decreases, and the catabolism of glycogen, which produced in the day, is the resource 
for nighttime survival.
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we were not able to confirm such interaction with BACTH, implying 
that they could be indirectly involved in modulating SbtB-GlgB 
interaction. Nevertheless, a genome-wide fitness assessment of 
S. elongatus revealed that mutations in genes encoding for GlgB
(Synpcc7942_1085) and SbtB (Synpcc7942_1476) and, to a less
extent, for DacA (Synpcc7942_0263) cause a strong decrease in the
bacterium fitness under diurnal rhythms (3) but not for SbtA
(Synpcc7942_1475) or the putative cAMP synthases (Synpcc7942_2195
or Synpcc7942_0663), which further support the specificity notion
of SbtB and c-di-AMP signaling for the fitness of cyanobacterial
diurnal metabolism.

However, c-di-AMP concentration oscillated in the opposite di-
rection in S. elongatus, with high concentration in the night and low 
concentration during the day (11). The reasons for the discrepancy are 
now unclear, although both strains show a clear phenotypic de-
fect under diurnal rhythm in the absence of the c-di-AMP cyclase, 
confirming the essentiality of c-di-AMP for cyanobacterial growth 
under day-night rhythm. It is known that S. elongatus uses a pre-
cisely operating circadian clock machinery to tune metabolism in a 
diurnal manner (1, 3, 8). Although components of this clock are 
conserved in Synechocystis, the overall process appears to be distinct 
owing to the emergence of multiple paralogs of the oscillator pro-
teins (6, 33). However, to comprehensively understand the control 
of the diurnal cycling of SbtB and c-di-AMP concentration, detailed 
analysis of the clock influence on SbtB and on c-di-AMP specific 
cyclase and phosphodiesterase activities is required. Notably, sbtB 
expression was strongly deregulated in the mutant of the circadian 
clock output regulator RpaA (6), which cannot survive the day-night 
rhythm as well (8).

In contrast to DsbtB (Fig. 3E), the DrpaA mutant is not impaired 
in glycogen synthesis during daytime (8, 34). In this case, the in-
ability of DrpaA to grow under day-night regime is due to the failure 
of this mutant to activate, in the night, carbon catabolic genes, 
including components of the OPP pathway, glycolysis, and glycogen 
degradation via GlgP (1, 6, 8, 34). Apparently, SbtB and RpaA are 
working in opposite directions on glycogen anabolism and catabo-
lism, respectively. Nevertheless, it appears that RpaA is involved in 
regulation of sbtB-gene expression in the day phase by yet unknown 
mechanism (6).

In addition to a role in regulating glycogen synthesis, c-di-AMP 
appears to regulate numerous ion transporters and osmotic re-
sponses, as deduced from the identification of several K+ transporters, 
including KtrA (sll0493), TrkA (slr0773), and MthK (sll0993) as 
c-di-AMP targets. This highlights a conserved role for c-di-AMP in
controlling osmotic homeostasis and K+ transport (12314), which is 
of particular importance, since K+ is the major inorganic cation in
the cytoplasm, acting as counter-ion of glutamate. In agreement
with our identification of KtrA as a potential c-di-AMP target, the
Na+-dependent K+ uptake system KtrABE was previously shown to
be required for regulation of cell turgor and the adaptation to
hyperosmotic stress elicited by either sorbitol or NaCl (35, 36).
However, osmotic control by c-di-AMP appears to act independently 
of SbtB, because the DsbtB mutant was not impaired in its responses 
to osmotic stress conditions like DdacA (fig. S4). Moreover, it seems 
also that the Mg2+ transporter MgtE is a conserved c-di-AMP target 
among different bacterial phyla (12, 14, 28). Of note, Mg2+ is of
particular importance for the photosynthetic lifestyle of cyano-
bacteria as it is the central ion in the chlorophylls and required for
the maintenance of the thylakoid membranes (37).

Cross-talk between second messenger nucleotides is perhaps a 
more common phenomenon than so far realized. Recently, it was 
found that the second messengers c-di-GMP and (p)ppGpp re-
ciprocally control Caulobacter crescentus growth by competitive 
binding to a metabolic switch protein, SmbA (38). With this in 
mind, SbtB might play a similar role in cyanobacterial physiology. 
As is typical for signaling proteins of the PII family (29, 39), SbtB 
seems to simultaneously perform multiple tasks in controlling 
cyanobacterial carbon metabolism: controlling bicarbonate uptake 
via SbtA interaction in response to cAMP and energy state of the cell 
(20, 22, 23, 27) and controlling glycogen synthesis via interaction 
with glycogen-branching enzyme GlgB in response to c-di-AMP.  
Accordingly, SbtB would link the control of glycogen synthesis to 
bicarbonate availability. Under low carbon conditions, SbtB was 
preferentially found associated to the membrane fraction, pre-
sumably due to binding to SbtA (20, 23). Thereby, less SbtB would 
be available for activation of glycogen synthesis, which takes place 
in the cytoplasmic space. More SbtB would become available under 
elevated Ci conditions, when SbtB is enriched in the soluble frac-
tion (20). This hypothesis agrees with the fact that the glycogen 
levels in cells grown under atmospheric CO2 concentration are 
low but increase at elevated Ci conditions (40, 41). But, appar-
ently, SbtB integrates the cellular information of both second mes-
sengers c-di-AMP and cAMP independently of each other, in 
agreement with distinct phenotype of DdacA and Dcya1 mutants 
(fig. S7). Whereas, cAMP acts as an indicator for cellular carbon 
status (20,  26) and c-di-AMP is a specific indicator of day-night 
transition (Fig. 2E), and possibly they compete for SbtB available 
sites. The fact that c-di-AMP binding to SbtB affects the conforma-
tion of the T-loop is in perfect agreement with this scenario. 
The T-loop represents the major protein-interaction motif of 
PII signaling proteins (39). In complex with c-di-AMP, we have 
found the T-loop in a new conformation that is distinct from the 
cAMP or linear adenine nucleotide complex forms (Fig. 1E and fig. 
S2), a conformation that is seemingly driving the interaction with the 
newly identified GlgB and possibly yet to be identified receptors. 
The precise structural and regulatory mechanisms of these inter-
actions, especially between SbtB:c-di-AMP and GlgB, await further 
biochemical and structural elucidation.

MATERIALS AND METHODS

Generation and purification of recombinant proteins
All the plasmids and primers used in this study are listed in (table S1). 
The recombinant C-terminal StrepII-tagged ScSbtB was expressed 
and purified as previously described (20). Recombinant C-terminal 
StrepII-tagged SbtB protein from the filamentous NsSbtB was con-
structed as described in (20) using the primer pairs compatible 
for NsSbtB. For generation of recombinant C-terminal His8-tagged 
ScSbtB, the SbtB encoding gene slr1513 was amplified from 
Synechocystis sp. PCC 6803 and inserted via Gibson cloning in 
linearized pET28a vector. For generation of recombinant N-terminal 
His6-tagged GlgB, the GlgB encoding gene sll0158 was amplified 
from Synechocystis sp. PCC 6803 and inserted via Gibson cloning in 
linearized pET15b vector. The recombinant StrepII-tagged proteins 
were purified as previously described (20, 24), while the His-tagged 
proteins were purified as described previously (24, 42). For the 
recombinant C-terminal GFP-tagged DacA, which was used for 
quantification of c-di-AMP in E. coli, the DacA encoding gene 
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sll0505 was amplified from Synechocystis sp. PCC 6803 and inserted 
via Gibson cloning in linearized pET28a-eGFP3based vector.

Crystallization, crystal handling, data collection, 
and structure elucidation
For soaking experiments, crystals of the trigonal apo crystal form 
were reproduced as described previously (20). These crystals were 
grown with a reservoir solution composed of 0.1 M phosphate- 
citrate (pH 4.2) and 40% (w/v) polyethylene glycol (PEG) 300 and 
were soaked in a droplet of reservoir solution supplemented with 
0.33 mM c-di-AMP (cyclic di-32,52-adenylate sodium salt; catalog 
no. C088, BioLoG, Germany) for 4 hours. For cocrystallization, 
2.5 mM c-di-AMP was added to the protein solution, and crystalli-
zation trials were performed as described (20). Cocrystals were 
grown with a reservoir solution of 0.1 M tris-sodium citrate (pH 5.6), 
10% (w/v) PEG 4000, and 10% (w/v) isopropanol, and 20% PEG 
400 was used for cryo-protection. All crystals were flash-cooled in 
liquid nitrogen, and diffraction data were collected at 100 K on a 
PILATUS 6M-F detector at beamline X10SA of the Swiss Light 
Source (PSI, Villigen, Switzerland). All data were indexed, integrated, 
and scaled using the XDS software package (43). The structures were 
solved using difference Fourier methods based on the trigonal apo-
ScSbtB structure (PDB: 5O3P). After initial rigid body refinement 
with REFMAC5 (44), it became apparent that the cocrystal structure 
was essentially identical to the costructure obtained by soaking and 
not regarded further. The structure of the ScSbtB:c-di-AMP complex 
was rebuilt and completed by cyclic manual modeling with Coot 
program and refinement with REFMAC5 based on the data ob-
tained from the soaking experiment. Data collection and refine-
ment statistics are shown in (table S2). Structural representations 
were prepared using UCSF Chimera.

Generation of mutants
The nonmotile unicellular, freshwater cyanobacterium Synechocystis sp. 
PCC 6803 (glucose-tolerant Tübingen substrain; called here GT-
strain) was used as a reference WT strain in this study. Our labora-
tory <Tübingen= substrain of the glucose-tolerant WT Synechocystis sp. 
PCC 6803 is originally derived from the parental strain Synechocystis sp. 
PCC-M (45). While the glucose-sensitive strain of Synechocystis 
sp. PCC 6803 (called here GS-strain) was obtained from Rostock 
cyanobacterial culture collection and adapted to grow under our 
standard cultivation conditions in Tübingen for almost 14 years. All 
constructs used in this study were generated via Gibson assembly, 
unless specified otherwise. All knockout mutants were generated 
with homolog recombination using the natural competence of 
Synechocystis sp. PCC 6803, as described previously (20). All plas-
mids and primers used in this study are listed in (table S1).

For generation of knockout deletion mutants in either GT-strain 
or GS-strain, the mutants were constructed by deleting the ORFs 
slr1513, sll0505, and sll0158 (designated sbtB, dacA, and glgB, re-
spectively) and replaced with the erythromycin, spectinomycin, and 
chloramphenicol resistance cassette, respectively. The cAMP-free 
mutant was created by knocking out slr1991 (designated Dcya1), 
which encodes the soluble adenylyl cyclase in Synechocystis sp., as 
described previously (20). For the generation of the sbtA knockout 
mutant, the sbtA upstream sequence was obtained using the primer 
combination SbtAB_Apa5 and DelSbtA_Bam5, whereas the sbtA 
downstream sequence was obtained using the primer combination 
SbtAB_Sac3 and DelSbtA_Bam3. First, the two fragments were 

cloned each in a single pGEMT vector (Promega), and then, the two 
fragments were combined into one vector by transferring the down-
stream fragment as Sac I/Bam HI fragment into the vector containing 
the upstream fragment. Into the central Bam HI restriction site, 
either a kanamycin or a streptomycin resistance cassette was inserted. 
The DdacA insertion mutant was generated by inserting a kanamycin 
resistance cassette into the region encoding for the active center of 
DacA. All the plasmids used to generate the mutants were verified 
by sequencing and then transformed in Synechocystis sp. PCC6803, 
as described (20). All mutants were selected on BG11 plates supple-
mented with proper antibiotics and verified by PCR.

For complementation, SbtB-sfGFP strain was generated by in-
troducing the sbtB gene (slr1513) fused to the gene encoding sfGFP 
under the control of the native promoter of sbtB gene into DsbtB 
backgrounds using the self-replicating plasmid pVZ322, as described 
previously (20). For inducible complementation of DsbtB, the sbtB 
gene (slr1513) was reinserted in the genome under the control of 
the light inducible promotor psbA2.

Cultivation conditions
All cyanobacterial growth experiments were performed in nitrate 
supplemented BG11 medium (BG11

n) with addition of 5 mM 
NaHCO3 to avoid Ci limitation. Precultures were grown in shaking 
conditions at 28°C under continuous light (~50 mE) until mid of 
logarithmic growth phase before each experiment started. Cells 
were always normalized to their optical density at 750 nm using a 
Helios Gamma UV-Vis Spectrophotometer (Thermo Fisher Scientific). 
Experiments in day-night conditions were performed in a separate 
day-night chamber, providing 12-hour light phase (~50 mE) followed 
by a 12-hour darkness phase.

Nitrogen starvation was induced by shifting the cells to nitrogen- 
free BG11 medium (BG11

0) with an initial optical density at 750 nm 
(OD750) of 0.5 and kept under constant light of 50 to 100 mE. For 
resuscitation assays, samples were taken after 7 and 14 days of 
nitrogen starvation, and the resuscitation was induced by shifting 
the cultures back to BG11

n, as described previously (19, 46). The 
osmotic stress was generated by addition of 50 to 600 mM sorbitol 
to BG11

n, as indicated.
To generate long dark conditions, cultures were inoculated to a 

final OD750 of 0.4 and covered from light immediately using dark 
aluminum foil for 5 days and kept shaking at 28°C. To determine 
the recovery after prolonged darkness, samples were taken directly 
before shift to darkness (Tzero) and after 1, 2, 3, and 5 days of 
dark treatment and were recovered by shifting to 50 mE of white 
continuous light.

The agar drop assays were performed on BG11 agar plates 
containing 1.5% Bacto Agar (Thermo Fisher Scientific) in serial 
dilutions of OD750 ranging from 100 to 1024, as described previously 
(46). To protect the freshly dropped cells from the photoinhibition, 
the agar plates were covered with white tissues for 24 hours after 
dropping, before they were exposed to the required conditions.

Oxygen measurements
To estimate oxygen levels in liquid cultures during 24 hours of 
diurnal rhythm, cultures were inoculated to a final OD750 of 0.4. 
Oxygen levels were measured in those cultures each 15 min using 
an Oxy-1 SMA (PreSens GmbH, Regensburg, Germany) device in 
combination with SP-PSt3-NAU-D5-YOP Oxygen Sensor Spots 
(PreSens GmbH). In contrast, the rate of Ci-dependent oxygen 
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evolution (oxygenic photosynthesis) as a function of increasing 
HCO3

2 concentration was determined using a Clark-type oxygen 
electrode (Hansatech), as previously described (20). All measure-
ments were performed at least three times.

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

Measurement of PSII activity by WATER-PAM chlorophyll 
fluorescence and the whole-cell spectra
On the basis of chlorophyll a fluorescence, PSII activity was 
determined using PAM fluorometry using a PAM control (Heinz 
Walz GmbH), as described previously (20, 47), at a wavelength of 
650 nm (measuring light). Shortly, the measurements were per-
formed by diluting 20 ml of cells in H2O to a final volume of 2 ml, 
followed by measuring every 30 s with the saturating pulse at either 
zero or 56 mE of actinic light. Samples were normalized to a fluores-
cence level of unexcited cells (F) that remained between 400 and 
500 (47). The apparent PSII activity was determined with the 
saturation pulse method using the Fv/Fm ratio, where Fv defined 
as Fm 2 F0.

Whole-cell spectra (320 to 750 nm; 5 nm s21) were recorded 
using a SPECORD 205 (Analytik Jena AG). Cultures were diluted 
1:5 to a final volume of 1 ml.

Determination of intracellular c-di-AMP concentration
Samples for c-di-AMP measurement were taken throughout 24 hours. 
The first sample was taken immediately before the dark phase, the 
second sample 30 min after the onset of darkness, and subsequent 
samples every 2 hours afterward were harvested. The samples of the 
day phase were harvested in the same manner as for the night phase. 
Samples were taken from Synechocystis sp. PCC 6803 WT and 
DdacA cells. Illumination during light phase was at approximately 
40 to 50 mE and during dark below 1 mE. Centrifugation steps were 
done at 20.800g, 4°C, and for 10 min. For sampling, 10 ml of 
cultures was filtered on a glass fiber prefilter (Merck Millipore Ltd., 
Cork, Ireland) with a pore size of 1.6 mm. Filters were then put in 
2-ml reaction tubes, frozen in liquid nitrogen, and stored at 280°C
until further processing. Samples were thawed in 700 ml of ice cold
extraction solvent [acetonitrile/methanol/water (2/2/1, v/v/v)] and
incubated in ice for 15 min. Afterward, they were heated for 10 min
at 95°C, cooled on ice, and centrifuged, and the supernatant was
transferred into a new tube. These steps, without the heating, were
repeated twice with another 200 ml of extraction solvent. The combina-
tion of the supernatants from the three extractions was stored over
night at 220°C. The next day, samples were centrifuged once more,
supernatants were transferred to new tubes, and liquid were evaporated
using a vacuum evaporator (Martin Christ Gefriertrocknungsanlagen 
GmbH, Osterode am Harz, Germany). The dried samples were
resuspended in 200 ml of H2O of which 40 µl was transferred into
mass spectrometry vials filled with 40 ml of H2O with 13C20

15N10-
c-di-GMP and 13C20

15N10-c- di-AMP (200 ng/ml each). Further
dilution, if necessary, was done with a solution of H2O with 13C20

15N10-
c-di-GMP and 13C20

15N10-c-di- AMP (100 ng/ml each). Calibrator
preparation for mass spectrometry measurement was done with
either 10 ml of cdiNMP-cGAMP calibrator cdZ0-13 or 10 ml of

cdiNMP metabolites calibrator cdM0, 4-13. ddH2O (40 ml) and 
ddH2O (50 ml) with 13C20

15N10-c-di-GMP and 13C20
15N10-c-di-AMP 

(200 ng/ml each) were added and vortexed. Samples were heated 
at 95°C for 10 min, cooled on ice and frozen over night at 220°C.  
Samples were thawed, centrifuged, and transferred into MS vials 
with inserts.

Pull-down assays
Cell pellets of logarithmic growing Synechocystis WT or DsbtB cells were 
resuspended in 1 ml of detergent-free lysis buffer [50 mM tris-HCl, 
50 mM NaCl, 50 mM KCl, 1 mM EDTA, 0.5 mM phenylmethylsulfonyl 
fluoride (pH 7.4)] and transferred into 1.5-ml microtubes contain-
ing 0.1 ml of glass beads (0.1 mm). Samples were lysed by using a 
FastPrep-24 Ribolyser (five cycles; 7.0 m s21; 30 s per cycle; 5-min 
break between each cycle; 4°C) and spun down at 10.000g and 4°C 
for 10 min. The supernatant was transferred into a fresh 1.5-ml 
reaction tube and kept on ice. The cyclic-di-AMP target fishing was 
performed as described (48), by passing the whole crude cell extract 
from WT Synechocystis sp. PCC 6803 cells growing under continu-
ous illumination over 22-AHC-c-diAMP agarose (catalog no. A183, 
BioLoG, Germany), while EtOH-NH agarose (catalog no. E010, 
BioLoG, Germany) was used as a negative control. The detection of 
SbtB in the c-di-AMP pull-down was confirmed by Western blot 
analysis using specific ScSbtB-polyclonal antibodies as described 
previously (20).

For the strep-tag pull-down, 10 mM purified strep-tagged ScSbtB 
was incubated with DsbtB crude cell extract (normalized to 3 mg of 
protein) of cells growing under continuous illumination, on 150 ml 
of MagStrep <type3= XT Beads (IBA GmbH) in the presence of 
either 2 mM cAMP (32,59-cAMP; Sigma-Aldrich, Germany) or 2 mM 
c-di-AMP (catalog no. C088, BioLoG, Germany) or without
effector molecule in 1.5-ml reaction tubes at 28°C for 15 min. As a
negative control, the same reaction was performed without purified 
ScSbtB, to eliminate the proteins which could bind nonspecifically
to the Strep beads. After discarding the supernatant, the column
was washed three times with 1 ml of washing buffer [100 mM
tris-HCl (pH 8.0), 150 mM NaCl, and 1 mM EDTA]. The elution
was performed two times with 50 ml of BXT elution buffer (Biotin
Elution Buffer, IBA GmbH), and both elution fractions were
combined in a fresh 1.5-ml reaction tube. After measuring protein
concentration by using a BCA Kit (Thermo Fisher Scientific), the whole 
sample was sent to liquid chromatography3mass spectrometry.

For the His8-tag pull-down, 10 mM purified His-tagged SbtB was 
incubated with WT Synechocystis sp. PCC 6803 crude cell extract 
(normalized to 3 mg of protein) of cells growing under continuous 
illumination, on 150 ml of Ni-NTA MagBeads (Genaxxion) with 
either 0.1 mM c-di-AMP or without effector molecules in 1.5-ml 
reaction tubes at 28°C for 15 min. After discarding the supernatant, 
the column was washed five times with 1 ml of washing buffer 
[50 mM Na2HPO4 (pH 8.0), 300 mM NaCl, and 10 mM imidazole]. 
The elution was performed with 20 ml of elution buffer [50 mM 
Na2HPO4 (pH 8.0), 300 mM NaCl, and 250 mM imidazole].

For the SbtB, CoIP cell pellets of 300 ml logarithmic growing 
Synechocystis sp. PCC 6803 WT and DsbtB cells growing under 
continuous illumination (day condition) were resuspended in 1 ml 
of detergent-free lysis buffer [50 mM tris-HCl and 5 mM EDTA 
(pH 7.4)] and transferred into 1.5-ml microtubes containing 0.1 ml 
of glass beads (0.1 mm). Samples were lysed by using a FastPrep-24 
Ribolyser (five cycles; 7.0 m s21; 30 s per cycle; 5-min break between 
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each cycle; 4°C) and spun down at 16.000g and 4°C for 5 min. The 
supernatant was transferred into a fresh 1.5-ml reaction tube and 
kept on ice. Aliquots of 150 ml of Protein G magnetic beads (Merck/
Millipore PureProteome) were washed twice with 1 ml of lysis 
buffer and incubated with 60 ml of rabbit Synechocystis a-SbtB anti-
serum for 10 min at room temperature. After three additional 
washing steps, the beads were incubated under the previous cou-
pling conditions with 3 mg of crude cell extract of either WT or 
DsbtB. After another three washing steps, elution was performed in 
two consecutive steps with each 60 ml of elution buffer (200 mM 
glycine buffer at pH 2.5). Both fractions were combined, shock- 
frozen in liquid nitrogen, and stored at 280°C until further analysis. 
As control for nonspecific binding, WT crude cell extract was 
incubated with rabbit B. subtilis a-TnrA antiserum coupled with 
Protein G magnetic beads.

For all of pull-down experiments, the eluted protein fractions 
were first subjected to the short SDS3polyacrylamide gel electro-
phoresis purification step, where the proteins were migrated into 
12% gels for 1.5 cm and then stained with Coomassie blue, followed 
by in-gel digestion with Trypsin for the stained/isolated pieces of 
the gel-containing proteins. Trypsin-digested peptides were analyzed 
by liquid chromatography3tandem mass spectrometry on a Proxeon 
Easy-nLC coupled to Q Exactive HF, using linear gradient for 60 min. 
The spectra were searched against Synechocystis sp. PCC6803 data-
base (UP000001425_1111708_complete_2019-02-13) and sequences 
for different versions of SbtB proteins (His-tagged or Strep-tagged). 
Label-free quantification was used to calculate intensities and iBAQ 
values that give semiquantitative quantifications of protein enrich-
ment. The number of unique identified peptides/protein, sequence 
coverage, and score were considered to select proteins of interest.

GFP fluorescence quantification
The total amount of GFP fluorescence in the whole cells was 
determined as described previously in (20) for the DsbtB strain that 
expresses sbtB-sfGFP construct under the control of the native pro-
moter of sbtB gene in successive day-night cycles. The emission of 
GFP fluorescence at 525 nm was determined for normalized cells of 
OD750 of 0.1, after excitation at 485 nm, using a Tecan multimode 
microplate reader (SparK 10M).

BACTH assay
Plasmid construction, cell cultivation, and experimental procedure 
of BACTH assay were performed as described previously (49) only 
on X-Gal plates supplemented with X-Gal (40 mg/ml), kanamycin 
(50 mg/ml), ampicillin (100 mg/ml), and IPTG (1 mM). We tested 
only the N-terminal fusion of T25 subunit of Cya to SbtB, while the 
T18 subunit of Cya was fused either N- or C-terminally to the 
glycogen-related enzymes GlgA1, GlgA2, GlgP1, GlgP2, GlgB, and 
GlgC. Primers used to generate T25-SbtB fusion protein are listed 
in (table S1). The T25-SbtB fusion with an empty pUT18 vector was 
used as negative control, while the leucine zipper interaction was 
used as positive control. The E. coli BTH101 (Euromedex) was used 
for BACTH assays. The BACTH assays were performed at least 
three-times with three independent E. coli colonies to confirm the 
reproducibility and the specificity of the SbtB-GlgB interaction.

Microscale thermophoresis
MST experiments were carried out as previously described (20) 
using a Monolith NT.115 (NanoTemper Technologies GmbH) with 

uncoated Monolith NT.115 Capillaries (NanoTemper Technologies 
GmbH). Primary amines (lysine residues) of His-tagged GlgB were 
fluorescent labeled using the Monolith Protein Labeling Kit 
RED-NHS (NanoTemper Technologies GmbH). Titration series of 
StrepII-tagged ScSbtB in the range of 1.3 nM to 42.5 mM were incu-
bated with 10 nM fluorescent labeled His-tagged GlgB in 50 mM 
phosphate buffer (pH 8.0). All runs were performed in triplicate with 
40% MST power and 60% light-emitting diode power. Single-site 
fitting was done using the NanoTemper data analysis software.

Isothermal titration calorimetry
ITC experiments were performed as previously described (20, 50) 
using a VP-ITC microcalorimeter (MicroCal) in 50 mM sodium- 
potassium phosphate buffer (pH 8.0) supplemented with 0.5 mM 
EDTA, at 20°C. For determination of binding isotherms of small 
effector molecules binding to ScSbtB, the protein (33.3 mM trimer 
concentration) was titrated against 0.5 or 1.0 mM c-di-AMP sodium 
salt (catalog no. C088, BioLoG, Germany).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/

sciadv.abk0568

View/request a protocol for this paper from Bio-protocol.
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Fig. S1. ITC analysis of ligand binding properties of the ScSbtB protein. Binding of various adenosine 

nucleotides to the ��SbtB protein with strong binding isotherm. ITC titration against (A) 1 mM c1di1AMP, (B) 

1 mM cAMP, (C) 2 mM AMP, (D) 2 mM ATP, and (E) 2 mM ADP. The binding enthalpy for c1di1AMP was 

almost equivalent or higher than that of AMP, ATP, ADP and cAMP at a lower concentration of c1di1AMP. 

Upper panels show the raw ITC data in the form of the heat produced during the titration of 33.3 <M SbtB 

(trimeric concentration) with different effector molecules; lower panels show the binding isotherms and the 

best1fit curves according to the three sequential binding site models for trimeric SbtB. 
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Fig. S2. Structural superpositions of ScSbtB:c�di�AMP complex with different ScSbtB structures. 

Superposition of ��SbtB:c1di1AMP complex (brown) with (A) apo1��SbtB trimer (green; PDB: 5O3P), (B) 

��SbtB:cAMP complex (blue; PDB: 5O3Q), and ��SbtB:AMP complex (pink; PDB: 5O3R), yielded RMSD 

values of 0.26 Å, 0.31 Å and 0.33 Å, respectively. Structural representations were prepared using UCSF Chimera 

(http://www.rbvi.ucsf.edu/chimera). 
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Fig. S3. Generation of the )dacA mutant in glucose tolerant (GT) and glucose sensitive Synechocystis 

sp. PCC 6803 wild�type cells. (A) Schematic overview of the strategies to generate a D���� mutant either by 

inserting a kanamycin resistance cassette in the enzymatic domain1encoding region of the ����	�	
gene (D���� 

insertion mutant); or by deleting almost the entire ����	�	 gene using a spectinomycin resistance cassette (D���� 

deletion mutant), as indicated. Notably, cyanobacteria show a conserved operon organization for DacA


encoding1gene (����	�	), where the diaminopimelate decarboxylase (�����
 ����	�
) and the undecaprenyl 

pyrophosphate synthase (�����
����	��) encoding1genes are constantly up1 and down1stream of the ����	�	
gene, 

respectively. (B) segregation level of either D���� insertion mutant or the D���� deletion mutant in both 

glucose tolerant (GT) and glucose sensitive (GS) �������������
backgrounds. (C) c1di1AMP concentration in ��


����
cells before and after induction of the DacA encoding gene with 0.1 mM IPTG.  
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Fig. S4. Sensitivity of the )dacA mutant to osmotic stress. (A) ������������� WT and D���� cells were 

exposed to osmotic stress generated by increasing concentrations of sorbitol (ranging from 0 mM 3 600 mM). 

Cells were inoculated to a final OD750 of 0.25, and pictures were taken 6 days after inoculation. (B) Growth test 

by drop1plate assay of ������������� WT, D����, and D���� cells on BG11 agar (left) and BG11 agar supplemented 

with 100 mM sorbitol (right). Cells were normalized to an OD750 of 1.0 and serial diluted to an OD750 of 1 x 

1014 (from top to down). (C and D) Growth curves and rates of ������������� WT�
D����, and D���� cells in the 

presence and absence of 300 mM sorbitol, as indicated. Notably, the osmotic stress effect of sorbitol was more 

pronounced in the BG11 agar plats in (B) than in liquid culture (A) due to the limitation of gas1exchange and 

therefore the cells on BG11 agar plats are strictly Ci1dependent (i.e. low carbon acclimated).    
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Fig. S5. Characterization of the )sbtB and )dacA mutants during recovery from nitrogen starvation. 

(A) Transcription levels of ����	�	 (encoding for DacA) during 48 hours of resuscitation from nitrogen

chlorosis. The expression levels of ����	�	 was extracted from our previous microarray data; published 

previously in (��). X1axis shows the time in hours after the addition of combined nitrogen sources to the media; 

Y1axis shows the relative gene expression in a logarithmic scale. (B) Nitrogen chlorosis and resuscitation of 

������������� WT, D���� and D���� cells as indicated. Pictures were taken after 3, 7, and 14 days of chlorosis (first 

three pictures; up to down) and at 24 hours as well as 72 hours of resuscitation (last two pictures; up to down). 

(C) Resuscitation test by drop1plate assay of WT, D���� and D���� cells that had been nitrogen starved for 7

and 14 days (samples from [B]). Cells were normalized to an OD750 of 1 and serial diluted in 101fold steps (up 

to down; depicted by a green triangle). 
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Fig. S6. Characterization of the )dacA mutant under low carbon conditions. (A) Growth test by drop1

plate assay of ������������� WT and D���� cells on carbon1free BG11 plates (pH 8.0). Cells were normalized to 

an OD750 of 1 and serial diluted in 101fold steps (up to down; depicted by a green triangle). (B) ��
���� bicarbonate 

uptake (as indicated by oxygen evolution) of ������������� WT (black lines) and D���� (red lines) cells adapted 

either to high carbon (HC; dashed lines) or to low carbon (LC; solid lines) conditions. X1axis shows bicarbonate 

dependent oxygen evolution in Omol O2/h per mg chlorophyll a. Y1axis shows increasing concentrations of 

bicarbonate in OM. (C) Calculated Vmax values of bicarbonate uptake in ������������� WT and D���� cells adapted 

either to high carbon conditions (HC; black bars) or to low carbon conditions (LC; grey bars), based on the 

data shown in (B).  
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Fig. S7. Characterization of the )sbtB and )dacA mutants under diurnal rhythm. (A) Growth test by 

drop1plate assay of ������������� WT, D���� and D���� (insertion mutant) cells under either continuous light (left) 

or a 12 h diurnal rhythm (right). (B) Growth test by drop1plate assay of ������������� WT, D����, D���� (deletion 

mutant), and D ��� (D���; which encodes for canonical PII protein was used as a negative control)
cells under 

either continuous light (left picture) or a 12 h diurnal rhythm (right picture). (C) Growth curve of ������������� 

WT (black line), D���� (red line) and D���� (blue line) cells throughout a 12 h diurnal rhythm. (D) Growth test 

by drop1plate assay of ������������� WT, D���� and D���� cells under either continuous light or a 12 h diurnal 

rhythm, as indicated, for 9 and 13 days. (E) Growth curve of ������������� WT (black line) and D���� (red line) 

cells throughout a 12 h diurnal rhythm. For (A, B and D), the cells were normalized to an OD750 of 1.0 and 

serial diluted in 101fold steps (up to down; depicted by a green triangle). For (C, E) X1axis shows the time in 

hours; Y1axis shows the absorbance at 750 nm. 
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Fig. S8. dacA and sbtB expression profile and intracellular levels of cAMP. Gene expression profile of 

(A) ���� (����	�	) and (B) ���� (��!�	�") in ������������� WT throughout a 12 h diurnal rhythm; published

previously in ("�). For (A, B) X1axis shows the time in hours; Y1axis shows the relative gene expression. (C) 

cAMP concentration throughout a 12 h diurnal rhythm within ������������� WT (black bars) and D���� cells 

(gray bars), as indicated. X1axis shows the time in hours; Y1axis shows the intracellular concentrations of cAMP. 

For (A, B, and C) The night phases are depicted by black bars; the day phases are depicted by white bars. (D, 

E) Expression of the genes situated up1 (����	�
) or down1stream (����	��) of ����
(����	�	), and for the SbtB

encoding gene (��!�	�") in D���� mutant (D) and for the ���� encoding operon (����	�
1����	�	1����	��) in 

D����
mutant (E), relative to their expression in WT cells under standard cultivation conditions.  
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Fig. S9. SbtB interactome and proteins enrichment in different SbtB�based pull�downs. (A) CoIP pull1

down using ³1SbtB specific antibodies from crude cell extracts from WT cells and D���� mutant (as a control). 

The red dots were not identified in
the D����1based pull1down. (B) Ni2+ magnetic beads1based pull1down using 

His81tagged ��SbtB protein. The pull1downs were done either in presence or absence of c1di1AMP (0.1 mM). 

Incubation of SbtB with c1di1AMP enriched the co1elution of glycogen1associated enzymes, in practically GlgB. 

(C1D) Streptavidin magnetic beads1based pull1downs using strep1tagged ��SbtB protein. The pull1downs were 

done either in absence or presence of 2 mM effector molecules (c1di1AMP or cAMP). In contrast to cAMP, 

the presence of c1di1AMP enriched GlgB interaction with SbtB (compare Fig. 3A with S9C and S9C with S9D). 

(A1C) Eluates were analyzed by high accuracy LC1MS/MS to calculate protein enrichment ratios. The identified 

proteins were sorted by score and refined manually to remove unspecific binning proteins. Significantly 

enriched proteins were calculated based on iBAQ values and plotted against the intensity of MS peaks of the 

identified/defined peptides. The known SbtB1interacting partner SbtA was identified in (A) and (B), which 

validated our pull1down approach in general. 
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Fig. S10. Analysis of the interaction between glycogen�related enzymes and SbtB via bacterial two 

hybrid assay. The assay was performed using ��
���� cells expressing N1terminally fusion of Cya1T25 subunit 

with SbtB (SbtB_N) together with GlgA1 (left, top), GlgA2 (left, middle), GlgP1 (right, top), GlgP2 (right, 

middle) or GlgC (right, bottom). Each glycogen related enzyme was either C1terminally (depicted by <_C=) or 

N1terminally (depicted by <_N=) fusion of Cya1T18 subunit to the enzyme. Empty Cya1T18 was used as a 

negative control (left, bottom). No interaction was observed between for GlgA1, GlgA2, GlgP1, GlgP2, and 

GlgC with SbtB. The assay was done using 31independent/freshly transformed ��
���� cells.   
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Fig. S11. Complementation and growth defect under prolonged dark conditions of the )sbtB mutant. 

(A) Growth test by drop1plate assay of ������������� WT and complemented D����:SbtBPsbA2 (right) cells
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throughout a 12 h diurnal rhythm. The D���� complementation strain D����::SbtBPsbA complements the 

phenotype of D���� that is shown in figures 2D and S6. (B) Glycogen levels of the complemented


D����::SbtBPsbA2 cells (grey bar) relative to WT (black bar) at midday of a 12 h diurnal rhythm. The 

D����::SbtBPsbA2 regained almost wild1type levels of glycogen when compared to the D���� that is shown in 

figure 3D. (C) Complementation of D����
mutant by addition of 10 mM D(+)1glucose under a 12 h diurnal 

rhythm, as indicated. Pictures were taken after 7 (left) and 16 (right) days of growth. (D) Viability test using the 

drop1plate assay of ������������� WT, D���� and D���� cells after 2 (left) and 5 (right) days of incubation in 

complete darkness, as indicated. Cells were normalized to an OD750 of 1.0 and serial diluted in 101fold steps 

(top to bottom; depicted by a green triangle). Pictures were taken after 7 days of incubation in continuous light. 

(E) Pulse1amplitude modulation (PAM) fluorometry of ������������� WT (black line) in comparison to D���� (red 

line) and D���� (blue line) cells before and after 1, 2, and 3 days of prolonged dark treatment. PAM fluorometry 

was either measured in absence (left; zero OE) or at constant 56 OE of actinic light (right). (F) Whole cell spectra 

of ������������� WT (black line) in comparison to D���� (red line) and D���� (blue line) before (top, left) and 

after 1 (top, right), 2 (bottom, left), and 3 (bottom, right) days of dark treatment. The peak representing 

phycobilisomes at 620 nm as well as the peak representing chlorophyll a at 680 nm are depicted by black arrows. 

Cultures were mathematically normalized to similar OD750. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

130



Table S1. List of plasmids and primers used in this study 

Primers/ 
amplification 

Sequence (5»³3») Note/ 
Ref. 

Creation of )dacA insertion mutant (pUC19�DacA_ins. plasmid) 
Downstream of 
����	�	 

FW_Down1sll0505 
ATATGTGATGGGTTAAAAAGGATCGATCCTCTAGCTAGAGGACGTAAATTTCGGCGTAGG 

This study 

RV_Down1sll0505 
TAGCTATAAATTATTTAATAAGTAAGTTAAGGGATGCAGGTACTCAG 
GCGTTTGCTTTGG 

This study 

Upstream of ����	�	 FW_Up1sll0505 
TGCACGGATCTGCCCTGGCTTCAGGAGATCGGAAGACCTCGAAAGC 
CCGACATGGGTAAG 

This study 

RV_Up1sll0505 
CACTTCATCCGGGGTCAGCACCACCGGCAAGCGCCGCGACTACCAA 
AGGCTTGACCTACG 

This study 

Kanamycin 
resistance cassette 

KanRpVZ_0505down_fw 
ATGCTCGATGAGTTTTTCTAACGCCCTCATGGTGATGGAAG 

This study 

KanRpVZ_0505_up_rv 
GCTCGAATTGACATAAGCCTGTTCCCAATCCGATTTTGGGACAGTTCC 

This study 

0505up_KanRpVZ_fw 
CTGTCCCAAAATCGGATTGGGAACAGGCTTATGTCAATTCGAGCTCG 

This study 

0505down_KanRpVZ_rv 
CATCACCATGAGGGCGTTAGAAAAACTCATCGAGCATCAAATGAAAC 
TGC  

This study 

Up1 and 
downstream of 
����	�	 + KanR 

pUC19_05up_fw 
CAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAATGTCGG 
GCTTTCCCCC 

This study 

pUC19_0505down_rv 
TTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTTCATTTT 
TTGTCGTTTTGGGCAGTTGAG 

This study 

Creation of )dacA deletion mutant (pUC19�DacA_del. plasmid) 
Upstream of ����	�	 1670: Fw_Up1sll05051DacA 

TGCACGGATCTGCCCTGGCTTCAGGAGATCGGAAGACCTCGAAAGCCCGACATGGGTAAG 
This study 

1671: Rv_Up1sll05051DacA 
CACTTCATCCGGGGTCAGCACCACCGGCAAGCGCCGCGACTACCAAAGGCTTGACCTACG 

This study 

Downstream of 
����	�	 

1672: Fw_Down1sll05051DacA 
ATATGTGATGGGTTAAAAAGGATCGATCCTCTAGCTAGAGGACGTAAATTTCGGCGTAGG 

This study 

1673: Rv_Down1sll05051DacA 
TAGCTATAAATTATTTAATAAGTAAGTTAAGGGATGCAGGTACTCAGGCGTTTGCTTTGG 

This study 

Up1 and 
downstream of 
����	�	 + 
spectinomycin 
resistance cassette 

1777: Fw_Down1sll05051DacA_pUC19 
TGTAAAACGACGGCCAGTGAATTCGAGCTCGGTACCCGGGGACGTAAATTTCGGCGTAGG 

This study 

1778: Rv_Up1sll05051DacA_pUC19 
ATGACCATGATTACGCCAAGCTTGCATGCCTGCAGGTCGATACCAAAGGCTTGACCTACG 

This study 

Creation of )sbtB deletion mutant (pRL270�SbtB_del. plasmid) 
Upstream of ��!�	�" 1275_Fw: GAATAAATAAATCCTGGTGTCCCTGTTGATACCGGGAAGCCATCAA 

CAATAACTAGGCTTGTTTC 
(20) 

1276_Rv:CCATATTGGCCACGTTTAAATCAAAACTGGTGAAACTCACCGGCCA 
TCATCGAAGTGGAAG 

(20) 

Downstream of 
��!�	�" 

1277_Fw:AGGTATATGTGATGGGTTAAAAAGGATCGATCCTCTAGAGCTGCTG 
CTGCTAGTATTGAG 

(20) 

1278_Rv: TAGCTATAAATTATTTAATAAGTAAGTTAAGGGATGCAGGTTTGTT 
TATCTCCTAGAAGTATGTAAG 

(20) 

Creation of )glgB deletion mutant (pUC19�GlgB_del. plasmid) 
Upstream of �����	# glgB_US_fw: 

GACCATGATTACGCCAAGCTTGCATGCCTGCAGGTCGACTAACCCCCGTCATTGGCATCAAT
ATC 

This study 

glgB_US_rev: 
GGATTTATTTATTCTGCGAATCGGCTATGGTGATTTTTTG 

This study 

Downstream of 
�����	# 

glgB_DS_fw: 
ATCAGCAGGGAAGAAATTGGTTATAACTGAGTTAGCGATAATTTTC 

This study 

glgB_DS_rev: 
CGGCCAGTGAATTCGAGCTCGGTACCCGGGGATCCTCTAGGACGATCAACCAGCCCAGGAG 

This study 

Cm resistance 
cassette 

CmR_fw: 
CAAAAAATCACCATAGCCGATTCGCAGAATAAATAAATCC 

This study 

CmR_rev: 
GAAAATTATCGCTAACTCAGTTATGAGTTTGTAGAAACGCAAAAAG 

This study 
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Creation of )sbtA deletion mutant (pUC19�SbtA_del. plasmid) 
Downstream of 
��!�	�$ 

SbtAB_Apa5 
GGGCCCTTTCATCCCGCTCAATCAGG 

This study 

SbtAB_Sac3 
GAGCTCTCAAACCGGCCAGTATTGAC 

This study 

Upstream of ��!�	�$ DelSbtA_Bam_5 
GGATCCGGACAAAAAATCCATAATG 

This study 

DelSbtA_Bam_3 
GGATCCCCAATAGTTTATGGTC 

This study 

Complementation of )sbtB by re�introducing slr1513 under the control of psbA2 promoter (pFLAG�
SbtB_psbA2 plasmid) 

FW_pFLAG1SbtB 
CAATCTGAACATCGACAAATACATAAGGAATTATAACCATATGGCTAA 
ACCAGCGAACAAG 

This study 

RV_pFLAG1SbtB 
GTTGAATAAATCGAACTTTTGCTGAGTTGAAGGAAGATCTTTAACAGC 
CCTCAGGGCCA 

This study 

Generation of SbtB�sfGFP under the native promotor of slr1513 (pVZ322�SbtB�sfGFP) 
SbtB1sfGFP pVZ1Seq_Fw: CAGCTCCATAGGCCGCTTTC (20) 

pVZ1Seq_Rv: GCTGCCCGGATTACAGATC (20) 

Recombinant proteins 
StrepII1tagged 
��SbtB (��!�	�"); 
(pASK1��SbtB1strep 
plasmid) 

1256_Fw: 
GTGAAATGAATAGTTCGACAAAAATCTAGATAACGAGGGCAAAAAATG 
GCTAAACCAGCGAACAAGCTCG 

(20) 

1257_Rv: 
AAGCTTATTATTTTTCGAACTGCGGGTGGCTCCAAGCGCTACAGCCCT 
CAGGGCCACAGAAAG 

(20) 

StrepII1tagged 
%�SbtB (���$�""); 
(pASK1%�SbtB1
strep plasmid) 

1664: Fw_all2133_CT strep 
GTGAAATGAATAGTTCGACAAAAATCTAGATAACGAGGGCAAAAAATGGCCAAGCCAGCCA
AAAAG 

This study 

1665: Rv_all2133_CT strep 
CAAGCTTATTATTTTTCGAACTGCGGGTGGCTCCAAGCGCTACAGCCGTCTGGTCCGC 

This study 

His81tagged ��SbtB 
(��!�	�"); 
(pET28a1��SbtB1
His8 plasmid) 

FW_pET28a1SbtB 
CTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGG 
CTAAACCAGCGAACAA 

This study 

RV_pET28a1SbtB 
CAGCCGGATCTCAGTGGTGGTGGTGGTGGTGGTGGTGCGAACA 
GCCCTCAGGGCCACAG 

This study 

His61tagged GlgB 
(�����	#); (pET15b1
GlgB1His6 plasmid) 

Fw_GlgB1N1His 
ATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGAC 
CTACACCATCAACGC 

This study 

Rv_GlgB1N1His 
TCAGCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCCTCGAGCTAAGCT 
ATGTTGCTAGCCTCTTC 

This study 

DacA1GFP 
(sll0505); (pET28a1
DacA1eGFP 
plasmid) 

1762: Fw_DacA1eGFP 
CTAGAAATAATTTTGTTTAACTTTAAGAAGGAGACTCGAGATGTCGGGCTTTCCCCCG 

This study 

1763: RV_DacA1eGFP 
CTCCTTTGCTGAATTGACCCTGGAAGTACAGGTTTTCGGATTTTTTGTCGTTTTGGGCAGTT
GAGG 

This study 

BACTH constructs 
SbtB1BACTH; 
(pKT25_SbtB 
plasmid) 

pKT25_sbtb_fw: 
CGATTACCTGGCGCGCACGCGGCGGGCTGCAGGGTCGACTATGGCTAAACCAGCGAACAA
G 

This study 

pKT25_sbtb_rev: 
GGCCGAATTCTTAGTTACTTAGGTACCCGGGGATCCTCTAGTTAACAGCCCTCAGGGCCAC 

This study 

GlgB1N (�����	#&N); 
(pUT18_GlgB_N 
plasmid) 

pUT18 glgB sll0158 fw 
GACCATGATTACGCCAAGCTTGCATGCCTGCAGGTCGACTATGACCTACACCATCAACG 

This study 

pUT18 glgB sll0158 rev 
CCTCGCTGGCGGCTGAATTCGAGCTCGGTACCCGGGGATCAGCTATGTTGCTAGCCTCTTC 

This study 

GlgB1C (�����	#&C); 
(pUT18_GlgB_C 
plasmid) 

pUT18c glgB sll0158 fw 
GCCGTCGCTGGGCGCAGTGGAACGCCACTGCAGGTCGACTATGACCTACACCATCAACG 

This study 

pUT18c glgB sll0158 rev 
TTAGTTATATCGATGAATTCGAGCTCGGTACCCGGGGATCAGCTATGTTGCTAGCCTCTTC 

This study 
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Table S2: Crystallographic data collection and refinement statistics 

 

Structure ��SbtB:c1di1AMP 

complex 

PDB code 7OBJ 

Data collection 

Space group   P32 

Cell parameters   a = b = 63.2 Å, c = 81.7 

Å 

Wavelength (Å)   1.00 

Resolution limits (Å)a  32.74 3 2.00 (2.12 3 2.00) 

Unique reflections  24685 (3942) 

Completeness (%)  99.7 (98.3) 

I/ÃI    20.61 (1.03) 

Redundancy   10.3 (10.1) 

Rmerge (%)   6.4 (223.1) 

CC(1/2)   100 (43.1) 

Refinement 

Resolution limits (Å)  32.74 3 2.00 (2.05 3 2.00) 

Rcryst(%)   17.8 (37.6) 

Rfree (%)   21.5 (38.7) 

Protein molecules per asymmetric unit 

cell 

3 

Mean B value (Å2)   58.0 

Ramachandran statistics 

Core regions (%)  95.0 

 

aValues in parentheses refer to the highest1resolution shell. 
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Regulation of glycogen metabolism is of vital importance in organisms of

all three kingdoms of life. Although the pathways involved in glycogen

synthesis and degradation are well known, many regulatory aspects around

the metabolism of this polysaccharide remain undeciphered. Here, we used

the unicellular cyanobacterium Synechocystis as a model to investigate how

glycogen metabolism is regulated in nitrogen-starved dormant cells, which

entirely rely on glycogen catabolism to resume growth upon nitrogen reple-

tion. We identified phosphoglucomutase 1 (PGM1) as a key regulatory

point in glycogen metabolism, and post-translational modification as an

essential mechanism for controlling its activity. We could show that PGM1

is phosphorylated ata residue in the regulatory latch domain (Ser 47) dur-

ing nitrogen starvation, which inhibits its activity. Inactivation of PGM1

by phosphorylation at Ser 47 prevents premature degradation of the glyco-

gen stores and appears to be essential for survival of Synechocystis in the

dormant state. Remarkably, this regulatory mechanism seems to be evolu-

tionary conserved in PGM1 enzymes, from bacteria to humans.

Introduction

Glycogen is the major carbohydrate storage compound

in a broad range of organisms, from bacteria to

humans. This polysaccharide is composed of glucose

molecules connected by a,1-4 linkages and branched

via a,1-6 linkages, and it is generally considered a car-

bon sink with energy-storage function. In humans, gly-

cogen is mainly accumulated in the liver and skeletal

muscle, and it constitutes a rapid and accessible form

of energy that can be supplied to tissues on demand

[1]. In many bacteria, glycogen plays a crucial role in

survival to an ever-changing environment. It is usually

synthesized and accumulated inside the cells under

growth-limiting conditions at excess of a carbon

source, and degraded when the supply of energy or

carbon is not enough to maintain growth or viability,

thus allowing cell survival in transient starvation con-

ditions [2]. In cyanobacteria, which generally sustain

cell growth by performing oxygenic photosynthesis,

glycogen is synthesized towards the end of the day,

when photosynthetically fixed carbon is in excess and

cells need to prepare to survive the night [3]. Glycogen

accumulation also occurs as a response to nutrient lim-

itation. In fact, the greatest amount of glycogen accu-

mulation in non-diazotrophic cyanobacteria, which are

unable to fix atmospheric N2, occurs under nitrogen

starvation conditions [4].

Nitrogen deprivation activates a genetically deter-

mined survival program in non-diazotrophic cyanobac-

teria, which has been extensively studied in the

unicellular cyanobacterial strains Synechococcus elon-

gatus and Synechocystis sp. PCC 6803 (from now

Synechocystis) [5,6]. When Synechocystis encounters

nitrogen depletion, the intracellular carbon/nitrogen

balance is disturbed, and growth can no longer be
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supported. This metabolic situation leads to rapid

accumulation of glycogen, which serves as a sink for

the excess of carbon [5]. To survive these starvation

conditions, cells undergo an adaptation process termed

chlorosis that involves the degradation of the light-

harvesting complexes to avoid an excess of energy and

reduction equivalents that are no longer consumed by

anabolic reactions. As a result of the metabolic and

morphological changes induced by nitrogen starvation,

cells enter a dormant state, which allows them to sur-

vive adverse conditions for a prolonged period of time

[6]. Upon nitrogen availability, the glycogen stores

accumulated in dormant cells play a key role in the

restoration of vegetative growth [7]. When dormant

cells have access to a nitrogen source, their metabolism

switches towards a glycolytic phase. They turn off

residual photosynthesis,while the production of energy

and metabolic intermediates now entirely relies on gly-

cogen catabolism [8]. This extraordinary situation, in

which carbohydrate degradation can be completely

separated from photosynthetic processes even in the

presence of light, makes awakening Synechocystis cells

an excellent model to study the regulation of glycogen

catabolism.

Although the metabolic pathways involved in glyco-

gen synthesis and degradation are well known, many

regulatory aspects around the metabolism of this

polysaccharide remain to be deciphered. In nitrogen-

starved Synechocystis cells, glycogen degradation is

known to start soon after addition of a nitrogen

source, and the enzymes responsible for this process

have been identified (Fig. 1) [7]. However, how glyco-

gen catabolism is induced in dormant cells has not yet

been elucidated. The enzymes involved in glycogen

metabolism are conserved from bacteria to humans.

The glycogen phosphorylase and debranching enzyme

are responsible for the excision of glucose molecules

from the glycogen granule, releasing glucose-1-

phosphate (glucose-1P) and glucose, respectively.

Glucose-1P is then converted to glucose-6-phosphate

(glucose-6P) by the phosphoglucomutase (PGM), an

evolutionary conserved enzyme that also catalyzes the

reverse reaction, while glucose is converted to glucose-

6P by the glucokinase. Glucose-6P can then enter dif-

ferent catabolic pathways to produce glyceraldehyde-3-

phosphate. Intriguingly, most of the glycogen catabolic

enzymes are up-regulated during nitrogen starvation,

although glycogen degradation does not start until a

nitrogen source is available. This suggests that the

activity of these enzymes must be tightly regulated:

They must remain inactive when cells are dormant and

be activated upon nitrogen availability. An exception

to the abundance pattern of most glycogen catabolic

enzymes is PGM1, the expression of which is

Fig. 1. Schematic representation of the

glycogen metabolic hub in Synechocystis.

Glycogen is synthesized by the glycogen

synthases (GlgAs) and branching enzyme

(GlgB) from ADP-glucose, which is obtained

from glucose-1-phosphate (glucose-1P)

through the reaction catalyzed by the

glucose-1-phosphate adenylyltransferase

(GlgC). Glycogen catabolism starts with the

glycogen phosphorylases (GlgPs) and

debranching enzymes (GlgXs). The glucose-

1P released by GlgPs is converted to

glucose-6-phosphate (glucose-6P) by the

phosphoglucomutases (PGMs). Glucose-6P

can be metabolized by the

phosphoglucoisomerase (Pgi) to enter the

Embden-Meyerhof-Parnas pathway or by

the glucose-6P dehydrogenase (G6PDH),

which requires the activator protein OpcA,

to enter the oxidative pentose phosphate

pathway and the Enter-Doudoroff pathway.

Ultimately, all pathways generate

glyceraldehyde-3-phosphate

(glyceraldehyde-3P).
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suppressed under nitrogen starvation and activated

during resuscitation [8,9]. Although Synechocystis pos-

sesses two PGM isoenzymes, PGM1 (sll0726) has been

shown to be responsible for almost 97% of the PGM

activity [10], while PGM2 (slr1334) serves as glucose-

1,6-bisphosphate synthase [11]. PGM1 was recently

identified as a phosphoprotein with two localized ser-

ine phosphorylation sites: Ser 47 and Ser 152. Ser 152

corresponds to the catalytically active serine residue,

which mediates the phosphoryl transfer between the

sugar and the enzyme. Initial phosphorylation of this

catalytic serine residue is provided by the activator

glucose-1,6-bisphosphate [11]. During chlorosis, the

degree of phosphorylation of this residue decreases.

On the contrary, the phosphorylation of Ser 47

strongly increases during nitrogen starvation, repre-

senting one of the most strongly induced phosphoryla-

tion events [9]. The function of this serine residue is so

far unknown; previous studies have not considered it

to be involved in catalysis or regulation of PGM1

activity [12,13]. These findings prompted us to investi-

gate the possible involvement of PGM1 in the regula-

tion of glycogen metabolism, leading to the

identification of a key regulatory mechanism in glyco-

gen catabolism, which seems to be conserved from

bacteria to humans.

Results

PGM1 is activated during resuscitation from

nitrogen starvation

Our previous studies suggested the occurrence of an

unknown mechanism controlling the activity of glyco-

gen catabolic enzymes in Synechocystis: The transcrip-

tion of most glycogen catabolic genes is highly

up-regulated during nitrogen deprivation when glyco-

gen is synthesized, but turned down during resuscita-

tion when glycogen is catabolized [7,14]. In agreement,

a proteomic study showed increased abundance of

these enzymes in the dormant state and return to nor-

mal levels during resuscitation (Fig. 2A) [9]. One

exception to this expression pattern is PGM1, the

abundance of which is low during nitrogen starvation

and increases during resuscitation (Fig. 2A). In the

same study, a quantitative analysis of the phosphoryla-

tion events during nitrogen starvation and resuscita-

tion revealed that PGM1 can be phosphorylated at

two different serine residues. Due to an incorrect

annotation of PGM1 in CyanoBase [15], the residues

previously designated as Ser 63 and Ser 168 [9] corre-

spond to the residues Ser 47 and Ser 152 of PGM1

(see below, Fig. 3). Interestingly, Ser 47 is one of the

most strongly phosphorylated residues in chlorotic

cells, being 13 times more phosphorylated under nitro-

gen starvation than during vegetative growth

(Fig. 2B). These findings suggested that PGM1 might

be a regulatory point, ensuring that glycogen catabo-

lism is arrested in the chlorotic state until nitrogen

becomes available again.

To test whether there was any change in the activity

of PGM1 upon addition of a nitrogen source to dor-

mant cells, we assayed PGM1 activity in cell extracts

from chlorotic and resuscitating cells (Fig. 2C). While

some PGM1 activity was detectable in nitrogen-

starved cells, the measured activity was three times

higher in cells supplemented with nitrate 24 h before.

These results suggested an activation of PGM1 upon

addition of nitrogen to chlorotic cells. Analysis of the

levels of glucose-phosphates during nitrogen starvation

and resuscitation supported this idea because higher

levels of glucose-1P and glucose-6P, the substrates of

PGM1, were detected in chlorotic than in recovering

cells (Fig. 2D). Given the significant phosphorylation

changes detected in PGM1 during nitrogen starvation,

we hypothesized this post-translational modification

could regulate enzyme activity in the different develop-

mental stages.

PGM1 has two phosphorylation sites with

opposite phosphorylation dynamics

According to homology modeling of PGM1, Ser 152 is

the catalytic serine residue involved in the phosphor-

exchange reaction. This residue is highly conserved in the

members of the a-D-phosphohexomutase (a-D-PHM)

superfamily, and it is located in the active site of PGM1

(marked in green in Fig. 4A). This catalytic serine is

poorly phosphorylated during nitrogen starvation, and it

progressively becomes more phosphorylated during

resuscitation (Fig. 2B). As phosphorylation of the cata-

lytic serine is required for catalysis, the phosphorylation

dynamics of this residue corresponds to its state of cata-

lytic activity, with PGM1 being inactive in chlorotic cells

and becoming activated during resuscitation. Ser 47 fol-

lows the opposite pattern: The high level of phosphoryla-

tion of this residue under nitrogen starvation

progressively decreases during resuscitation (Fig. 2B). As

deduced from homology modeling, Ser 47 is located on

the surface of the enzyme, in a loop known as ‘the latch’

(marked in red in Fig. 4A). The phosphorylation dynam-

ics of Ser 47 was confirmed using clear native PAGE –

immunoblot analysis. Because Ser 47 is on the surface of

the enzyme, the addition of a phosphate group to this res-

idue affects the net charge of the protein and influences

its migration in a native gel, whereas phosphorylation of
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Ser 152, which is buried in the catalytic center, does not.

As shown in Fig. 4B, after 24 h of nitrogen starvation a

lower band appeared in the gel, which represents PGM1

phosphorylated at Ser 47 (PGM12). After 7 days of chlo-

rosis, only the lower band is observed. The upper band,

which represents PGM1 dephosphorylated at Ser 47

(PGM11), is only observed again 8 h after resuscitation

was initiated. To confirm that the different bands corre-

spond to different phosphorylation states of PGM1, cell

extracts from chlorotic cells were prepared in the absence

of phosphatase inhibitors and treated with alkaline phos-

phatase. Under these conditions, most of PGM1 was

detected in the upper band, corresponding to the non-

phosphorylated state (Fig. 4B).

While the residue Ser 152 in Synechocystis PGM1 is

conserved throughout the a-D-PHM superfamily, since it

directly participates in catalysis, Ser 47 appears to be

subfamily-specific. The a-D-PHM superfamily comprises

different classes of enzymes, which share a common

structure and mechanism of catalysis [16]. The Conserved

Domain Database (CDD) classifies the members of the

a-D-PHM superfamily into different subfamilies accord-

ing to their domain architecture [17]. Based on their

substrate specificities, these subfamilies can be grouped

into: phosphoglucomutases or PGM1 (cd03085 and

cd05801), phosphomannomutases or PMM (cd03088), bi-

functional phosphogluco/phosphomanno mutases or

PGM/PMM (cd03089), phosphoglucosamine mutases

or PNGM (cd05802), phosphoacetylglucosamine mutases

or PAGM (cd03086), phosphopentomutases/glucose-1,6-

bisphosphate synthases or PGM2/PGM2L1 (cd05799),

and enzymes of unknown function (cd03087, cd05800,

and cd05803). The residue Ser 47 is located in the latch

loop and as shown in the phylogenetic tree in Fig. 4C, it

is conserved in the members of the subfamilies cd05801

and cd03085, which are PGM1 enzymes. According to

Fig. 2. Abundance, phosphorylation and activity of PGM1 during nitrogen starvation and resuscitation. (A) Protein abundance ratios of

GlgP1, GlgP2, PGM1, G6PDH, OpcA, PGL, and Pgi during resuscitation from nitrogen starvation. Ratios were calculated comparing the

protein abundance during nitrogen starvation and resuscitation with their abundance during vegetative growth. Relative abundance is shown

as the log2 of the calculated ratios. Positive values indicate up-regulation and negative values down-regulation compared to protein levels

during vegetative growth (normalized to zero, dotted line) [9]. (B) Phosphorylation events of the two phosphorylation sites in PGM1 at the

indicated time points during resuscitation from nitrogen starvation. Ratios were calculated comparing the abundance of phosphorylated and

unphosphorylated peptides at different time points during resuscitation to their abundance during vegetative growth. Relative phosphoryla-

tion is shown as the log2 of the calculated ratios [9]. (C) Relative enzyme activity of PGM1 in cell extracts from chlorotic and resuscitating

cells. The activity in chlorotic cells (53.87 U�mg�1) was considered as 100%. (D) Glucose-1P and glucose-6P content normalized to 108 cells

during nitrogen starvation and resuscitation. For (C) and (D) at least three biological replicates were measured. Error bars represent the stan-

dard deviation (SD). Asterisks represent the statistical significance: one asterisk represents P ≤ 0.05, two asterisks P ≤ 0.01, three asterisks

P ≤ 0.001, and four asterisks P ≤ 0.0001.
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structural studies on enzymes from the cd05801 and

cd03089 subfamilies, this loop participates in a conforma-

tional change required for catalysis and in stabilization of

the substrate through interaction with the phosphorylated

end of the sugar [18–21]. The presence of a residue with a

phosphorylatable hydroxyl group in its side chain at the

position of Ser 47 might be a determinant for phosphoglu-

comutase reaction velocity since the subfamilies that have

high phosphoglucomutase activity (cd03085, cd05801,

cd03088 and cd03089) [13,19,21–24] present Ser or Tyr at

this site, while the subfamilies presenting Ala (cd03086,

and cd05799) or Asp (cd05802) at this position possess

low phosphoglucomutase activity [11,25–27].

Phosphorylation of PGM1 at Ser 47 inhibits its

activity

To gain more insights into the role of Ser 47 in catalysis,

we created different recombinant PGM1 variants with

site-specific amino acid substitutions. Analysis of the

sequences of PGM1 from several Synechocystis strains

revealed a different annotation for Synechocystis sp. PCC

6803, which included a 16-amino acid N-terminal exten-

sion that is missing in the other strains (Fig. 3A). Addi-

tionally, the experimentally validated transcriptional

start site from Synechocystis sp. PCC 6803 suggests a

shorter open reading frame for PGM1, with Met 17 as

putative translational start site [28]. To clarify if the N-

terminal extension is an annotation error, we prepared as

recombinant proteins the PGM1 as annotated in Cyano-

base [15] (Long-PGM1) and a version without the 16-

amino acid N-terminal extension (Short-PGM1). We

then measured their activity in vitro, assuming that the

native version exhibits higher activity. Although both

versions showed a similar substrate affinity, as deduced

from the calculated Michaelis-Menten constant (Km), the

maximal velocity(Vmax) of the reaction was almost three-

fold higher for the short version (Fig. 3B), substantiating

that the short version likely represents the physiologically

relevant protein. The different PGM1 variants were

therefore created from the Short-PGM1 version (hereaf-

ter referred to as PGM1). To elucidate the importance of

the interactions of the hydroxyl group of Ser 47 in cataly-

sis, this residue was replaced by Ala (PGM1 S47A), a

smaller and hydrophobic residue. Comparison of the

kinetic parameters of the wild-type (WT) PGM1 and

PGM1 S47A showed that the substitution of Ser for Ala

at position 47 affected the Vmax of the reaction, which

decreased almost two-fold, but it did not decrease sub-

strate affinity, as shown by the Km value (Fig. 3C). These

results indicate that the interactions in which Ser 47 is

involved are not essential but play a modulating rolein

catalysis. Phosphorylation of this residue could therefore

disturb these interactions and inhibit PGM1 activity. To

estimate the effect of phosphorylation of this residue on

enzyme activity, Ser 47 was substituted by Asp (PGM1

Fig. 3. In vitro characterization of wild type PGM1 and phosphomimetic variants. (A) Alignment of PGM1 sequences from different

Synechocystis strains. Sequences were aligned using NCBI COBALT and edited with Jalview [46]. (B) Enzymatic characterization of the two

versions of PGM1. Long-PGM1 and Short-PGM1 represent the enzyme from Synechocystis sp. PCC 6803 with or without the 16-amino acid

N-terminal extension that is absent in the annotation of the other strains, respectively. (C) Michaelis-Menten kinetics of wild type (WT)

PGM1, PGM1 S47A, and PGM1 S47D. Three replicates were measured for each data-point. (D) Size exclusion chromatography of PGM1

and PGM1 S47D. The UV signal at 280 nm is shown.
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Fig. 4. Location and conservation of phosphorylation sites. (A) Structure of Synechocystis PGM1 obtained from Swiss Model using

Salmonella typhimurium’s PGM1 as a template (Protein Data Bank code 3OLP). The two colored residues shown in a stick model represent

the two phosphorylation sites: Ser 47 (and the latch domain) in red and Ser 152 in green. The Mg+ ion required for catalysis is shown as a

pink sphere. Domain 1 is colored in grey, domain 1 in yellow, domain 3 in orange, and domain 4 in blue. (B) Clear native PAGE – immunoblot

validation of PGM1 phosphorylation dynamics during nitrogen starvation, resuscitation, and after treatment with 1 U�mL�1 of alkaline phos-

phatase (AP) for 10 min. PGM11 and PGM12 represent PGM1 dephosphorylated and phosphorylated at Ser 47, respectively. Representative

of N = 3. (C) Phylogenetic tree of the a-D-PHM superfamily showing conservation of the residue Ser 47 of Synechocystis.
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S47D), a larger and negatively charged amino acid that

resembles a phosphorylated Ser. The purified PGM1

S47D seemed to be correctly folded, as deduced from its

size exclusion chromatography elution profile (Fig. 3D),

but presented very low activity in vitro (0.86% of the WT

activity, Fig. 3C), showing that phosphorylation of Ser

47 inactivates PGM1.

Phosphorylation of PGM1 at Ser 47 is essential

for survival under nitrogen starvation

To determine the physiological significance of phos-

phorylation of Ser 47 during nitrogen starvation in

Synechocystis, we created and characterized various

PGM1 mutant strains. A PGM1 knockout strain

(∆pgm1) could not properly acclimate to nitrogen-

depletion and presented a so-called non-bleaching phe-

notype: Cells did not degrade their photosynthetic pig-

ments and turned yellow, but stayed greenish instead,

progressively looking paler (Fig. 5A). Quantitatively,

the absorbance at 680/440 nm (indicative of chlorophyll

a) and at 625 nm (indicative of phycobiliproteins) in the

∆pgm1 strain did not significantly decrease during the

first days of nitrogen starvation, in contrast to the WT

(Fig. 5B). After 6 days of chlorosis, when the WT still

shows residual peaks at the mentioned wavelengths,

almost no pigment absorbance could be measured in

the ∆pgm1 strain. After 7 days of nitrogen starvation, a

very reduced proportion of ∆pgm1 cells could recover

when they were dropped on an agar plate containing

nitrate in comparison to the WT (Fig. 5C). Such a phe-

notype was previously observed in mutants that were

Fig. 5. Characterization of PGM1 knockout

(∆pgm1) and complementation strains

(∆pgm1+PGM1). (A) Pictures of WT and

∆pgm1 cultures after 3, 6, and 30 days of

nitrogen starvation. (B) Absorption spectra

of WT and ∆pgm1 during nitrogen

starvation. (C) Recovery assay on a BG11-

agar plate of WT and ∆pgm1 after 7 days of

nitrogen starvation. Numbers on top

represent the dilution factor, starting with

an OD750 of 1. Pictures were taken 5 days

after dropping chlorotic cells on the plate.

(D) Glycogen content of WT and ∆pgm1

after 7 days of nitrogen starvation. Three

biological replicates were measured. Error

bars represent the SD. Asterisks represent

the statistical significance: one asterisk

represents P ≤ 0.05, two asterisks

P ≤ 0.01, three asterisks P ≤ 0.001, and

four asterisks P ≤ 0.0001.(E) Pictures of WT

and ∆pgm1+PGM1 cultures after 30 days of

nitrogen starvation. (F) Recovery assay on a

BG11-agar plate of WT and ∆pgm1+PGM1.

Numbers on top represent the dilution

factor, starting with an OD750 of 1. Pictures

were taken 7 days after dropping chlorotic

cells on the plate.
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impaired in glycogen synthesis[29], as accumulation of

this polymer has been shown to be indispensable for

adaptation to nitrogen-starvation. This phenotype was

expected, given that PGM1 catalyzes the interconver-

sion between glucose-1P and glucose-6P and is therefore

involved in glycogen synthesis. Indeed, no glycogen was

detected in seven-days-starved ∆pgm1 cells (Fig. 5D),

indicating that PGM1 activity is essential for glycogen

synthesis under nitrogen deprivation and that the activ-

ity of PGM2 does not compensate the lack of PGM1.

This is consistent with the fact that phosphorylation of

Ser 47 is only detected after 24 h of nitrogen depletion

(Fig. 3B), when synthesis of the glycogen stores has

already taken place. Consequently, a strain with an

inactive PGM1 variant, such as the PGM1 S47D, would

not be able to enter the chlorotic state due to its inabil-

ity to synthesize glycogen. To study the physiological

consequences of the lack of PGM1 inactivation via

phosphorylation, we complemented the ∆pgm1 strain

with the WT PGM1 (∆pgm1+PGM1) and with the par-

tially active PGM1 S47A variant (∆pgm1+PGM1S47A),

which lacks the phosphorylation site. Complementation

with the WT protein rescued the phenotype: The

∆pgm1+PGM1 strain showed a similar behavior than

the WT under nitrogen starvation (Fig. 5E,F). Con-

versely, the ∆pgm1+PGM1S47A strain could not suc-

cessfully enter chlorosis. Although it seemed to induce

pigment degradation upon nitrogen starvation (in con-

trast to the ∆pgm1 strain), these cultures did not acquire

the same characteristic yellowish colour than the WT,

but a pale colour instead (Fig. 6A,B) and showed very

poor recovery on nitrate-containing agar plates

(Fig. 6C,D). This strain could not accumulate the same

amount of glycogen than the WT (Fig. 6E), presumably

due to the lower activity of the PGM1 S47A variant,

which was not enough to meet the cellular demand. As

the ∆pgm1+PGM1S47A strain failed to properly accli-

mate to nitrogen deprivation, we transformed WT cells

with PGM1 S47A (WT+PGM1S47A) to study the

impact of the presence of a PGM1 variant lacking phos-

phorylation of residue 47 on long-term nitrogen starva-

tion. As expected,this strain could initially acclimate to

nitrogendepletion like the WT (Fig. 6A,B), since it con-

tains the WT version of PGM1. After 6 days of chloro-

sis, WT+PGM1S47A cells could recover as efficiently as

WT cells on nitrate-containing agar plates (Fig. 6C).

However, after prolonged exposure to nitrogen depriva-

tion, when the WT version of PGM1 would be highly

phosphorylated, the cultures of the WT+PGM1S47A

strain progressively lost their yellowish color (Fig. 6A).

After 1 month of starvation, only a reduced number of

cells could recover following nitrogen repletion

(Fig. 6D). WT+PGM1S47A cells could synthesize a

similar amount of glycogen than WT cells upon nitro-

gen depletion, but after 1 week of starvation their glyco-

gen content began to gradually decrease (Fig. 6E).

These findings imply that inactivation of PGM1 via

phosphorylation is crucial for preventing premature gly-

cogen degradation during prolonged nitrogen starva-

tion, which appears to be essential for survival of these

conditions.

PGM1 regulation seems to be conserved from

bacteria to humans

Regulation of PGM1 activity is crucial for the survival

of a wide range of organisms to many different condi-

tions. As all PGM1 enzymes present a phosphorylatable

Ser residue at the site of Ser 47 of Synechocystis, the reg-

ulation of PGM1 activity via phosphorylation of this

residue might not be exclusive to Synechocystis, but

widespread among the cd05801 and cd03085 subfam-

ilies. Indeed, phosphorylation of this residue has been

detected in the PGM1 from mammals (Fig. 7A) [30,31].

In humans, PGM1 deficiency leads to glycogenosis, a

metabolic disorder that causes the abnormal use and

storage of glycogen, and congenital disorders of glyco-

sylation. Despite the importance of the correct activity

of this enzyme on human health, little is known regard-

ing its regulation. Although Ser 20 of the human PGM1

(HPGM1), which is the homologous residue of Syne-

chocystis PGM1 Ser 47 in the human enzyme, has been

identified as a phosphorylation site [30], the role of

phosphorylation of this residue has not been investi-

gated. Lee et al. [32] investigated the effects of muta-

tions present in patients suffering from PGM1

deficiency on the in vitro activity of the PGM1 enzyme

and identified six mutations that compromised catalysis

and six mutations that caused folding defects (Fig. 7B).

Interestingly, a mutation in the latch loop (T19A)

(Fig. 7C) severely affected the catalytic activity of the

enzyme [32], suggesting that addition of a phosphate

group to an adjacent residue in this loop (i.e. S20) might

also inhibit catalysis, as we observed for Synechocystis

PGM1. To ascertain this, we prepared recombinant

HPGM1 along with a mutant variant in which Ser 20

had been substituted by Asp (HPGM1 S20D) and mea-

sured their activities in vitro. As presented in Fig. 7D,

no enzyme activity was detected for the HPGM1 S20D

variant, indicating that the phosphorylated form of the

human enzyme is likely inactive.

Discussion

Regulation of glycogen metabolism is of vital impor-

tance in organisms of all three kingdoms of life. In

The FEBS Journal (2022) ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Phosphorylation of Ser 47 regulates PGM1 activity S. Doello et al.

144



bacteria, proper control of glycogen synthesis and deg-

radation determines the ability to survive transient

periods of nutrient starvation. In mammals, deficien-

cies in glycogen metabolism produce a variety of dif-

ferent metabolic disorders, some of them very severe

[32]. In this study, we used the unicellular cyanobacte-

rium Synechocystis to investigate the regulation of gly-

cogen metabolism. During nitrogen starvation, the

activity of the glycogen catabolic enzymes must be reg-

ulated to prevent premature glycogen degradation, so

that cells can use this reserve polymer once the condi-

tions are favourable for resuscitation. We could show

that phosphorylation of PGM1 at a peripheral residue

regulates its activity and is required to prevent prema-

ture glycogen degradation.

PGM1 is an evolutionary conserved enzyme that

mediates one of the most important reactions incarbo-

hydrate metabolism: It catalyzes the interconversion

between glucose-1P and glucose-6P, being thereby

involved in both, glycogen synthesis and degradation

[33]. Despite its important role in sugar metabolism,

PGM1 activity has only recently started to be consid-

ered as a target for metabolic control [34–37]. At the

onset of nitrogen starvation, the activity of PGM1 is

required for glycogen synthesis, as shown by the

inability of a PGM1 knock-out mutant to synthesize

Fig. 6. Characterization of ∆pgm1+PGM1S47A and WT+PGM1S47A strains. (A) Pictures of WT, ∆pgm1+PGM1S47A, and WT+PGM1S47A

cultures after 3, 6, and 30 days of nitrogen starvation. (B) Absorption spectra of WT ∆pgm1+PGM1S47A, and WT+PGM1S47A 6 days after

nitrogen starvation. (C) Recovery assay on a BG11-agar plate of WT, ∆pgm1+PGM1S47A, and WT+PGM1S47A after 6 days of nitrogen star-

vation. Numbers on top represent the dilution factor, starting with an OD750 of 1. Pictures were taken 5 days after dropping chlorotic cells

on the plate. (D) Recovery assay on a BG11-agar plate of WT, ∆pgm1+PGM1S47A, and WT+PGM1S47A after 30 days of nitrogen starvation.

Numbers on top represent the dilution factor, starting with an OD750 of 1. Pictures were taken 5 days after dropping chlorotic cells on the

plate. (E) Glycogen content of WT, ∆pgm1+PGM1S47A and WT+PGM1S47A at the indicated time points during nitrogen starvation. In all

experiments, three biological replicates were measured. Error bars represent the SD. Asterisks represent the statistical significance: one

asterisk represents P ≤ 0.05, two asterisks P ≤ 0.01, three asterisks P ≤ 0.001, and four asterisks P ≤ 0.0001.
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glycogen. Hence, during the first hours of nitrogen

starvation, PGM1 remains dephosphorylated at Ser

47, a residue located in the so-called latch loop. Once

enough glycogen has been accumulated, PGM1 activ-

ity is inhibited by phosphorylation of Ser 47. This resi-

due is highly phosphorylated in long-term-chlorotic

cells, and in vitro characterization of a phosphomi-

metic variant of PGM1 (PGM1 S47D) indicates that

the phosphorylated version of the enzyme is inactive.

When a non-phosphorylated PGM1 S47A variant is

present in chlorotic cells, glycogen is degraded after

prolonged nitrogen starvation, leading to loss of viabil-

ity. This highlights the pivotal role of Ser 47 phos-

phorylation for controlling glycogen metabolism.

Analysis of the PGM1 S47A variant indicated that

the interactions in which Ser 47 is involved are impor-

tant for modulating catalysis, as the Vmax was two-

fold lower in the PGM1 S47A variant than in WT

PGM1, without impairing the substrate affinity. This

is in line with structural studies of the reaction mecha-

nism on related proteins, which suggested a role of Ser

47 in a conformational change occurring during cataly-

sis [18–21]. When the enzyme is in its open conforma-

tion, its catalytic cleft is easily accessible for

phosphorylated sugars. When the substrate enters the

catalytic site, its dephosphorylated end interacts with

the phosphorylated catalytic serine, and the phosphor-

ylated end of the phosphor-sugar must interact with a

group of residues from domain 4 (the phosphate-

binding loop, colored in blue in Fig. 3A). In order for

these residues to come in contact with the substrate, the

enzyme must undergo a conformational change that

involves a rotation of domain 4 and changes the active

site from an open cleft to a closed pocket. This confor-

mational change requires the interaction of a group of

residues from the phosphate-binding loop with the resi-

dues from the latch loop (colored in red in Fig. 3A)

[13,16,18,20,38]. When the hydroxyl group in the side

chain of Ser 47 is eliminated by replacing it with Ala,

the interactions that allow such conformational change

and stabilization of the substrate are partially disturbed,

which affects the velocity of the catabolic reaction. In

the absence of the WT PGM1, a Synechocystis strain

containing a non-phosphorylated PGM1 S47A variant

accumulated only a reduced amount of glycogen, show-

ing that the anabolic reaction is also affected with the

substitution of Ser for Ala. When the site of Ser 47 is

occupied by a negatively charged residue, as in the

phosphomimetic variant or when the serine residue is

phosphorylated, these interactions are completely dis-

rupted, and catalysis is almost entirely inhibited.

Interestingly, Ser 47 is conserved among PGM1

enzymes (cd03085 and cd05801 subfamilies), and also

in PMM enzymes (cd03088). In agreement with the

finding that this residue is in volved in modulating

Kcat, subfamilies that generally have high PGM1 activ-

ity [13,19,21–24] present a phosphorylatable amino

acid (Ser or Tyr) at this site, while those subfamilies

Fig. 7. Regulation of PGM1 by phosphorylation is conserved in mammals. (A) Alignment of the sequence of PGM1 from Synechocystis,

Homo sapiens, and Mus musculus. The conserved phosphorylation site is marked in blue. Sequences were aligned using NCBI COBALT

and edited with Jalview [46]. (B) List of human PGM1 (HPGM1) deficiency mutants and their associated defects [32]. (C) Structure of

HPGM1 (Protein Data Bank code 5EPC) with relevant residues highlighted. (D) Relative in vitro activity of HPGM1 and HPGM1 S20D. The

activity of WT PGM1 (170.9 U�mg�1) was considered to be 100%. At least three replicates were measured. Error bars represent the SD.

Asterisks represent the statistical significance: one asterisk represents P ≤ 0.05, two asterisks P ≤ 0.01, three asterisks P ≤ 0.001, and four

asterisks P ≤ 0.0001.

The FEBS Journal (2022) ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Phosphorylation of Ser 47 regulates PGM1 activity S. Doello et al.

146

https://doi.org/10.2210/pdb5EPC/pdb


that show low PGM1 activity and preferably catalyze

the interconversion of other phosphor-sugars/amino

sugars (cd05802, cd03086, and cd05799) [11,25–27]

contain Asp or Ala at this position. The Ser residue in

the latch loop has also been identified as a phosphory-

lation site in the PGM1 from mammals, which belong

to the cd03085 subfamily. Even though PGM1 defi-

ciency can cause severe disease in humans, its regula-

tion remains under-investigated. HPGM1 is known to

be phosphorylated and thereby activated by the p21-

activated signaling kinase 1 (Pak1) on Thr 466 [33].

However, although Ser 20, the homologous of Syne-

chocystis Ser 47, had previously been reported as a

phosphorylation site in HPGM1 [30], the role of this

phosphorylation on enzyme activity had not been char-

acterized. We were able to demonstrate that, as in Syne-

chocystis, HPGM1 is also inactivated by replacement of

Ser 20 with a phosphomimetic residue. In agreement

with our results, a study involving human patients suf-

fering from PGM1 deficiency showed that introduction

of a hydrophobic residue in the latch loop in HPGM1

led to a reduced enzyme activity (3.3% of the control)

and caused disease in heterozygote patients [39]. These

findings are in line with our physiological characteriza-

tion of the ∆pgm1+PGM1S47A strain and suggest that

the regulatory mechanism discovered in this study is

conserved in PGM1 enzymes.

This work contributes to the understanding of the reg-

ulation of PGM1 activity, which plays a pivotal role in

the central carbohydrate metabolism. We showed the

existence of a phosphorylation event that modulates

PGM1 activity to control glycogen synthesis and degra-

dation, a regulatory mechanism that seems to be essen-

tial for survival of nutrient deprivation and evolutionary

conserved from bacteria to humans. The molecular

mechanisms that lead to this post-translational modifica-

tion remain, nevertheless, to be deciphered.

Materials and methods

Cyanobacterial cultivation

The cyanobacterial strains used in this study are listed in

Table 1. All strains were grown in BG11 supplemented with

5 mM NaHCO3 for vegetative growth, as described previ-

ously [40]. Nitrogen starvation was induced as previously

described by a 2-step wash with BG11-0 medium supplemen-

ted with 5 mM NaHCO3, which contains all BG11 compo-

nents except for NaNO3 [7,41]. Resuscitation was induced

by addition of 17 mM NaNO3 to cells residing in BG11-0.

Cultivation was performed with continuous illumination

(50–60 lmol photons�m�2
�s�1) and shaking (130–140 rpm)

at 27 °C. Mutant strains were cultivated with the

appropriate concentration of antibiotics [8]. All strains used

for this study are shown in Table 1. Biological replicates

were inoculated from the same pre-cultures, but propa-

gated, nitrogen-starved and resuscitated independently in

different flasks under identical conditions.

Protein overexpression and purification

Escherichia coli Rosetta-gami (DE3) was used for the over-

expression of all proteins. All primers and plasmids used for

protein overexpression are shown in Table 2 and Table 3,

respectively. All enzymes were Strep-tagged at the C-

terminus. Cells were cultivated in 2xYT (1 L of culture in

5 L flasks) at 37 °C until they reached exponential growth

(OD600 0.6–0.8) and protein overexpression was then

induced by adding 75 µg�L�1 anhydrotetracycline, followed

by incubation at 20 °C for 16 h. Cells were harvested by

centrifugation at 4000 g for 10 min at 4 °C, and disrupted

by sonication in 40 mL of lysis buffer [100 mM Tris-HCl pH

7.5, 150 mM KCl, 5 mM MgCl2, DNAse, and cOmpleteTM

protease inhibitor cocktail (Roche, Basel, Switzerland)]. The

cell lysates were centrifuged at 20 000 g for 1 h at 4 °C and

the supernatants were filtered with a 0.22 µM filter.

The cell extracts were loaded onto a five-milliliter Ni-

NTA Strep-tactin� superflow column (Qiagen, German-

town, MD, USA), washed with wash buffer (100 mM Tris-

HCl pH 7.5 and 150 mM KCl), and eluted with elution

buffer (100 mM Tris-HCl pH 7.5, 150 mM KCl, and 2.5 mM

desthiobiotin). The buffer of all purified proteins was

exchanged via dialysis using dialysis buffer (100 mM Tris-

Table 1. List of used strains.

Strain Genotype Purpose

E. coli NEB10b D(ara-leu) 7697 araD139

fhuADlacX74 galK16 galE15

e14-Φ80dlacZDM15 recA1

relA1 endA1 nupGrpsL(StrR)

rphspoT1 D(mrr-hsdRMS-

mcrBC)

Molecular

cloning

E. coli Rosetta

gami (DE3)

D(ara-leu)7697 DlacX74

DphoA PvuII phoR araD139

ahpC galE galK rpsL (DE3)

F’[lac+ lacIq pro] gor522::

Tn10 trxB pLysSRARE

(CamR, StrR, TetR)

Protein

expression

Synechocystis

sp.

PCC 6803 GT

Wild-type Control strain

Dpgm Sll0726::SpecR Characterization

Dpgm + PGM1 Dpgm pVZ322(sll0726) KanR,

GenR
Characterization

Dpgm +

PGM1S47A

Dpgm pVZ322(sll0726(S47A))

KanR, GenR
Characterization

WT+PGM1S47A pVZ322(sll0726(S47A)) KanR,

GenR
Characterization
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HCl pH 7.5, 150 mM KCl, and 5 mM MgCl2) and a 3 kDa

cutoff dialysis tube. All purifications were checked via

SDS-PAGE.

Measurement of PGM1 activity in cell extracts

To determine the PGM1 activity in Synechocystis cell

extracts, an assay was adapted from Osanai et al. [42]. The

PGM1 reaction was coupled to the G6PDH reaction and

the glucose 6-phosphate-dependent conversion of NADP+

to NADPH was monitored by measuring the absorbance at

340 nm. Cells were harvested by centrifugation at 4000 g

for 10 min at 4 °C, resuspended in lysis buffer (100 mM

Tris-HCl pH 7.5, 10 mM MgCl2) and disrupted by using a

"FastPrep�-24"(MP Biomedicals, Irvine, CA, USA). The

lysate was centrifuged for 10 min at 4 °C before the

protein content was determined. Approximately 50 lg of

protein were used for each reaction. The reaction buffer

was composed of 100 mM Tris-HCl pH 7.5, 10 mM MgCl2,

1 mM NADP+, 1 mM DTT and 1 U�mL�1 G6PDH from

Saccharomyces cerevisiae (G6378, Sigma-Aldrich, St. Louis,

MO, USA). The reaction was started by the addition of

10 mM glucose-1P. Absorption change at 340 nm was

continuously measured for 15 min at 30 °C. As a blank,

the change in absorption in the absence of glucose-1P was

also measured and subtracted from the experimental

values. The enzymatic activity was then calculated. At least

three biological replicates were measured.

Measurement of PGM1 activity in vitro

The reaction buffer was composed of 100 mM Tris-HCl pH

7.5, 150 mM KCl, 10 mM MgCl2, 1 mM DTT, 1 mM

NADP+, 40 µM glucose-1,6-bisphosphate, and 1 U�mL�1

G6PDH from Saccharomyces cerevisiae (G6378, Sigma-

Aldrich). 100 ng of C-terminus Strep-tagged PGM1 were

added to each reaction. The reaction was started by the

addition of glucose-1P. Absorption change at 340 nm was

continuously measured for 15 min at 30 °C. The enzymatic

activity was then calculated. At least three replicates were

measured.

Glucose-phosphate quantification

A total of 4 mL of chlorotic and resuscitating (24 h after

NaNO3 addition) cultures were collected (OD750 ~ 0.8).

Table 2. List of used primers.

Primer Sequence (5’ - 3’)

pASKC Lpgm1 fw TAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAGTGTCTAAGCCCCTGATCGC

pASKC Lpgm1 rev GTCTTATTTTTCGAACTGCGGGTGGCTCCAGCTAGCCATGCCCAAAGCCGAGGTAACAATG

pASKC Spgm1 fw TAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAATGACAAGCAGAATTAATCC

pASKC Spgm1 rev TCTTATTTTTCGAACTGCGGGTGGCTCCAGCTAGCCATGCCCAAAGCCGAGGTAACAATG

Pgm1 S47A fw CTTTGGTACCgctGGCCATCGGG

Pgm1 S47A rev CTCACTAACTGGGCGGGATTTTC

Pgm1 S47D fw CTTTGGTACCgatGGCCATCGGGG

Pgm1 S47D rev CTCACTAACTGGGCGGGA

pUC19-DSpgm1 fw CCATGATTACGCCAAGCTTGCATGCCTGCAGGTCGACTGGCACAGCCATAGCCTAAAG

SmR-DSpgm1 rev GTTTCTACAAACTCCATATGTCGACCCGGTCAATGTTCCG

DSpgm1-SmR fw CGGAACATTGACCGGGTCGACATATGGAGTTTGTAGAAACG

USpgm1 SmR rev CCTTTTTGGCTAGGATTTGGGAGCTCTTGACCGAACGCAG

SmR-USpgm1 fw CTGCGTTCGGTCAAGAGCTCCCAAATCCTAGCCAAAAAGG

pUC19-USpgm1 rev AAACGACGGCCAGTGAATTCGAGCTCGGTACCCGGGGATCCAGGCAATCAATCCGCTCAG

pVZ322 pgm1 fw GCTTCCAGATGTATGCTCTTCTGCTCCTGCAGGTCGACTTTAGCCCAAAGCCGAGGTAAC

pVZ322 pgm1 rev TGAATGTTCCGTTGCGCTGCCCGGATTACAGATCCTCTAGCAGGCAATCAATCCGCTCAG

Hpgm S20D fw ACCGGGTACCGATGGTCTGCGTAAAC

Hpgm S20D rev TTCTGGTCCTGGTACGCC

Table 3. List of used plasmids.

Plasmid Purpose

pASK IBA5C-

LongPgm1

Expression of C-terminus Strep-tagged

Synechocystis (long) PGM1 in E. coli

pASK IBA5C-

ShortPgm1

Expression of C-terminus Strep-tagged

Synechocystis (short) PGM1 in E. coli

pASK IBA5C -

pgm1S47A

Expression of C- terminus Strep-tagged

Synechocystis PGM1 S47A in E. coli

pASK IBA5C -

pgm1S47D

Expression of C- terminus Strep-tagged

Synechocystis PGM1 S47D in E. coli

pASK IBA5C-

HPgm1

Expression of C- terminus Strep-tagged

H. sapiens PGM1 in E. coli

pASK IBA5C-

HPgm1S20D

Expression of C- terminus Strep-tagged

H. sapiens PGM1 S20D in E. coli

pUC19-pgm1 Replacement of pgm1 for SpecR in

Synechocystis sp. PCC 6803

pVZ322-pgm1 Complementation of pgm1 deletion

pVZ322-

pgm1S47A

Complementation of pgm1 deletion and WT

with PGM1 S47A mutant variant
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Cells were harvested by centrifugation at 18 000 g for

1 min at 4 °C. Pellets were immediately frozen in liquid

nitrogen. Cells were lysed by addition of 0.2 M HCl and

incubation at 95 °C for 15 min. Lysates were centrifuged at

18 000 g for 10 min at room temperature, then the super-

natants were transferred to clean 2 mL tubes. Samples were

neutralized with 1 mL of 1 M Tris-HCl pH 8. A glucose-1P

and glucose-6P calibration curve were prepared. NADP+,

KCl, and MgCl2 were added to samples and standard solu-

tions to a final concentration of 1, 150 and 10 mM, respec-

tively. The absorbance of samples and standards were

measured at 340 nm (blank measurement). 3 U of G6PDH

from Saccharomyces cerevisiae (G6378, Sigma-Aldrich) were

added to all samples and standards and their absorbance at

340 nm was measured after incubation for 5 min at room

temperature (glucose-6P measurement). 3 U of Pgm from

rabbit muscle (P3397, Sigma-Aldrich) were added to all sam-

ples and glucose-1P standards and their absorbance at

340 nm was measured after incubation for 5 min at room

temperature (glucose-1P measurement). The blank measure-

ments were subtracted from the glucose-6P measurements,

and the glucose-6P standard curve was used to determine the

concentration of glucose-6P in the samples. The glucose-6P

measurements were subtracted from the glucose-1P measure-

ments, and the glucose-1P standard curve was used to deter-

mine the concentration of glucose-1P in the samples. Data

were normalized to the OD750 of the sampled cultures. Three

biological replicates were measured.

Clear native PAGE – immunoblot analysis

Proteins from 20 mL cell culture aliquots were lysed in

extraction buffer with or without phosphatase inhibitors

(50 mM Tris/HCl, 5 mM EDTA, 5 mM sodium fluoride,

5 mM sodium orthovanadate, pH 7.4) with a RiboLyser,

conducting five cycles with a speed of 6.5 m�s�1 for 15 s at

4 °C. When indicated, cell extracts were treated with

1 U�mL�1 alkaline phosphatase for 10 min at room temper-

ature. Protein concentration was measured by Bradford

assay and 10 lg total protein content was separated by non-

denaturing clear native polyacrylamide gel electrophoresis

(PAGE). Samples were mixed with loading buffer, loaded

onto tris-glycine 8% separating native polyacrylamide gels,

and run at 30 mA until the die reached the bottom of the

gel. Protein transfer was performed on a semi-dry blotting

system (PEQLAB, Wilmington, NC, USA) onto polyvinyli-

dene fluoride (BioTraceTM PVDF, Pall Corporation, New

York, NY, USA) membranes at 20 V for 30 min. Mem-

branes were blocked overnight in TBS-T buffer (50 mM Tris,

150 mM NaCl, 0.1% Tween-20, pH7.5) and 5% milk pow-

der at 4 °C. Membranes were washed with TBS-T buffer

and incubated with polyclonal primary antibodies against

PGM1 (serum, produced in rabbit) for 1 h at RT in a

1 : 5000 dilution in TBS-T buffer. Membranes were washed

again and incubated with peroxidase coupled secondary

antibodies (A6154, Sigma-Aldrich) for 1 h at RT in a

1 : 5000 dilution in TBS-T buffer. Proteins were visualized

by Lumi-Light Plus detection reagent (Roche).

Phylogenetic analysis

Sequences of diverse members of the a-D-PHM superfamily

were obtained from NCBI RefSeq_protein database. Align-

ment and phylogenetic tree data were obtained using NCBI

Constraint-based Multiple Alignment Tool (COBALT) [43].

Phylogenetic tree was generated with the Interactive Tree

Of Life (ITOL) v5 online tool [44].

Recovery assay

Serial dilutions of chlorotic cultures were prepared (100,

10�1, 10�2, 10�3, 10�4 and 10�5) starting with an OD750 of

1. 5 µL of these dilutions were dropped on solid BG11 agar

plates and cultivated at 50 lmol photons�m�2
�s�1 and

27 °C for 5 days.

Glycogen determination

Glycogen content was determined as described by Gr€undel

et al. [29] with modifications established by Klotz et al. [7].

Two-milliliter samples were collected, span down and washed

with distilled water. Cells were lysed by incubation in 30%

KOH at 95 °C for 2 h. Glycogen was precipitated by addition

of cold ethanol to a final concentration of 70% followed by

an overnight incubation at �20 °C. The precipitated glycogen

was pelleted by centrifugation at 15 000 g for 10 min and

washed with 70% ethanol and 98% absolute ethanol, consecu-

tively. The precipitated glycogen was dried and digested with

35 U of amyloglucosidase (10115, Sigma-Aldrich) in 1 mL of

100 sodium acetate pH 4.5 for 2 h. 200 µL of the samples

were mixed with 1 mL of 6% O-toluidine in acetic acid and

incubated at 100 °C for 10 min. Absorbance was then read at

635 nm. A glucose calibration curve was used to determine

the amount of glycogen in the samples. For every condition,

at least three biological replicates were measured.

Size exclusion chromatography

Experiments were carried out using an €AKTA purifier sys-

tem connected to a Superose 6 Increase 10/300 GL column

(GE healthcare, Chicago, IL, USA) at a flow rate of

0.4 mL�min�1 in running buffer (100 mM Tris-HCl pH 7.5,

150 mM KCl, and 10 mM MgCl2). The column was cali-

brated using the gel filtration calibration kit LMW and

HMW (GE Healthcare) according to the manufacturer’s

instructions. Data analysis was performed using the soft-

ware ASTRA 7 (Wyatt Technology, Santa Barbara, CA,

USA) and UNICORN 5.20 (Build 500) (General Electric Com-

pany, Boston, MA, USA).
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Statistical analysis

Statistical details for each experiment can be found in the

figure legends. Samples taken from cultures that were

inoculated with the same pre-cultures, but propagated,

nitrogen-starved and resuscitated independently in different

flasks under identical conditions were considered different

biological replicates. GraphPad PRISM was used to perform

one-way ANOVA to determine the statistical significance.

Asterisks in the figures were used to symbolize the P-value:

One asterisk represents P ≤ 0.05, two asterisks P ≤ 0.01,

three asterisks P ≤ 0.001, and four asterisks P ≤ 0.0001.
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Glucose-1,6-Bisphosphate, a Key Metabolic Regulator, Is
Synthesized by a Distinct Family of a-Phosphohexomutases
Widely Distributed in Prokaryotes
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ABSTRACT The reactions of a-d-phosphohexomutases (aPHM) are ubiquitous, key to
primary metabolism, and essential for several processes in all domains of life. The func-
tionality of these enzymes relies on an initial phosphorylation step which requires the
presence of a-d-glucose-1,6-bisphosphate (Glc-1,6-BP). While well investigated in verte-
brates, the origin of this activator compound in bacteria is unknown. Here we show that
the Slr1334 protein from the unicellular cyanobacterium Synechocysitis sp. PCC 6803 is a
Glc-1,6-BP-synthase. Biochemical analysis revealed that Slr1334 efficiently converts fruc-
tose-1,6-bisphosphate (Frc-1,6-BP) and a-d-glucose-1-phosphate/a-d-glucose-6-phosphate
into Glc-1,6-BP and also catalyzes the reverse reaction. As inferred from phylogenetic anal-
ysis, the slr1334 product belongs to a primordial subfamily of aPHMs that is present espe-
cially in deeply branching bacteria and also includes human commensals and pathogens.
Remarkably, the homologue of Slr1334 in the human gut bacterium Bacteroides salyersiae

catalyzes the same reaction, suggesting a conserved and essential role for the members
of this aPHM subfamily.

IMPORTANCE Glc-1,6-BP is known as an essential activator of phosphoglucomutase (PGM)
and other members of the aPHM superfamily, making it a central regulator in glycogen
metabolism, glycolysis, amino sugar formation as well as bacterial cell wall and capsule for-
mation. Despite this essential role in carbon metabolism, its origin in prokaryotes has so far
remained elusive. In this study we identify a member of a specific aPHM subfamily as the
first bacterial Glc-1,6-BP synthase, forming free Glc-1,6-BP by using Frc-1,6-BP as phosphoryl-
donor. PGMs of this subfamily are widely distributed among prokaryotes including human
commensals and pathogens. By showing that a distinct subfamily member can also form
Glc-1,6-BP, we provide evidence that Glc-1,6-BP synthase activity is a general feature of this
group.

KEYWORDS carbon metabolism, glucose-1,6-bisphosphate, glycolysis,
phosphoglucomutase

The a-d-phosphohexomutase (aPHM) superfamily is ubiquitous and found in all

domains of life. All known members of this superfamily catalyze a reversible intramolecu-

lar phosphoryl transfer on their phosphosugar substrates. This reaction requires a bound

metal ion (usually Mg21) together with a conserved phosphorylated seryl residue in the

active site and proceeds via a bis-phosphorylated sugar intermediate (1). While showing simi-

lar properties in structure and reaction mechanism, these enzymes differ strongly in substrate

specificity. Based on their preferred substrate, the aPHMs are traditionally divided into four

main groups: (i) Phosphoglucomutases (PGM), (ii) phosphoglucosamine mutases (PNGM), (iii)

phosphoacetylglucosamine mutases (PAGM), and (iv) the group of bifunctional phosphoglu-

comutases/phosphomannomutases (PGM/PMM) (1). The most recent expansion to this classi-

fication has been the discovery of the mammalian phosphopentomutase (PGM2) and
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glucose-1,6-bisphosphate-synthase (PGM2L1) (2, 3). This classification, however, lacks a more
detailed subdivision in between the main groups and also does not take into account
aPHMs preferably catalyzing other reactions (e.g., straight phosphomannomutases) (3). The
NCBI conserved domain database (CDD), instead, classifies the aPHM superfamily in 11 differ-
ent subfamilies on a phylogenetic basis (4). This phylogenetic model enables a more detailed
classification and includes several groups of bacterial and archaeal enzymes showing typical
aPHM properties but being only poorly characterized (Table 1).

The PGM (cd03085) from rabbit and human as well as the bacterial PGM (cd05801)
from Salmonella typhimurium and the bacterial bifunctional PMM/PGM (cd03089) from
Pseudomonas aeruginosa are among the best characterized aPHMs with available crys-
tal structures and detailed description of reaction mechanisms (5–9). Catalyzing the
interconversion of a-d-glucose-1P (Glc-1P) and a-d-glucose-6P (Glc-6P) makes PGM a
key enzyme in glycogen metabolism, glycolysis, and gluconeogenesis. During this reac-
tion, a phosphoserine at the active site of PGM donates the phosphoryl group to the
substrate Glc-6P or Glc-1P resulting in the synthesis of the transient intermediate
a-d-glucose-1,6-bisphosphate (Glc-1,6-BP). After a reorientation in the catalytic center,
the intermediate product re-phosphorylates the active site serine yielding Glc-1P or
Glc-6P, respectively. Glc-1,6-BP itself acts as an essential activator of PGM by providing
an initial phosphorylation of the active site and was first discovered by Leloir, Trucco
(10) in yeast extract (11). While Glc-1,6-BP is not a free metabolite in any metabolic
pathway, it is known to be a potent regulator of several enzymes in central carbon me-
tabolism in eukaryotes: in addition to PGMs and other aPHMs, it was shown to regulate
hexokinases, 6-phosphogluconate dehydrogenase, phosphofructokinase and pyruvate
kinase (12). In mammalian tissues the majority of Glc-1,6-BP is catalyzed by the
PGM2L1 enzyme, a member of the cd05799 subfamily exclusive to eukaryotes, utilizing
1,3-bisphosphoglyceric acid (1,3-BPG) as phosphoryl donor for Glc-1P (3). In contrast,
despite its essential role in the activity of prokaryotic PGM and other enzymes, the ori-
gin of Glc-1,6-BP in prokaryotes has been overlooked and no enzyme producing free
Glc-1,6-BP has been identified so far (13, 14).

The unicellular cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis)
expresses two enzymes that are encoded by the genes sll0726 and slr1334 and anno-
tated as PGM-like (4, 15). While Sll0726 exhibits typical properties of PGMs (16–18), lit-
tle is known about Slr1334. The only study addressing this issue reported that purified
Synechocystis Sll0726 has about a 10-fold higher activity in vitro than Slr1334 and that
a sll0726 knockout mutant only shows around 3% PGM activity compared to the wild-
type (19). Despite its low contribution to overall PGM activity, the Slr1334 product
appeared to be essential as it was not possible to acquire fully segregated knockout
mutants of the slr1334 gene, which raised the question of the role of Slr1334 in
Synechocystis.

In this work, we show that Slr1334 has a phosphotransferase activity catalyzing the
production of free Glc-1,6-BP from Glc-1P/Glc-6P and fructose-1,6-bisphosphate (Frc-
1,6-BP). Thereby, Slr1334 is responsible for the formation of the key activator of PGM,

TABLE 1 Subfamilies in the aPHM superfamily with their identifier and proposed main
function according to the NCBI conserved domain database (CDD)

CDD group name CDD identifier Proposed main function

PGM1 cd03085 Phosphoglucomutase
PGM2 cd05799 Phosphopentomutase (PGM2)/Glc-1,6-BP synthase (PGM2L1)
PGM3(PAGM) cd03086 Phosphoacetylglucosamine mutase
PMM/PGM cd03089 Bi-functional phosphomanno-/phosphoglucomutase
PGM like 1 cd03087 Unknown
PGM like 2 cd05800 Unknown
PGM like 3 cd05801 Phosphoglucomutase
PGM like 4 cd05803 Unknown
ManB cd03088 Phosphomannomutase
GlmM cd05802 Phosphoglucosamine mutase
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Glc-1,6-BP, making it a major regulator in glycolysis and other carbon pathways. Our
finding makes Slr1334 the first bacterial enzyme specific for the production of free Glc-
1,6-BP. Importantly, we show that the homologue of Slr1334 in the human gut bacte-
rium Bacteroides salyersiae catalyzes the same reaction.

RESULTS

Classification of the two PGM isoenzymes from Synechocystis. Synechocystis pos-
sesses two genes annotated as PGMs, the genes sll0726 and slr1334. To classify them
within the aPHM superfamily, we performed a phylogenetic analysis by multi-level align-
ment of all aPHM subfamilies that are considered PGM or “PGM_like.” For this, we collected
the entry sequences from the NCBI Conserved Domains Database (CDD) (4) and retrieved
further sequences by performing BLAST searches in the NCBI RefSeq_protein database. To
focus on glucose-specific aPHMs, the groups of enzymes specific for other sugars like
PMMs, PNGM and PAGMs (cd03086 cd03088, cd05802, cd05805) were omitted from the
analysis (Fig. 1). In general, the aPHMs can be divided into four conserved regions which
are from N- to C-terminus: (i) the active site domain, (ii) the metal binding domain, (iii) the
sugar binding, and (iv) the phosphate binding domain. While the domains 1, 2, and 4 are
usually highly conserved between the different subfamilies, the sugar binding domain
shows a greater variance and can assist in the categorization of aPHMs (Table S1 in the
supplemental material) (2).

Slr1334 is part of the cd05800 (PGM_like2) subfamily present in many bacterial
groups. In agreement with the CDD, our phylogenetic analysis shows that this subfam-
ily forms a distinct cluster of PGMs which clearly separates from other PGM and PGM
like enzymes. The Sll0726 PGM, by contrast, is a member of the cd05801 subfamily, to
which the well characterized PGM from S. typhimurium belongs. With the chosen pa-
rameters (see methods part) we detected a total of 2140 hits for Slr1334 homologues.

Slr1334 shows low PGM activity compared to Sll0726 but behaves differently

in the presence of fructose-1,6-BP. To gain deeper insights into the role of the enig-
matic Slr1334, we overexpressed Sll0726 along with Slr1334 in Escherichia coli and
assessed the PGM enzymatic activity of the purified proteins by measuring the inter-
conversion of Glc-1-P to Glc-6-P in an assay that couples Glc-6-P formation to its subse-
quent oxidation using glucose-6-phosphate-dehydrogenase (G6PDH) and NADP1. We
could show that Slr1334 only displays about 5% of catalytic efficiency compared to
Sll0726 when both PGMs were tested with saturating amounts of the activator Glc-1,6-
BP (60 mM) (Fig. 2, Table 2; see also Fig. 3). Interestingly, the PGM activity of both
enzymes was also measurable without addition of Glc-1,6-BP, which is considered to
be an essential activator. However, in the absence of Glc-1,6-BP, the catalytic efficiency
was about 70 times lower due to a significantly increased Michaelis-Menten constant
(Km) for Sll0726 and Slr1334 alike.

Fructose-1,6- bisphosphate is an endogenous intermediate of the glycolytic pathway
and is known to be an inhibitor of PGM most likely by competing with the reaction inter-
mediate Glc-1,6-BP (20, 21). In a preliminary experiment we tested the effect of different
concentrations of Frc-1,6-BP on Sll0726 and observed major inhibition already at concen-
trations of 100 mM (data not shown). When testing PGM activity by replacing 60 mM Glc-
1,6-BP with 100 mM Frc-1,6-BP, we detected a decrease in catalytic efficiency to 19% as a
consequence of a strongly increased Km (Fig. 2, Table 2). Strikingly, however, for Slr1334 we
detected a different effect: while the catalytic rate constant (kcat) decreased by about 2-
fold, we measured an approximately 100-fold reduced Km resulting in 50 times increased
catalytic efficiency. This raised the question of how Frc-1,6-BP affected the PGM-activity of
Slr1334. We speculated that Frc-1,6-BP might either function as a direct activator similar to
Glc-1,6-BP or be required for the synthesis of the activating compound Glc-1,6-BP during
the reaction of Slr1334. As we will show below, the activating compound turned out to be
Glc-1,6-BP and not Frc-1,6-BP.

Slr1334 forms a product out of Frc-1,6-BP and Glc-1P/Glc-6P that strongly acti-

vates PGM reaction of Sll0726. To determine the amount of Glc-1,6-BP needed to
achieve activation of the Sll0726 PGM reaction at 1 mM Glc-1P we first tested PGM activity
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of Sll0726 at different Glc-1,6-BP concentrations. Maximum activation was achieved at Glc-
1,6-BP concentrations between 30 and 60 mM resulting in a 5-fold increased activity com-
pared to a control reaction without any effectors (Fig. 3). Next, we incubated Slr1334
(0.5 mM) with the phosphorylated sugars Frc-1,6-BP, Glc-1P and Glc-6P (1 mM each) in dif-
ferent combinations and subsequently tested whether the Sll0726 PGM reaction could be
activated by the corresponding reaction products (Fig. 3). As a control, we incubated the
same phosphosugars with Sll0726 (0.5 mM) instead of Slr1334 before testing activation of
the Sll0726 PGM reaction. After incubating Slr1334 and the control reaction with the phos-
phosugars for 1.5 h, the reaction was stopped by heat inactivation and the supernatant
was added in a dilution of 1:10 to the reaction mixture of the Sll0726 PGM reaction assay,

FIG 1 Phylogenetic tree of the aPHM subfamilies that are considered to be “PGM-like” according to CDD. The tree was built on the taxonomy based on
the protein sequences present in the NCBI RefSeq_protein database. The CDD subfamilies cd03086, cd03088, cd05802 and cd05805, which are known to
catalyze distinct reactions, were omitted from the analysis. The organisms investigated in this study are highlighted in bold letters.
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which was then started by adding 1 mM Glc-1P. Only after adding the supernatant of the
Slr1334 reaction containing Frc-1,6-BP and Glc-1P (or Glc-6P) as substrates, the velocity of
the Sll0726 PGM reaction was increased by 5-fold in comparison to the control reaction
without any effector (Fig. 3). When the Sll0726 PGM reaction was performed with the su-
pernatant of the Sll0726 control reaction or the reaction products of Slr1334 using
Frc-1,6-BP as sole substrate, the enzyme velocity was lower than the control without
effectors. This reduction can be explained by the inhibitory effect of Frc-1,6-BP on
Sll0726 as shown in Fig. 2.

In addition to Frc-1,6-BP, we also tested whether Slr1334 can utilize 1,3-BPG instead
of Frc-1,6-BP for Glc-1,6-BP formation as described for the mammalian PGM2L1. Since
1,3-BPG is not commercially available, we established an assay whereby we continu-
ously produced 1,3-BPG by a phosphoglycerate kinase (PGK) reaction using a His-
tagged purified PGK in combination with 1 mM 3PG and 1 mM ATP (see methods
part). This reaction was directly coupled to the reaction of Slr1334 with Glc-1P or Glc-
6P or no substrate. As a control the same reaction was performed with Sll0726 instead
of Slr1334. To test the possible formation of Glc-1,6-BP, the supernatants of these reac-
tions were added to the Sll0726 PGM reaction before performing the enzymatic assay
as described above.

We detected an increase in the Sll0726 PGM activity by approximately 2.5-fold com-
pared to the control without effectors when the supernatant of the Slr1334 reaction
contained 1,3-BPG and either Glc-1P or Glc-6P. No increase in activity was detected
when the supernatant solely contained 1,3-BPG. The supernatant of the control reac-
tion with Sll0726 instead of Slr1334 resulted in no marked change in activity.

By comparing the activation of the Sll0726 PGM reaction by the Slr1334 reaction
products to the activation at different concentration of Glc-1,6-BP we attempted to
estimate the efficiency of Glc-1,6-BP formation from either Frc-1,6-BP or 1,3-BPG. In this
experiment, the Slr1334-catalyzed reaction using 1,3-BPG and G1P as substrates pro-
duced an estimated 1–5 mM the activating compound, while the F-1,6-BP 1 G1P

FIG 2 Slr1334 shows lower PGM activity then Sll0726 and behaves differently in the presence of Frc-1,6-BP. Shown are the
Michaelis-Menten kinetics of Sll0726 (A) and Slr1334 (B): in black, without addition of effectors; in light gray in the presence of
60 mM Glc-1,6-BP; in blue, in the presence of 100 mM Frc-1,6-BP. Three replicates were measured for each data-point. Error
bars represent the SD.

TABLE 2 Kinetic parameters for the conversion of Glc-1P to Glc-6P by Sll0726 and Slr1334 in the presence of different effector molecules as
indicateda

Effector

Sll0726 Slr1334
Catalytic efficiency ratio (%)

(Slr1334/Sll0726)Km (mM) Kcat (s
21) Kcat/Km (M21s21) Km (mM) Kcat (s

21) Kcat/Km (M21s21)

No effector 3.276 0.21 1386 3.7 42.2� 103 3.316 0.14 7.56 0.1 2.3� 103 5.5
Glc-1,6-BP 0.196 0.04 4156 30.6 3038.9� 103 0.096 0.02 14.46 0.7 158.1� 103 5.2
Frc-1,6-BP 26.866 3.35 2186 21.3 8.1� 103 0.036 0.01 3.66 0.2 117.5� 103 1,450
a Km and Kcat values are means of triplicates with6 SD. Catalytic efficiency ratio is given in percentage and was calculated by the ratio of Kcat/Km of Slr1334 and Sll0726.
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reaction produced an estimated 30–60 mM the activating compound Glc-1,6-BP
(Fig. 3). This implies that Frc-1,6-BP as phosphorylating sugar is about 10-fold more
effective than 1,3-BPG for the Slr1334 reaction.

The product of the Slr1334 reaction is not degradable by the Frc-1,6-BP-aldol-

ase. To confirm that the activating compound formed from Glc-1P/Glc-6P and Frc-1,6-
BP through the Slr1334 reaction is in fact Glc-1,6-BP, we analyzed the reaction product
via liquid chromatography-mass spectrometry (LC/MS). Therefore, we incubated
Slr1334 together with 500 mM Frc-1,6-BP and 1 mM Glc-1P for 1.5 h. As a control, the
same substrates were incubated without enzyme. Since LC/MS analysis does not allow
discriminating Glc-1,6-BP from Frc-1,6-BP, we performed an additional reaction step to
specifically degrade Frc-1,6-BP. Therefore, after heat inactivation, the reaction mixture
was incubated with Frc-1,6-BP-aldolase (Fba) and glycerol-3-phosphate-dehydrogen-
ase (GPDH) as well as 1 mM NADH:Fba specifically cleaves Frc-1,6-BP into dihydroxya-
cetone phosphate (DHAP) and glyceraldehyde-3P while Glc-1,6-BP is unaffected. GPDH
subsequently forms glycerol-3-phosphate (glycerol-3P) and NAD1 out of DHAP and
NADH. This is necessary to enable full degradation of Frc-1,6-BP.

After this treatment, LC/MS analysis revealed that a compound with a mass corre-
sponding to either Glc-1,6-BP or Frc-1,6-BP was present in the Slr1334 reaction while
this mass was not detectable in the control reaction where no Slr1334 was present
(Fig. 4). This indicates that Frc-1,6-BP in the control reaction was completely degraded
in the subsequent reaction by Fba as expected, while Frc-1,6-BP in the Slr1334 reaction
was metabolized into a molecule of the same mass that was not degraded by Fba. This
is precisely what is expected when Glc-1,6-BP is produced from Frc-1,6-BP turn-over.
Furthermore, the reaction products from the coupled GPDH reaction, NAD1 and glyc-
erol-3P were more abundant in the control reaction without Slr1334 compared to the
reaction with Slr1334. This indicated that more Frc-1,6-BP was degraded out of the
control reaction than out of the reaction containing Slr1334 due to partial conversion
of Frc-1,6-BP into Glc-1,6-BP by Slr1334 (Fig. 4). Altogether, this experiment strongly
indicated that in the presence of Slr1334, Frc-1,6-BP was partially utilized to form Glc-
1,6-BP. The fact that only a part of Frc-1,6-BP was consumed could be either due to a
too short reaction time or because the reaction reached an equilibrium state.

Slr1334 keeps Frc-1,6-BP and Glc-1,6-BP in an equilibrium. For investigating
whether the formation of Glc-1,6-BP out of Glc-1P/Glc-6P and Frc-1,6-BP is an equilib-
rium reaction, we performed an enzymatic assay to determine the amount of the

FIG 3 Activation of Sll0726 PGM reaction by Glc-1,6-BP or by the reaction products of Slr1334. Shown is
the Sll0726 PGM activity in the presence of different effectors relative to the activity in the absence of
effector molecules (set as 100%, black bar). The different bars represent the following reactions: Dark gray
bars: Relative PGM activity in the presence of different concentrations of activator molecule Glc-1,6-BP, as
indicated. Blue bars: Relative PGM activity in the presence of the supernatant of the Slr1334 reaction
carried out with different combinations of substrates, as indicated. Light gray bars: Same conditions as
adjacent blue bars, except that Slr1334 was replaced by Sll0726, as a control. Three biological replicates
were measured for each datapoint. Error bars represent the SD; asterisks represent the statistical
significance in comparison to the reaction without effectors.
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remaining Frc-1,6-BP. Therefore, Slr1334 was incubated with 500 mM Frc-1,6-BP and
1 mM Glc-1P for 1.5 h. As controls, the same assays were performed with Sll0726 or
without any enzyme. After the reaction was stopped by heat inactivation, the supernatant
was used to run the coupled Fba/GPDH assay in a dilution of 1:10, which would corre-
spond to a final concentration of 50 mM Frc-1,6-BP if no Frc-1,6-BP was consumed. As fur-
ther controls, standards of 50mM and 25mM Frc-1,6-BP were used in the Fba/GPDH assay.
This experiment showed that the concentration of Frc-1,6-BP decreased by about 50%
when in the first reaction Slr1334 was present, while apparently no Frc-1,6-BP was utilized
in the control reactions (Fig. 5). This result agreed with the assumption that the reaction
reaches an equilibrium at 50% product formation, either because of the reversibility of the
reaction or product inhibition.

The Slr1334 reaction is reversible. To reveal whether Slr1334 can catalyze the pro-
posed reverse reaction and synthesize Frc-1,6-BP from Glc-1,6-BP and fructose-1P (Frc-
1P)/fructose-6P (Frc-6P), formation of Frc-1,6-BP was coupled to the Fba and GPDH
reaction. For the assay, 50 mM Glc-1,6-BP was used and the reaction was started by the
addition of 5 mM Frc-6-P. As control reaction, Synechocystis Sll0726 was used. In addi-
tion, we also tested PGM1 from rabbit since this type of PGM was stated to possibly
catalyze this reaction albeit at a very low efficiency (22, 23). The results clearly showed

FIG 4 LC-MS analysis reveals that Slr1334 metabolizes Frc-1,6-BP into a molecule of identical mass that is not
degraded by Frc-1,6-BP-aldolase. Analysis of the products of the reaction without (A) and with Slr1334 (B) via
LC/MS. Shown are the base peak chromatograms (BPC) in the mass range (M-H)- m/z = 79–1,601 (gray) and the
extracted ion chromatograms (EIC) based on the exact masses of NAD1 (M-H)2 = 662.101 m/z (light blue),
NADH (M-H)2 = 664.117 m/z (red), Glycerol 3-P (M-H)2 = 171.006 m/z (yellow), Glc-1,6-BP/Frc-1,6-BP (M-H)2 =
338.988 m/z (purple). The presence of the NAD1 (blue) and Glycerol-3P (yellow) peaks in (B) shows that Frc-1,6-
BP was not fully metabolized into Glc-1,6-BP. Magnification and adjustment of the graphs in (A) and (B) is clear
evidence of the absence (C) or formation (D) of Glc-1,6-BP.

Identification of a Bacterial Glc-1,6-BP Synthase mBio

July/August 2022 Volume 13 Issue 4

D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
jo

u
rn

al
s.

as
m

.o
rg

/j
o
u
rn

al
/m

b
io

 o
n
 3

0
 M

ar
ch

 2
0
2
3
 b

y
 2

0
0
3
:c

2
:a

7
0
0
:e

c0
0
:9

8
0
a:

b
1
ee

:4
3
8
3
:8

3
2
8
.

161

https://journals.asm.org/journal/mbio


that Slr1334 could produce Frc-1,6-BP, resulting in measurable aldolase activity while
the Sll0726 and rabbit PGM controls showed no marked activity (Fig. 6a). Using this
assay, we tried to determine the kinetic constants for the two substrates Frc-6-P and
Glc-1,6-BP. For Frc-6P, a Km of 1 mM and a Kcat of 1.2 s21 could be determined (Fig. 6b,
Table 3). By contrast, the affinity of Slr1334 for Glc-1,6-BP was so high that, even at the
lowest measurable substrate concentrations (2 mM), the reaction proceeded with maxi-
mal velocity (Fig. 6c). Altogether these experiments unequivocally demonstrate that
Slr1334 is the first characterized bacterial Glc-1,6-BP synthase. In contrast to the eukary-
otic Glc-1,6-BP synthase, the prokaryotic enzyme uses Frc-1,6-BP as major phosphoryl
donor for Glc-1,6-BP production.

The Glc-1,6-BP synthase reaction is also performed by other members of the

cd05800 group. To determine whether the reaction catalyzed by Slr1334 is representa-
tive for aPHM enzymes of the cd05800 family, we decided to analyze the corresponding
homologue from the human microbiome associated bacterium Bacteroides salyersiae.
Therefore, we tested formation of Glc-1,6-BP under the same conditions as described
above for Slr1334 by incubating the recombinant cd05800 enzyme from B. salyersiae with
Frc-1,6-BP and Glc-1P or Glc-6P and subsequently adding the supernatant of this reaction
to the Sll0726 assay. As a positive control we used the reaction of Slr1334.

The addition of the supernatant from the B. salyersiae cd05800 PGM increased the
velocity of Sll0726 in a comparable manner as the supernatant of the Slr1334 reaction
(Fig. 7). This indicates that similar amounts of Glc-1,6-BP have been formed in both
reactions, hence revealing that B. salyersiae cd05800 PGM catalyzes the same reaction
as Slr1334.

DISCUSSION

Among the key reactions in carbon metabolism are the phosphoryl transfer reac-
tions on different phosphosugars, which are catalyzed by the members of the aPHM
superfamily. These reactions are essential for glycogen metabolism, amino sugar me-
tabolism as well as cell wall synthesis and are conserved throughout all domains of life.
The interconversion of Glc-1P to Glc-6P and vice versa by PGM is by far the best

FIG 5 Slr1334 produces Glc-1,6-BP out of Frc-1,6-BP in an equilibrium reaction. Shown is the Frc-1,6-BP-
aldolase activity: in dark blue, after addition of the supernatant of the Slr1334 reaction; in light blue, after
addition of the supernatant of the Sll0726 reaction as a control; in black, after addition of the supernatant
without any enzyme. In dark gray and light gray, the aldolase activity measured at Frc-1,6-BP concentrations of
25 mM and 50 mM, respectively, as further control. Frc-1,6-BP was used at concentrations of 500 mM in the
Slr1334 reaction and respective control reactions. Therefore, its final concentration in the Sll0726 assay after
1:10 dilution was expected to be 50 mM assuming no consumption of Frc-1,6-BP in the Slr1334 reaction. Three
replicates were measured for each datapoint. Error bars represent the SD.
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studied of these reactions and investigation of PGM goes back to the 1940s. It has long
been known that PGM requires Glc-1,6-BP as a activator (10). While in mammals free
Glc-1,6-BP has been shown to derive from the reaction of the PGM2L1 enzyme utilizing
Glc-1P and 1,3-BPG as substrates, its origin in prokaryotes has remained unknown (3).

In this study, we used the unicellular cyanobacterium Synechocystis sp. PCC6803 as
a model organism to identify the first bacterial glucose-1,6-BP synthase. This reversible
reaction is a novel function of a member of a distinct aPHM subfamily producing free
a-d-Glc-1,6-BP and Frc-6P from Frc-1,6-BP and Glc-1P/Glc-6P.

Glc-1,6-BP is essential for PGM activity due to the requirement for phosphorylation
of the serine residue at the active site for enzyme activation. The activating reaction
converts Glc-1,6-BP into either Glc-1P or Glc-6P. After this initial activation, the inter-
conversion of Glc-1P to Glc-6P is mediated by a transfer of the phosphate group from
the serine residue at the active site to the 1’ or 6’ position of the substrate respectively,
forming a Glc-1,6-BP intermediate. This intermediate has to reconfigure inside the
enzyme and transfer the phosphate of its 6’ or 1’ position back to the active site serine
leading to the release of Glc-6P or Glc-1P, respectively. As a result of this mechanism,
the active site remains phosphorylated, and the enzyme is ready for a new cycle. However,
it has been shown that the phosphorylation of PGM at the active site is lost after an aver-

FIG 6 Slr1334 catalyzes the reverse reaction to form Frc-1,6-BP out of Glc-1,6-BP and Frc-6P. (A) Activity of Slr1334 (blue), Sll0726 (gray),
and rabbit PGM1 (black) using 50 mM Glc-1,6-BP and 5 mM Frc-6P. (B) Michaelis-Menten kinetics of Slr1334 using different concentrations of
Frc-6P and 50 mM Glc-1,6-BP. (C) Slr1334 reaction at different concentrations of Glc-1,6-BP and 0.5 mM Frc-6P. Three replicates were
measured for each datapoint. Error bars represent the SD; asterisks represent the statistical significance.

TABLE 3 Kinetic parameters of Frc-1,6-BP synthesis by Slr1334a

Substrate Km (mM) Kcat (s
21) Kcat/Km (M21s21)

Glc-1,6-BP ,0.002 1.26 0.03 600,000
Frc-6P 1.06 0.07 .1,200
a Km and Kcat values are means of triplicates with6 SD.
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age of 15–20 reaction cycles by a spontaneous dissociation of the intermediate Glc-1,6-BP

leaving behind an inactive dephosphoenzyme. Therefore, a constant level of Glc-1,6-BP is

necessary to ensure that PGM is kept in an active state (24, 25). While the loss of the inter-

mediate might be regarded as an unfavorable event, it can also be considered as a regula-

tory mechanism that enables regulation of PGM activity based on Glc-1,6-BP levels. For

other aPHMs like PMM and PNGM it is known that the corresponding intermediates (e.g.,

a-d-mannose-1,6-BP and a-d-glucosamine-1,6-BP) are formed during the reaction of the

respective enzymes in the same way as for PGM but no source of those intermediates is

known that would enable an initial activation of these aPHMs or would keep them in an

active state overtime when phosphorylation is lost. However, because many members of

the aPHM family show at least some residual PGM activity, Glc-1,6-BP was suggested to be

the activating compound for these enzymes as well. This has in fact been shown for PNGM

from E. coli which is considered to be an essential enzyme (26). This makes the role of Glc-

1,6-BP in carbon metabolism even more relevant and would explain the failed attempts to

delete the slr1334 gene (19).
In mammals, it was shown that Glc-1,6-BP can also regulate central enzymes of car-

bon pathways by inhibiting hexokinases, 6-phosphogluconate dehydrogenase and

fructose-1,6-bisphosphatase and by activating phosphofructokinase and pyruvate ki-

nase (12). Further studies in mammals showed that Glc-1,6-BP is especially elevated in

brain tissue to a level that highly exceeds the regulatory concentrations needed for

PGM activity, and that reduced levels of Glc-1,6-BP cause severe neurological problems

(27). This indicates that at least in mammals there are likely more functions of Glc-1,6-

BP to be discovered. Given the important role of Glc-1,6-BP in eukaryotic metabolism,

it is surprising that very little is known on the role of Glc-1,6-BP in bacterial physiology.

The only study about the origin of a-d-Glc-1,6-BP production in bacteria proposed a

phosphodismutase reaction with Glc-1P as the sole substrate in E. coli (28). Moreover,

the levels of Glc-1,6-BP in eukaryotes are affected by a specific Glc-1,6-BP phosphatase,

PMM1, which is a phosphomannomutase that is not part of the aPHM superfamily.

Whether a homologue exists in bacteria is currently unknown (29).
In the absence of Glc-1,6-BP, both Slr1334 and Sll0726 showed low PGM activity.

This residual activity can be explained by the fact that a phosphorylation of the active

site serine can also be achieved at high concentrations of Glc-1P but at a much lower

efficiency, leading to high Km values and overall strongly reduced activity (11). In the

presence of Frc-1,6-BP, Sll0726 was strongly inhibited, which agrees with the inhibitory

effect of Frc-1,6-BP on other PGMs (20, 21). By contrast, Frc-1,6-BP enhanced the overall

FIG 7 Slr1334 homologue from B.salyersiae also forms Glc-1,6-BP out of Frc-1,6-BP. Shown is the
Sll0726 PGM activity in the presence of different effectors relative to the activity in the absence of
effector molecules (set as 100%, dark gray bar): The different bars represent the following reactions:
Light gray bars: Relative PGM activity in the presence of the supernatant of the B. salyersiae PGM
reaction carried out with different combinations of substrates, as indicated. Blue bars: Same
conditions as adjacent blue bars, except that B. salyersiae PGM was replaced by Slr1334, as a positive
control. Error bars represent the SD; asterisks represent the statistical significance in comparison to
the reaction without effectors.
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catalytic activity of Slr1334, primarily because of a strongly decreased Km. This effect

can now be attributed to the formation of the activator Glc-1,6-BP.
Like mammalian PGM2L1, Slr1334 can utilize 1,3-BPG as a phosphorylating compound

for Glc-1,6-BP formation, however with a much lower efficiency than Frc-1,6-BP. Although

it cannot be excluded that 1,3-BPG could play a role under certain conditions, Frc-1,6-BP

seems to be more important as it can accumulate to high levels in bacteria (30).
For the mammalian PGM2L1 a reverse reaction (formation of 1,3-BPG and Glc-1P

from Glc-1,6-BP and 3-PG) has not been shown. For Slr1334, we could clearly show re-

versibility of the reaction, producing Frc-1,6-BP from Glc-1,6-BP and Frc-6P. Provided

that both directions of the reaction have similar kinetic properties, Slr1334 appears to

be a bona-fide Glc-1,6-BP synthase, which is prone to activate the main PGM Sll0726.
In contrast to Glc-1,6-BP, Frc-1,6-BP is an obligatory intermediate in glycolysis, gluconeo-

genesis and Calvin-Benson-Bassham cycle. In contrast to mammalian PGM2L1, Synechocystis

Slr1334 uses this sugar as the major substrate for Glc-1,6-BP synthesis. This links the synthesis

of Glc-1,6-BP to the levels of Frc-1,6-BP. Its steady state level depends on the activity of the

opposing reactions of phosphofructokinase (Pfk) and fructose-1,6-bisphosphatase (FBPase),

both of which are regulated in an opposite manner: While PFK is usually activated by the

low energy state metabolites ADP and AMP and downregulated by the high energy state

metabolites ATP and citrate, FBPase is downregulated by AMP while unaffected by high

energy compounds. The level of Frc-1,6-BP is further determined by the Frc-1,6-BP-aldolase

activity. Frc-1,6-BP is also known to be an allosteric activator of pyruvate kinase (PK), the final

step in glycolysis (31).
Altogether, in the cyanobacterium Synechocystis PCC6803, Frc-1,6-BP appears to

have two counteracting effects on PGM activity. On the one hand, it acts as a direct in-

hibitor of PGM; on the other hand, it gives rise to the synthesis of the PGM activator

Glc-1,6-BP through the activity of Slr1334. Furthermore, since these double phospho-

rylated sugars may affect further enzyme reactions, by connecting these two metabo-

lites, Slr1334 might represent a crucial regulatory point in glycolysis (Fig. 8). This

conclusion would further underline the essential role of slr1334 (19).
Interestingly, our phylogenetic analysis revealed the cd05800 subfamily as the most pri-

mordial group of phosphoglucomutases. This group appears to be especially present in bac-

terial classes that are considered deeply branching bacteria meaning they are relatively close

to the last common universal ancestor. Examples for this are the classes of Deinococci,

Aquificae, Thermotogae, Bacteroidetes, and Cyanobacteria, where this PGM subfamily is

widely distributed. This finding is supported by the fact that cd05800 members can also be

found in archaea. In agreement with this, the first characterized representative of this group,

Slr1334 shows both PGM and Glc-1,6-BP activity. This suggests that in primordial systems

these PGMs with broad functionality could have performed PGM reactions without the

requirement for specific Glc-1,6-BP synthase enzymes. During subsequent functional diversi-

fication, the PGMs may have adopted unique functions, with specialization toward efficient

conversion of Glc-6-P into Glc-1P on the one hand. On the other hand, they may have lost

the ability to sufficiently catalyze other reactions like Glc-1,6-BP synthesis. This assumption

agrees with our observation that in some bacteria the primordial, more universal cd05800

PGM is the only subfamily found. In contrast, the more specialized and highly efficient

cd03085 and cd05801 PGMs are always accompanied by other subfamily members (mainly

cd05800). Conversely, the cd03089 PGM/PMM, often associated with pathogenic bacteria, is

never accompanied with a cd05800 representative which raises the question how those

strains produce Glc-1,6-BP (Table S2). To clarify these issues, further investigations on aPHM

members from various bacterial groups are required.
We were able to show that the cd05800 PGM from the human gut commensal bac-

terium B. salyersiae also catalyzes the synthesis of Glc-1,6-BP out of Frc-1,6-BP like

Slr1334 (Fig. 7). In the case of B. salyersiae, the enzyme appears to have an even higher

catalytic efficiency for the Glc-1,6-BP synthase reaction than for the standard PGM reac-

tion (Fig. S1 in the supplemental material). Therefore, we conclude that the formation
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of Glc-1,6-BP might be a general feature of this PHM subfamily. However, further stud-
ies on members of this group are required to support this hypothesis.

Interestingly, members of the cd05800 group are also present in emerging human
pathogenic species like Vibrio, Eggerthella, and Brachyospyra (Fig. 1) and are likely to
play a key role in the metabolism of these pathogens. In fact, due to their crucial role
in capsule and cell wall synthesis PGMs have been suggested as novel targets for the
development of anti-infectives in prophylactic and therapeutic interventions (5, 32). It
is tempting to speculate that Glc-1,6-BP synthases of the cd05800 family, in virtue of
their absence in eukaryotes, may also be interesting candidates for the development
of novel drugs modulating the microbiota with little collateral damage to the host.

MATERIALS ANDMETHODS

Isothermal, single-reaction DNA assembly (Gibson cloning). Cloning was performed as described by
Gibson, Young (33) using E. coli NEB10b cells (details in Table S5). All primers and plasmids used are
shown in Table S3 and Table S4 in the supplemental material, respectively.

Cultivation of Escherichia coli. If not otherwise stated E. coli was grown in Luria-Bertani medium at
37°C (34). For growth on plates, 1.5% (wt/vol) agar-agar was added. For cells containing plasmids, the
appropriate concentration of antibiotics was used. All E. coli strains used in this study are listed in
Table S5 in the supplemental material.

Protein overexpression and purification. The plasmids used for protein overexpression are shown
in Table S4 in the supplemental material. Escherichia coli Rosetta-gami (DE3) (details Table S5) was used for
the overexpression of all proteins. For this, cells were cultivated in 2xYT (3.5% tryptone, 2% yeast extract,
0.5% NaCl; 1L of culture in 5L flasks) at 37°C until reaching exponential growth (OD600 0.6–0.8). Protein
overexpression was induced by adding 75mg/L anhydrotetracycline, followed by incubation at 20°C for 16
h. Cells were harvested by centrifugation at 4000 g for 10 min at 4°C. Cell disruption was performed by
sonication in 40 mL of lysis buffer (100 mM Tris-HCl pH 7.5, 500 mM NaCl, 10 mM MgCl2, 20 mM Imidazole
for His-tagged proteins and 100 mM Tris-HCl pH 8, 150 mM NaCl, 10 mM MgCl2 for Strep-tagged proteins);
lysis buffers were supplemented with DNase I and cOmpleteTM protease inhibitor cocktail (Roche, Basel).

FIG 8 Potential role of Slr1334 in glycolysis. Shown is the potential role of Slr1334 in regulating
activity of aPHMs and the concentration of key metabolites in glycolysis. PGM: Phosphogluco-
mutase; PGI: Glc-6P-Isomerase; PFK: Phosphofruktokinase; FBAse: fructose-6P phosphatase; FBA:
Frc-1,6-BP-aldolase; TPI: Triosephosphate isomerase; GAPDH: Glyceraldehyde-3P dehydrogenase;
DHAP: Dihydroxyacetone phosphate.
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The cell lysate was centrifuged at 40,000 g for 45 min at 4°C and the supernatant was filtered with a
0.22mM filter.

For the purification of His-tagged proteins, 5 mL Ni-NTA HisTrap columns (GE Healthcare, IL, USA)
were used. The cell extracts were loaded onto the columns, washed with wash buffer (50 mM Tris-HCl
pH 7.4, 500 mM NaCl, and 50 mM Imidazole) and eluted with elution buffer (50 mM Tris-HCl pH 7.4,
500 mm NaCl, and 500 mM Imidazole).

Measurement of PGM activity of Sll0726 and Slr1334 in vitro. Buffer for enzymatic reactions was
composed of 50 mM HEPES-KOH pH 7.5, 150 mM KCl, 10 mM MgCl2, 1 mM NADP1, 1 mM DTT, and 1 U/mL
G6PDH from Saccharomyces cerevisiae (G6378, Sigma-Aldrich). For Sll0726 activity, 60 ng of Strep-tagged puri-
fied protein was added to each reaction. For slr1334 activity, 650 ng of purified protein was added. For tests
with saturating Glc-1,6-BP concentrations, 60 mM Glc-1,6-BP have been used. Reaction was started by the
addition of glucose-1P. Reactions were carried out in a total of 300 mL in a 96-well microplate. Absorption
change at 340 nm was continuously measured for 15 min at 30°C in a TECAN Spark Multiplate reader (Tecan
Group AG, Männedorf, Switzerland). At least three replicates were measured.

Measurement of Glc-1,6-BP formation. The reaction buffer was composed of 50 mM HEPES-KOH pH
7.5, 150 mM KCl and 10 mM MgCl2. To test the formation of Glc-1,6-BP out of Frc-1,6-BP 1 mM Frc-1,6-BP,
1 mM Glc1P or 1 mM Glc-6P were added in different combinations. To test the formation of Glc-1,6-BP out of
1,3-BPG instead of Frc-1,6-BP, 1 mM ATP, 1 mM 3-PG and 60 mg PGK have been used. Sll0726 and Slr1334
concentration were 30 mg/mL. The reactions were performed for 1.5 h at 30°C followed by heat inactivation
at 90°C for 10 min with subsequent centrifugation at 25000 g for 10 min at 4° C. The supernatants of the vari-
ous reactions were used at 1:10 dilution in the Sll0726 activity assay.

Measurement of Frc16BP formation by coupling to Frc-1,6-BP aldolase assay. To measure the
formation of Frc-1,6-BP by Slr1334, the reaction buffer was composed of 50 mM HEPES-KOH pH 7.5,
150 mM KCl, 10 mM MgCl2, 0.2 mM NAD, 7 mg Slr1334, 1U/mL FBP-aldolase from rabbit muscle and 1U/
mL GDH from rabbit muscle. Concentrations of Glc-1,6-BP and Frc-6P were varying depending on the
experiment. Reaction was started by the addition of Glc-1,6-BP or Frc-6P depending on the experiment.

To measure residual Frc-1,6-BP after running the Slr1334 reaction, the buffer was composed of
50 mM HEPES-KOH pH 7.5, 150 mM KCl, 10 mM MgCl2, 0.2 mM NAD, 0.02U/mL aldolase from rabbit mus-
cle and 1U/mL GDH from rabbit muscle.

All reactions were carried out in a total of 300 mL in a 96-well microplate. Absorption change at
340 nm was continuously measured for 15 min at 30°C in a TECAN Spark Multiplate reader (Tecan Group
AG, Männedorf, Switzerland). The enzymatic activity was then calculated. At least three replicates were
measured.

LC-MS measurement. Sample preparation. Reaction buffer was composed of 50 mM HEPES-KOH
pH 7.5, 150 mM KCl and 10 mM MgCl2. For the reaction without enzyme 500 mM Frc-1,6-BP and 1 mM
Glc1-P were added. For the Slr1334 reaction, 30 mg of Slr1334 have been used additionally. Reaction
was carried out in a total volume of 1 mL at 30°C for 1h. Afterwards, reaction was stopped by heat inacti-
vation at 90° C followed by centrifugation at 25000 g for 10 min at 4°C.

For degradation of Frc-1,6-BP, 1 mM NADH, 2U/mL of aldolase from rabbit muscle and 2U/mL of
GDH from rabbit muscle were added. Reaction was carried out followed by inactivation at the same con-
ditions as before.

LC/MS analysis. LC/MS analysis was performed using an electrospray ionization time of flight (ESI-
TOF) mass spectrometer (MicrOTOF II; Bruker Daltonics), operated in negative ion-mode connected to
an UltiMate 3000 high-performance liquid chromatography (HPLC) system (Dionex). The separation in
the HPLC was carried out using a SeQuant ZIC-pHILIC column (PEEK 150 � 2.1 mm, 5 mm, 110 Å, Merck)
at 30°C with an CH3CN (buffer A) and 100 mM (NH4)2CO3, pH 9 (buffer B) buffer system. A single run
(injection volume of 5 mL) was performed with a flow rate of 0.2 mL/min and a linear gradient of 25 min,
reducing the concentration of buffer A from 82% to 42%. Before (5 min) and after (10 min) the gradient,
the column was equilibrated with 82% buffer A.

Phylogenetic analysis of aPHM subfamilies. The occurrence of members of the aPHM subfamilies
was investigated in organisms included in the NCBI RefSeq_protein database using the default settings
of blastp. The search returned 2140 hits for Slr1334 homologues and .5000 hits for Sll0726 homologues
by using the following threshold:

E-value# 10240; sequence identity$ 30%; Query coverage$ 95%
Phylogenetic tree data were created using the ClustalW implementation from the European

Bioinformatics Institute and the phylogenetic tree was created using the Interactive Tree of Life (iTOL)
v5 online tool (35, 36).

Statistical analysis. Statistical details for each experiment can be found in the figure legends. GraphPad
PRISM was used to perform one-sided ANOVA to determine the statistical significance. Asterisks (*) in the fig-
ures symbolize the P-value: one asterisk represents P # 0.05, two asterisks P # 0.01, three asterisks P # 0.001,
and four asterisks P# 0.0001.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.1 MB.
TABLE S1, DOCX file, 0.02 MB.
TABLE S2, DOCX file, 0.02 MB.
TABLE S3, DOCX file, 0.01 MB.
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TABLE S4, DOCX file, 0.01 MB.
TABLE S5, DOCX file, 0.02 MB.
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Supplementary Material 

Name Typical length (aa) Sugar-binding domain sequence 
motif 

cd03085 (PGM1) ~550 CGEESFG 

cd05799 (PGM2) 550 3 650 AFEEAIG 

cd03089 (PMM/PGM) ~450 AGEMSGH 
cd03087 (PGM_like1) ~450 GGEGNGG 

cd05800 (PGM_like2) ~450 GGEESGG 

cd05801 (PGM_like3) ~550 GGEESAG 

cd05803 (PGM_like4) ~450 GGEGNGG 

cd03085 cd05799 cd03089 cd03087 cd05800 cd05801 cd05803 

Mycobacterium tuberculosis + + + 

Escherichia coli + + 

Helicobacter pylori + 

Bordetella pertussis + 

Neisseria gonorrhoeae + 

Eggerthella lenta + 

Bacteroides salyersisae + + + 

Synechocystis sp. PCC6803 + + 

Prochlorococcus marinus + + 

Nostoc punctiforme + + 

Deinococcus radiodurans + + 

Geobacter metallireducens + 

Litorilinea aerophilia + + 

Prosthecochloris vibrioformis + + + 

Granulicella mallensis + + 

Ammonifex degensii + + + 

Vibrio cholerae + + + 

Caldicellulosiruptor owensis + 

Thermotoga caldifontis + 

Haloplanus aerogenes + + 

Persephonella atlantica + 

Bacillus subtilis + 

Staphylococcus aureus + + 

Table S2: Distribution of PHM subfamilies considered to be PGM or <PGM_like= in different 
bacterial strains 

Blue color with (+) shows the presence of the respective ³PHM subfamily in the listed strains

Table S1: PGM and <PGM like= subfamilies according to CDD:

Given is the typical length and characteristic sugar-binding sequence motif of each PGM subfamily. 

Highly conserved amino acids are highlighted in bold  

170



Figure S1: Specific activity of the Slr1334 orthologue from Bacteroides salyersiae: 

Shown is: in blue, the reversible Glc-1,6-BP synthase activity of the B. salyersiae Slr1334 orthologue in 

the presence of 50 ¿M Glc-1,6-BP and 5 mM Frc-6P yielding Frc-1,6-BP; in dark gray and light gray, the

PGM activity of the B. salyersiae Slr1334 orthologue in the sole presence of 1 mM Glc-1P, or in the 

simultaneous presence of 60 ¿M Glc-1,6-BP and 1 mM Glc-1P, respectively.

Primer Sequence (59 - 39)
pASK-C(slr1334)_fw TAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAATGGTTTACACTC

CTGCTCC 

pASK-C(slr1334)_rev GGTCTTATTTTTCGAACTGCGGGTGGCTCCAGCTAGCCATGTGAGATGATT

GTGCAGGCTTG 

pASK-C(sll0726)_fw TAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAATGACAAGCAGA

ATTAATCC 

pASK-C(sll0726)_rev GGTCTTATTTTTCGAACTGCGGGTGGCTCCAGCTAGCCATGCCCAAAGCCGA

GGTAACAATG 

pASK-IBA5_Cterm_fw GGCTAGCTGGAGCCACCCGCAGTTCGAAAAATAAGACCATGGTCTCTGATAT

CTAACTAAG 

pASK-IBA5_Cterm_rev TTGTATATCTCCTTCTTAAAGTTAAAC 

Table S3: List of the primers used in this study 
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Plasmid Purpose 

pASK-C(sll0726) Expression of Strep-tagged Sll0726 in E.coli 

pASK-C(slr1334) Expression of Strep-tagged Slr1334 in E.coli 

pET15b(PGK) Expression of His-tagged Phosphoglycerate-kinase in E.coli 

Strain Genotype Purpose Manufacturer 

E. coli NEB10³ �(ara-leu) 7697 araD139 fhuA�lacX74 
galK16 galE15 e14-§80dlacZ�M15 
recA1 relA1 endA1 nupGrpsL(StrR) 

rphspoT1 �(mrr-hsdRMS-mcrBC)

 

Molecular 

cloning 

New England Biolabs 

 (Ipswich (Massachusetts), 

USA) 

E. coli Rosetta

gami (DE3) 

�(ara-leu)7697 �lacX74 �phoA PvuII

phoR araD139 ahpC galE galK rpsL 

(DE3) F'[lac+ lacIq pro] gor522::Tn10 

trxB pLysSRARE (CamR, StrR, TetR) 

Protein 

overexpression 

Merck Millipore  

(Billerica (Massachusetts), 

USA)  

Table S4. List of the plasmids used in this study 

Table S5. List of the bacterial strains used in this study 
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On the role and regulation of glycogen catabolic isoenzymes in 1 

Synechocystis sp. PCC6803  2 

3 

Niels Neumann, Kenric Lee, Karl Forchhammer 4 
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Interfaculty Institute of Microbiology and Infection Medicine, University of Tübingen, Auf der 

Morgenstelle 28, 72076 Tübingen, Germany 

Abstract 

Glycogen is the main carbon storage polymer in many organisms and widespread throughout all domains 

of life. In cyanobacteria glycogen degradation plays an essential role when metabolism changes to a 

heterotrophic mode during dark phases or the resuscitation from nitrogen starvation. Like many other 

cyanobacteria the genome of Synechocystis sp. PCC 6803 encodes for several homologues of glycogen 

catabolic enzymes. The role and regulation of this isoenzymes has so far been only partly understood. 

Here we show via biochemical analysis that the glycogen phosphorylase GlgP1 is regulated by a C-

terminal redox switch unique to certain cyanobacteria. This is the first time a redox regulation of a 

glycogen degrading enzyme has been shown in prokaryotes.  Remarkably, GlgP1 is inactivated in its 

reduced state and gets activated via oxidation by ROS. We conclude that GlgP1 is especially important 

for rapid glycogen degradation in certain stress conditions during photoautotrophic growth. We suggest 

that thereby carbon is channeled through the OPP pathway, to stabilize photosynthesis during situations 

of high ribulose-1,5-BP demands. Furthermore, we suggest that the concomitant formation of NADPH 

within this pathway is essential to regenerate ROS scavenging compounds like GSH to reduce potential 

oxidative damage and to improve survivability under prolonged phases of oxidative stress. In addition, 

we show for the first time the role of the two glycogen debranching isoenzymes where GlgX1 turned 

out to be the essential glycogen debranching enzyme during resuscitation from chlorosis, while the 

role of GlgX2 remains elusive.26 

27 

28 

29 

30 

31 

32 
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Introduction 34 

35 

Glycogen is the major carbon storage compound in animals, fungi and most bacteria. It9s a glucose 36 

polymer linked at position ³-1,4 with branches at position ³-1,6. In bacteria, particularly in free living37 

strains, glycogen is usually built up under conditions of carbon surplus and degraded when energy or 38 

carbon supplies are limited  [1-3].  In cyanobacteria glycogen plays a key role in carbon metabolism and 39 

is tightly coupled to a photoautotrophic lifestyle where excess fixed CO2 is stored as glycogen during 40 

the day which thereon gets catabolized during the night when metabolism switches to a heterotrophic 41 

mode. This essential role is further underlined by the fact that glycogen metabolic enzymes are 42 

conserved in all known cyanobacterial strains [4].  Next to providing energy during dark phases, 43 

glycogen degradation is also known to play a crucial role during acclimation to environmental stress 44 

conditions, such as the lack of available combined nitrogen sources, frequently occurring in marine and 45 

terrestrial ecosystems [5]. Adaptation to nitrogen starvation in non-diazotrophic cyanobacteria is 46 

characterized by the initiation of a genetically determined program, called chlorosis, where cells enter a 47 

state of dormancy, enabling them to outlive long periods of nitrogen deprivation. From this state the 48 

cells can resuscitate within 48 hours once combined nitrogen sources are available again [6]. This 49 

resuscitation process is supported by a rapid degradation of the previously accumulated high amounts 50 

of glycogen, which provides the building blocks for re-establishing the metabolic processes [7, 8].  51 

Glycogen breakdown requires the coordinated action of glycogen phosphorylase (GlgP) and glycogen 52 

debranching enzyme (GlgX): The GlgP reaction releases Glc-1P by transferring orthophosphate to the 53 

non-reducing end of glucose residues which is considered the rate limiting step in glycogen catabolism 54 

[9]. This processive reaction stops once GlgP reaches the last four glucose residues left on a branch. In 55 

prokaryotes those remaining glucose units are hydrolyzed by <direct= debranching enzymes, releasing56 

maltotetraose which can be further metabolized by maltodextrin phosphorylase (MalP) and by a-1,4-57 

glucanotransferase (MalQ) [10]. The released Glc-1P is then turned to Glc-6P by phosphoglucomutase 58 

(PGM) and can fuel different metabolic pathways including the Embden3Meyerhof3Parnas (EMP), the59 

Entner-Doudoroff (ED) and the oxidative-pentose-phosphate (OPP) pathway.  60 

Like many other cyanobacteria, the genome of the unicellular model organism Synechocystis sp. 61 

PCC6803 encodes for several isoenzymes involved in glycogen catabolism, including the glycogen 62 

phosphorylases sll1356 (glgP1) and slr1367 (glgp2) and the glycogen debranching enzymes slr0237 63 

(glgX1) and slr1857 (glgX2). Of the two phosphorylases it has been shown that only GlgP2 is 64 

responsible for glycogen degradation during the dark and during resuscitation from chlorosis. GlgP1 on 65 

the other hand does not contribute to glycogen degradation under those conditions but has been shown 66 

to be relevant for growth at high temperatures [8, 11].  The roles of GlgX1 and GlgX2 have so far not 67 

been investigated at all and it is unclear if these enzymes also diverge in their activity and role in 68 

Synechocystis. The need to switch between autotrophic and heterotrophic modes in cyanobacteria 69 

implies that glycogen catabolism must undergo a strict regulation to prevent a premature degradation of 70 
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glycogen. While our previous work showed that PGM plays an essential role in the regulation of 71 

glycogen metabolism during chlorosis and resuscitation, the diverging roles of GlgP1 and GlgP2 also 72 

imply a direct regulation of these enzymes [12].   73 

In this study we show that the activity of GlgP1 but not GlgP2 is strongly regulated by a C-terminal 74 

isoenzyme specific redox switch, unique in certain cyanobacterial strains. We assume that GlgP1 75 

activity is closely linked to stress conditions during photosynthetic growth. Thereby, carbon flow 76 

through the OPP can provide a way for fast ribulose-1,5-BP regeneration and the formation of reduction 77 

equivalents, which are highly demanded during certain stress conditions.  Furthermore, we show that 78 

GlgX1 is the major glycogen debranching enzyme essential for resuscitation from chlorosis and 79 

significantly enhances GlgP activity. This enhancement is particularly evident with glycogen originating 80 

from Synechocystis.  81 

82 
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Results 100 

101 

GlgP1 activity is inhibited under reducing conditions 102 

Synechocystis expresses two isoforms of glycogen phosphorylases, the product of sll1356 (glgP1) and 103 

slr1367 (glgP2). Previous studies showed that GlgP2 is essential for glycogen degradation during the 104 

night and resuscitation from chlorosis while GlgP1 does not contribute to glycogen degradation under 105 

those conditions. However, the enzymatic activity and regulation of GlgP1 and GlgP2 has so far not 106 

been investigated.  107 

To determine the enzymatic activity of GlgP1 and GlgP2 we purified the respective recombinant 108 

proteins overexpressed in Escherichia coli. Since GlgP requires pyridoxal phosphate (PLP) as an 109 

essential co-factor, we measured UV/Vis absorbance to ensure that both enzymes show equal loading 110 

with PLP (Figure S1). We assessed the GlgP enzymatic activity by measuring the release of Glc-1P in 111 

an assay that couples Glc-1P interconversion to Glc-6P by phosphoglucomutase (PGM) followed by 112 

oxidation using glucose-6-phosphate-dehydrogenase (G6PDH) and NADP+. As substrates we used a 113 

fixed concentration of 10 mM KH2PO4 (saturating conditions, data not shown) and glycogen derived 114 

from oyster at final concentrations between 0.1 and 1 % to start the reaction. We could show that both 115 

purified GlgPs were active and were able to degrade glycogen in vitro. Interestingly, GlgP1 and GlgP2 116 

have similar KM values for glycogen, but GlgP1 shows a higher overall catalytic efficiency (Figure 1, 117 

Table 1).  118 

Inspired by the findings of Florencio, Pérez-Pérez [13] who identified GlgP2 as a possible target of 119 

TrxA, we tested if performing the GlgP assay under reducing conditions modulates the activity of GlgP1 120 

and GlgP2. Therefore, we incubated the GlgP1 and GlgP2 master mix with 5 mM of the reducing agent 121 

dithiothreitol (DTT) for 30 minutes before starting the enzymatic assay by addition of glycogen. 122 

Strikingly, we observed that under reducing conditions GlgP1 did not follow standard Michaelis-Menten 123 

kinetics anymore but showed an allosteric/sigmoidal kinetic curve. Catalytic efficiency of GlgP1 124 

dropped to 7.5 % of the original activity as a result of a strongly increased K0.5 and a reduced Kcat. GlgP2 125 

activity was not markedly changed under reducing conditions (Figure 1, Table 1). 126 

Next, to find out which concentrations of DTT are needed for GlgP1 to show maximum inhibition we 127 

performed a redox titration where we treated GlgP1 with different concentrations of DTT, ranging from 128 

1 to 10 mM for 30 min. As shown in Figure 1C, treatment with 5 mM DTT for 30 min is sufficient for 129 

maximum inhibition of GlgP1 and higher DTT concentrations do not further reduce enzymatic activity. 130 

GlgP1 treated with 5 mM DTT was therefore used as a reference for a fully reduced enzyme in all 131 

upcoming experiments. Treatment of the purified GlgP1 with H2O2 on the other hand did not increase 132 

enzymatic activity, suggesting that our purified, untreated GlgP1 is already fully oxidized. 133 

134 
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135 
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160 

Figure 1: GlgP1 is strongly inhibited in presence of DTT 

Shown is the Michaelis-Menten kinetics of GlgP1 (A) and GlgP2 (B): In black, without addition of effectors; in light 

grey, after 30 min incubation with 5 mM DTT. At least three replicates were measured for each data-point. Error bars 

represent the SD. (C): Shown is the activity of GlgP1 at 0.1% glycogen: In black, an untreated control which was 

considered 100%; in light grey bars, activity at different concentrations of DTT as indicated on the x-axis. 
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GlgP1 GlgP2 

Treatment Kcat KM or K0.5 

Catalytic 

efficiency 

Kcat/Km or K0.5 

Kcat KM 

Catalytic 

efficiency 

Kcat/Km 

Untreated 6.56 ± 0.16 0.07 ± 0.01 93.71 4.44 ± 0.14 0.06 ± 0.01 74.00 

5 mM DTT 2.90 ± 0.08 0.41 ± 0.09 7.07 4.94 ± 0.09 0.08 ± 0.01 61.75 

161 

162 

163 

164 

GlgP1 activity is modulated by TrXA and gets activated by oxidation 165 

To gain deeper insights in the apparent redox regulation of GlgP1, we tested the enzymatic activity of 166 

GlgP1 in comparison to GlgP2 under the influence of different reducing agents to see if we observe a 167 

similar effect as with DTT before. Therefore, we compared the treatment of GlgP1 and GlgP2 (25 nM 168 

each) with 5 mM DTT with the treatment of the thiol independent reducing agent TECEP. Furthermore, 169 

we tested the intracellular present redox active molecules glutathione (GSH) and cysteine (all in 170 

concentrations of 5 mM). In addition, we also purified the product of slr0623 encoding thioredoxin A 171 

(TrxA) and tested treatment of GlgP1 and GlgP2 with previously reduced TrxA (TrxA_red) and oxidized 172 

TrxA (TrxA_ox) at concentrations of 2.5 µM respectively. As substrates we used 10 mM KH2PO4 and 173 

0.1% of oyster glycogen. The activity of untreated GlgP1 and GlgP2 served as a reference. The results 174 

showed that in addition to 5 mM DTT, TrxA_red showed the strongest effect on GlgP1 by decreasing 175 

its activity to about 20% of the original activity. With about 40 % remaining activity, treatment with 176 

TECEP showed a weaker inhibition than DTT and TrxA even though TECEP and DTT have comparable 177 

reduction potentials (-0.29 V vs. -0,33 V). GSH, cysteine and TrxA_ox showed no marked effect on 178 

GlgP1 (Figure 2A). Furthermore, GlgP2 activity was not markedly affected by any of these treatments 179 

(Figure 2B). 180 

These results clearly demonstrate inhibition of GlgP1 activity by the presence of certain reducing agents. 181 

The fact that TrXA_red is highly efficient in reducing GlgP1 at low concentrations, whereas other 182 

intracellular reducing compounds like GSH and cysteine show no effect even at high concentrations, 183 

indicates a specific modulation of GlgP1 activity by TrXA. 184 

185 

186 

Table 1: Kinetic parameters of GlgP1 and GlgP2 with and without 5 mM DTT 

KM/K0.5 and Kcat values are means of triplicates with ± SD. 
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187 

188 
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192 

193 

 194 

 195 

196 

197 

198 

Activity of reduced GlgP1 can be restored by H2O2 and glutathione disulfide (GSSG) 199 

200 

201 

202 

203 

204 

205 

206 

207 

208 

209 

210 

Do determine if reduced GlgP1 can be re-activated by oxidation, we incubated the previously DTT-

reduced GlgP1 with the following oxidizing agents for 30 minutes: oxidized DTT (DTTox) glutathione 

disulfide (GSSG) (5 mM each) and TrXA_ox (10 µM). For the stronger and potentially protein 

damaging oxidizing agents CuCl2 and H2O2 we determined the ideal concentration in a previous titration 

experiment (data not shown). This turned out to be 5 µM of CuCl2 and 0.08% of H2O2. We considered 

the activity of untreated GlgP1 as 100% while the reduced GlgP1 showed about 10% remaining activity. 

The strongest re-activation of GlgP1 could be achieved by treatment with H2O2 and GSSG leading to an 

increase in activity to 65% and 50% of the original activity, respectively. Treatment with CuCl2 lead to 

an increase in activity to about 30% of original activity. Treatment with DTT_ox only led to an increase 

to about 20 % of original activity while the treatment with TrX_ox showed no marked increase in 

activity at all (Figure 3). Altogether, activity of reduced GlgP1 could be restored by certain oxidizing

conditions, indicating the presence of a specific redox switch that is lacking in GlgP2.  211 

212 

213 

214 

215 

216 

Figure 2: GlgP1 activity is specifically modulated by TrXA: 

(A) shows the activity of GlgP1 after 30 min incubation with different reducing agents. Values represent relative activity 

and are compared to the reaction with no effectors which was considered 100%. (B) shows the same experiment as a for 

GlgP2.  At least three replicates were measured for each datapoint. Error bars represent the SD.
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217 
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223 

224 

225 

226 

227 

 228 

229 

230 

231 

GlgP1 activity is regulated by a C-terminal redox switch. 232 

233 

234 

235 

236 

237 

238 

239 

240 

241 

242 

243 

244 

To determine the regulatory site involved in redox regulation of GlgP1 we aligned the aa sequence of 

GlgP1 and GlgP2, revealing a high overall sequence identity of 62 %. By searching for prominent 

cysteine residues which might form disulfide bonds, we identified a characteristic motif at the C-

terminal domain of GlgP1 containing two cysteine residues at position 837 and 842. By searching for 

this domain in other organisms we also identified that this domain is unique to certain strains of 

cyanobacteria. (Figure 4A). Prediction of the respective protein structure by AlphaFold suggests a

surface exposed hairpin structure with a potential disulfide formation between the cysteines C837 and 

C842 (Figure 4B). To analyze whether this domain is in fact responsible for redox regulation, we

created a point mutation by exchanging the cysteine at position 837 with a serine residue to mimic a 

permanently reduced state of the enzyme. The activity of the GlgP1 C837S variant corresponded 

precisely to the activity of the fully reduced GlgP1 WT, but in contrast to the WT enzyme this variant 

did not respond to treatment with oxidizing agents (Figure 4C, Figure S1). This result clearly

demonstrates that the C-terminal segment of GlgP1 acts as a redox sensitive element to tune the 

activity of this enzyme. 

245 

246 

Figure 3: Activity of reduced GlgP1 can be restored by oxidation. 

Shown is the activity of GlgP1: in black the untreated control which was considered 100%; in dark grey, fully reduced 

with 5 mM DTT; in light grey fully reduced with subsequent treatment with different oxidizing agents. At least three 

replicates were measured. Error bars represent the SD. 
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Figure 4: GlgP1 is regulated by a C-terminal redox switch exclusive to cyanobacteria. 

(A): Alignment of the C-terminal domain of different bacterial GlgP homologues. Marked in red is the characteristic 

cysteine motif in GlgP1 homologues.  

(B): Structure of Synechocystis GlgP1 predicted by AlphaFold. Shown in detail is the unique C-terminal domain with a 

predicted disulfide bond formation of Cys837 and Cys842. 

(C): Shown is the GlgP1 activity: in black, without effector which was considered 100%; in dark grey, in the fully reduced 

state after treatment with 5 mM DTT; in light grey, activity of the GlgP1 C837S variant without any effectors.  At least 

three replicates were measured. Error bars represent the SD. 
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 A glgp1 knockout mutant shows growth inhibition when light intensity is increased 269 

270 

271 

272 

273 

274 

275 

276 

Regulation of Glgp1 by TrXA and ROS implies a connection to photosynthetic activity. To determine 

if a glgp1 deficient mutant shows growth impairment when light intensity is increased, we compared 

growth of a glgp1 and a glgp2 deficient mutant to the wildtype at elevated light intensities. For this 

experiment the cultures were first grown at 50 µE for 24 hours followed by an increase in light intensity 

to 120 µE. Strikingly, we observed an immediate growth impairment for glgp1 which resulted in a 

fully restricted growth after 72h while WT and the glgp2 mutant were unaffected (Figure 5). Since

ROS formation should be increased after changing light intensity to 120 µE this finding supports our 

hypothesis in glgp1 being important under situations of increased oxidative stress. 277 

278 

279 

280 

281 

282 

283 

284 

�glgp1

�glgp2

WT 

Figure 5: GlgP1 plays a role in growth at moderate light intensities 

Shown are the growth curves of �glgp1 (blue) and �glgp2 (grey) deficient mutants compared to the WT (white). Strains 

grown with ambient air at 28°C with constant illumination at 50 ¿molçm22çs21 for 24 hours, before elevation to 120 

¿molçm22çs21.
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A glgx1 knockout mutant is impaired in recovery from chlorosis 285 

286 

287 

288 

289 

290 

291 

292 

293 

294 

295 

296 

297 

For a complete breakdown of glycogen, the activity of the glycogen phosphorylase GlgP needs to be 

accompanied by a glycogen debranching enzyme. Like with GlgP1 and GlgP2, Synechocystis possesses 

two annotated isoenzymes of glycogen debranching enzymes, Slr0237 (GlgX1) and Slr1857 (GlgX2), 

which have so far not been investigated regarding their role and activity. To gain deeper insights into 

the physiological role of GlgX1 and GlgX2 we created knockout mutants of glgx1 and glgx2 and 

investigated their viability during diurnal growth and during resuscitation from chlorosis by estimating 

viable cells counts using the drop-plate assay. When cells were grown at diurnal rhythm, none of the 

mutants showed growth impairment compared to the wildtype. However, during resuscitation from 

nitrogen chlorosis, a strong growth impairment of the glgx1 knockout mutant became apparent while 

the glgx2 knockout was unaffected. This phenotype got even more pronounced when resuscitation was 

done in day night rhythm or after a prolonged period of chlorosis (Figure 6). This experiment clearly

shows that GlgX1 appears to be the crucial glycogen debranching enzyme in resuscitating chlorotic 

cells, while GlgX2 does not seem to be important under this condition. 298 

299 

300 

301 

302 

303 

304 

305 

306 

307 

308 

309 

310 

311 

312 

313 

314 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 21, 2022. ; https://doi.org/10.1101/2022.11.21.517384doi: bioRxiv preprint 

185

https://doi.org/10.1101/2022.11.21.517384
http://creativecommons.org/licenses/by-nc-nd/4.0/


315 
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100 10-1    10-2     10-3  10-4
A B

Figure 6: GlgX1 is essential for recovery from long term chlorosis. 

Shown are spot viability assays on solid BG11 agar of glgx1 and glgx2 deficient mutants compared against the wildtype 

(WT). Dilutions are indicated in the top row. The following conditions have been tested: 

(A) Growth under constant light; (B) growth at light-dark cycle (12h 3 12h); (C) Resuscitation after 14 days of chlorosis

under constant light. (D) Resuscitation after 14 days of chlorosis at light-dark cycle (12h-12h); (E) Resuscitation after 21

days of chlorosis under constant light.

100  10-1  10-2   10-3  10-4
C 

100  10-1  10-2  10-3  10-4D 
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GlgX1 enhances GlgP1 and GlgP2 activity in degrading glycogen originating from Synechocystis 318 

319 

320 

321 

322 

323 

324 

325 

326 

327 

328 

329 

330 

331 

332 

333 

334 

To further investigate GlgX1 and GlgX2 in vitro, we overexpressed strep-tagged versions of the 

enzymes in E. coli and assessed the activity of the purified enzymes by adding them to the GlgP assay. 

Next to glycogen from oyster we also included glycogen purified from nitrogen starved Synechocystis 

cultures (both at a final concentration of 0.1%) to see how the properties of the glycogen itself influences 

enzymatic activity. When oyster glycogen was used as a substrate, GlgX1 enhanced GlgP1 and GlgP2 

activity both by around 25% whereas GlgX2 had no effect on GlgP activity. Repeating the experiment 

with glycogen purified from nitrogen starved Synechcoystis cells yielded two major findings: 

First, compared to oyster glycogen, Synechocystis glycogen as substrate gives rise to generally lower 

GlgP activities, in particular 60% for GlgP1 and 40% for GlgP2 (without GlgX addition).  Second, 

addition of GlgX1 enhanced the overall degradation of Synechocystis glycogen much stronger than 

degradation of oyster glycogen. In combination with GlgP1, GlgX1 increased the overall activity by 

around 65% while with GlgP2, the activity increased by 105%. However, since GlgP2 is less efficient 

with Synechocystis glycogen, the total activity of GlgP2 with GlgX1 was still lower than for oyster 

glycogen  (Figure 7).

This result agrees well with the observed phenotype of the corresponding mutants in resuscitation from 

chlorosis, where GlgX1, similar to GlgP2, appeared to be essential, while GlgX2 and GlgP1 were 

redundant.  335 

336 

337 

338 

339 

340 

341 

342 

343 

344 

345 

 346 

 347 

Figure 7: GlgX1 enhances GlgP1 and GlgP2 activity. 

Shown is the GlgP1 and GlgP2 activity in presence of GlgX1 or GlgX2 or without any effector: In dark grey GlgP1 

activity with oyster glycogen; in light grey GlgP1 activity with Synechocystis glycogen; in dark blue, GlgP2 activity with 

oyster glycogen; in light blue GlgP2 activity with Synechocystis glycogen. Values represent relative activity compared to 

the no effector oyster glycogen measurement which was considered 100%. At least three replicates were measured for 

each data point. Error bars represent the SD. 
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Discussion 348 

349 

Regulation of glycogen metabolism is essential for cyanobacteria to enable survivability in an ever-350 

changing environment. Therefore, investigating the role and regulation of glycogen associated enzymes 351 

is essential to gain a deeper understanding of cyanobacteria in general. In this study we investigated the 352 

role and regulation of the glycogen catabolic enzymes in Synechocystis. We could show that GlgP1 is 353 

strongly regulated via a C-terminal redox switch, which is the first time this mode of regulation for 354 

glycogen phosphorylases was shown in bacteria. Activation of GlgP1 by oxidation connects glycogen 355 

degradation by GlgP1 to the formation of ROS from which we conclude that GlgP1 plays an essential 356 

role in adaptation to certain stress conditions. Furthermore, we show that GlgX1 is essential during 357 

recovery from chlorosis and enhances glycogen degradation by GlgP activity in dependence of the used 358 

glycogen source, while the role of GlgX2 remains elusive.  359 

360 

GlgP1 shows a novel mode of redox regulation for bacterial glycogen phosphorylases 361 

It has been shown before that GlgP2 is the essential glycogen phosphorylase for glycogen degradation 362 

during the night and resuscitation from chlorosis, while GlgP1 was not contributing to glycogen 363 

degradation under those conditions [8]. This suggests a different mode of regulation for the two 364 

isoenzymes. We could show that both purified GlgP isoenzymes are active in vitro and follow standard 365 

Michaelis-Menten kinetics, with GlgP1 showing a higher overall catalytic efficiency compared to 366 

GlgP2. In the presence of reducing agents, GlgP1 activity strongly decreases and kinetics show an 367 

sigmoidal kinetic profile. Compared to GlgPs from other bacteria, cyanobacterial GlgPs have a C-368 

terminal extension of up to 15 amino acids. We discovered that the redox regulation of GlgP1 was 369 

located at this C-terminal extension which carries two characteristic cysteine residues at position 837 370 

and 842, not present in GlgP2, that are predicted to form a disulfide bond. Formation of a C837S variant 371 

of GlgP1 showed a strongly diminished activity on the level of a fully reduced GlgP1. From these results 372 

we conclude that the disruption of this disulfide bond leads to a conformational change of the C-terminal 373 

extension, inactivating the enzyme. The change of the kinetic profile in the reduced state implies a 374 

strongly reduced affinity for glycogen from which we conclude that the altered conformation of the C-375 

terminal extension impairs binding of glycogen to the active site. Another explanation could be a 376 

hindered oligomerization since glycogen phosphorylases are known to be active as homodimers. While 377 

the C-terminal extension seems to be a general feature in cyanobacterial GlgPs, the double cysteine 378 

motif in this domain is only found certain strains including non-diazotrophic and diazotrophic strains 379 

alike. This raises the question on how this mechanism has developed over the course of evolution.  To 380 

our knowledge the only indication of a redox dependent regulation of an enzyme involved in glycogen 381 

degradation in bacteria has been observed for a specific amylase of the cyanobacterium Nostoc sp. 382 

PCC7119 [14]. In humans an isoenzyme-specific redox regulation of the brain glycogen phosphorylase 383 
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was shown, affecting binding of its activator AMP, which is not known to be an activator for bacterial 384 

GlgPs [15]. However, conversely to this known redox regulations GlgP1 gets activated by oxidation 385 

making this a unique mode of GlgP regulation. 386 

387 

Activation of GlgP1 by ROS is connected to photosynthesis and high light stress 388 

Being active only in the oxidized state, can explain why GlgP1 is inactive during resuscitation from 389 

chlorosis or during the night but also raises the question on the potential role of GlgP1 and under which 390 

situations it gets activated. By testing different intracellularly present reducing agents we could show 391 

that reduction and inactivation of GlgP1 was especially effective with TrXA, an m-type thioredoxin 392 

which has been shown to be essential in Synechocystis [16]. Thioredoxin has been assumed before to 393 

play a role in regulation of glycogen metabolism: A proteomic approach by Pérez-Pérez et al. revealed 394 

that TrxA potentially interacts with several glycogen associated enzymes in Synechocystis. However, 395 

GlgP1 was not identified in this study Florencio, Pérez-Pérez [13]. Inactivation of GlgP1 was reversible 396 

by oxidation which was most effective with H2O2 and GSSG. While H2O2 is a common ROS species, 397 

GSSG is formed as a product of ROS scavenging by GSH and therefore closely connected to ROS 398 

formation. Thereby, a low GSH/GSSG ratio is an indicator for high oxidative stress. Being exclusive to 399 

cyanobacteria and the fact that regulation was especially effective with TrXA and H2O2/GSSG strongly 400 

indicates a connection of GlgP1 activity to photosynthetic activity: TrxA as a part of the 401 

ferredoxin/thioredoxin system is known to provide the biochemical link between light reactions and the 402 

regulation of carbon metabolism in photoautotrophic organisms [17]. ROS on the other hand are a 403 

byproduct of the photosynthetic electron transport chain, whose formation increases with light intensity 404 

and are encountered by all photosynthetically active organisms. 405 

Linking GlgP1 to photosynthetic activity is consistent with data on its expression levels, where it was 406 

shown that glgp1 expression is upregulated during the day and downregulated during the night which is 407 

the reverse for glgp2 [18]. The only study that directly addressed the potential role of GlgP1 by Fu and 408 

Xu discovered that GlgP1 is important for survivability at high temperatures but also that GlgP1 is only 409 

active during illumination. High temperature has been shown to cause strong ROS formation in bacteria 410 

and in nature high temperature and high light are often associated with one another [19]. We could show 411 

that independently from temperature an increase in light intensity also leads to growth impairment of a 412 

glgp1 deficient mutant (Figure 5).  413 

While the formation of ROS is unfavorable due to oxidative damage it is also known that they contribute 414 

to signaling during several stress conditions [20-22]. This suggests that glycogen degradation by GlgP1 415 

signaled by ROS could be a measure to counter different environmental stress condition, including heat 416 

stress and higher light intensities.  417 
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It has been shown before that high temperatures have negative influence on photosynthetic rate by 418 

making RuBisCo more likely to incorporate O2 instead of CO2 and due to the fact that CO2 shows a 419 

worse water solubility at higher temperatures then O2 [23]. This increases the demand of ribulose-1,5-420 

BP due to a higher rate of photorespiration. Several studies have shown that glycogen degradation can 421 

contribute to replenish the ribulose-1,5-BP pool by shuffling carbon through the OPP pathway to 422 

stabilize photosynthesis [24]. This mechanism appears to be especially important during the <restart= of 423 

photosynthesis after the night phase where it has been shown that glycogen degradation at the end of the 424 

dark phase can fill up the depleted ribulose-1,5-BP pools, leading to a faster start of photosynthesis 425 

while glycogen free mutants show a strong delay [25]. We assume that the same pathway contributes to 426 

ribulose-1,5-BP formation during heat stress. Furthermore, it was shown that the survivability under 427 

higher temperature and high ROS formation is dependent on the availability of GSH [26, 27]. Reduction 428 

of GSSG by glutathione reductase is dependent on NADPH which is mainly formed at the end of 429 

photosynthetic linear electron transport, but also in the OPP. The oxygen evolving complex of PSII has 430 

also been shown to be prone to heat damage which would inhibiting the NADPH formation by linear 431 

electron transport, making the OPP the only source of NADPH. 432 

433 

GlgX1 is the essential glycogen debranching enzyme during resuscitation from chlorosis 434 

On average, one third of the glycogen granule is presumed to be accessible for GlgP without the need 435 

to cleave alpha-1,6 branches.  [28]. Therefore, GlgX activity is especially important for a full and 436 

efficient breakdown of the glycogen granule. Data on the contribution of debranching enzymes to 437 

cyanobacterial glycogen degradation are scarce and the role of the two isoenzymes in Synechocystis has 438 

so far not been investigated.  With our findings we show that GlgX1 is the main glycogen debranching 439 

enzyme. A knockout mutant of glgx1 shows strong impairment in resuscitation from chlorosis while a 440 

glgx2 knockout mutant appears to be unaffected. The phenotype of a glgx1 deficient mutant gets more 441 

pronounced during prolonged periods of chlorosis and also when recovery is done in day/night rhythm. 442 

We assume that under those conditions the cells have to rely longer on respiration and therefore glycogen 443 

must get degraded more thoroughly. During day/night neither glgx1 nor glgx2 KO mutants showed a 444 

visible phenotype. From this we conclude that glycogen breakdown by GlgP alone is sufficient under 445 

these conditions or the two debranching enzymes can replace each other under those conditons. The 446 

time period of a heterotrophic type of metabolism is longer during resuscitation from chlorosis than 447 

during the night (24h vs 12h). Additionally, it can be considered that during resuscitation from chlorosis 448 

the rate of glycogen degradation must be higher compared to dark phases due to a much higher demand 449 

of carbon building blocks. Nevertheless, day/night experiments with longer dark phases might also 450 

reveal a phenotype for glgx1 or glgx2. In our experiments we couldn9t detect any phenotype for a glgx2451 

deficient mutant under the tested conditions and in our in vitro enzymatic assays GlgX2 didn9t show any 452 

enzymatic activity. Compared to glycogen phosphorylases debranching enzymes are difficult to classify 453 
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and many enzymes possess a similar hydrolase domain. Therefore, GlgX2 could in fact have a different 454 

role than annotated. 455 

Enhancement of GlgP activity by GlgX strongly depends on the type of glycogen used 456 

We could clearly show that GlgX1 increases GlgP activity. Thereby, the enhancement of GlgP by GlgX1 457 

appears to be strongly dependent on the used glycogen source and is markedly higher for glycogen 458 

originating from Synechocystis than for the commercially available oyster glycogen. Interestingly, 459 

glycogen degradation by GlgP2 shows a stronger dependance on GlgX1 than degradation by GlgP1 but 460 

only for glycogen from Synechocystis.  The reason for this difference could be due to a difference in 461 

branching pattern but also other forms of glycogen modification might play a role as it was shown for 462 

eukaryotic glycogen [29]. In case of Synechocystis two glycogen synthases equally contribute to 463 

glycogen synthesis [30]. A study showed that the branching pattern slightly differs for glycogen from 464 

single glycogen synthase knockout mutants, while the WT appears to be a mixture of the two [31]. 465 

Future experiments have to elucidate if degradation by GlgP differs between the glycogen produced by 466 

the two synthases. Unlike for GlgP1 we could not detect any regulatory effect of glycogen debranching 467 

enzymes by treatment with reducing and oxidizing agents, indicating that the main regulation of 468 

degradation is achieved via the GlgP enzymes (Figure S3). 469 

The fact that GlgX1 particularly enhances GlgP2 activity and that a knockout of each enzyme shows a 470 

similar phenotype in resuscitation from chlorosis indicates that GlgX1 and GlgP2 form a functional pair. 471 
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Methods 486 

 487 

Isothermal, Single-Reaction DNA Assembly (Gibson Cloning) 488 

 489 

Cultivation of Escherichia coli 490 

If not otherwise stated E. coli was grown in Luria-Bertani medium at 37°C. For growth on plates, 491 

1.5% (w/v) agar-agar was added. For cells containing plasmids, the appropriate concentration of 492 

antibiotics was used. All E. coli strains used in this study are listed in Table S5. 493 

 494 

Cultivation of Synechocystis 495 

All Synechocystis sp. PCC 6803 strains used in this study were grown in BG11 supplemented with 5 mm 496 

NaHCO3, as described previously [32]. A list of the strains used is provided in Table 2. Two kinds of 497 

wild-type strains, Glc sensitive and Glc tolerant, were used; both strains responded equally during 498 

nitrogen starvation and resuscitation. Cultivation was performed with continuous illumination (40350 499 

¿mol photons m22 s21) and shaking (1303140 rpm) at 27°C if not stated otherwise. Induction of nitrogen 500 

starvation and resuscitation was induced as described previously [33, 34]. If mutants or strains 501 

containing antibiotic markers were used, the precultures were propagated with the appropriate 502 

concentration of antibiotics. Biological replicates were inoculated with the same precultures but 503 

propagated, nitrogen starved, and resuscitated independently in different flasks under identical 504 

conditions. 505 

Cultivation of Synechocystis under moderate light  506 

Growth curves of WT and glgP1- and glgP2 deficient mutants were aquired via liquid cultures in a 507 

Multi-Cultivator MC 1000-OD (Photon Systems Instruments, Czech Republic).  All Synechocystis sp. 508 

PCC 6803 strains were grown as described above, before being transferred to fresh standard BG11 with 509 

respective antibiotics in Multi-Cultivator flasks for growth measurements, where the starting optical 510 

density of all cultures was adjusted to OD750 ~0.3. Cultivation was carried out with constant aeration 511 

using ambient air 28°C under constant illumination for 24 hours at 50 ¿molçm22çs21 before being raised 512 

to 120 ¿molçm22çs21. Optical density readings were taken every hour for 96 hours using the instruments9 513 

inbuilt function.    514 

 515 

 516 

 517 

 518 

 519 
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Spot viability assay 520 

Serial dilutions of chlorotic cultures were prepared (100, 1021, 1022, 1023, 1024, and 1025), starting with521 

an OD750 of 1.5 µL of these dilutions, dropped on solid BG11 agar plates, and cultivated at 50 ¿mol 522 

photons m22 s21 and 27°C for 5 to 7 d.523 

524 

Protein purification 525 

The plasmids used for protein overexpression are shown in Table 4. Escherichia coli Rosetta-gami 526 

(DE3) (details Table 2) was used for the overexpression of all proteins. For this, cells were cultivated 527 

in 2xYT (3.5% tryptone, 2% yeast extract, 0.5% NaCl; 1L of culture in 5L flasks) at 37 °C until reaching 528 

exponential growth (OD600 0.6-0.8). Protein overexpression was induced by adding 75 µg/L 529 

anhydrotetracycline, followed by incubation at 20°C for 16 h. Cells were harvested by centrifugation at 530 

4000 g for 10 min at 4 °C. Cell disruption was performed by sonication in 40 mL of lysis buffer (100 531 

mM Tris-HCl pH 7.5, 500 mM NaCl, 10 mM MgCl2, 20 mM Imidazole for His-tagged proteins and 100 532 

mM Tris-HCl pH 8, 150 mM NaCl, 10 mM MgCl2 for Strep-tagged proteins) Lysis buffers were 533 

supplemented with DNAse I, and cOmplete# protease inhibitor cocktail (Roche, Basel)). The cell lysate534 

was centrifuged at 40,000 g for 45 min at 4°C and the supernatant was filtered with a 0.22 µM filter. 535 

For the purification of His-tagged proteins, 5 mL Ni-NTA HisTrap columns (GE Healthcare, Illinois, 536 

USA) were used. The cell extracts were loaded onto the columns, washed with wash buffer (50 mM 537 

Tris-HCl pH 7.4, 500 mM NaCl, and 50 mM Imidazole) and eluted with elution buffer (50 mM Tris-538 

HCl pH 7.4, 500 mm NaCl, and 500 mM Imidazole). 539 

540 

GlgP and GlgX enzymatic assays 541 

Buffer for enzymatic reactions was composed of 50 mM HEPES-KOH pH 7.5, 10 mM MgCl2, 1 mM 542 

NADP+, 5mM KH2PO4, 1U/µl phosphoglucomutase from rabbit muscle, 10 µM Glucose-1,6-543 

bisphosphate and 1 U/mL G6PDH from Saccharomyces cerevisiae (G6378, Sigma Aldrich). For 544 

GlgP1/2 activity, 2,5 µg of Strep-tagged purified protein was added to each reaction. Reaction was 545 

started by the addition of glycogen. Reactions were carried out in a total of 300 µl in a 96-well 546 

microplate. Absorption change at 340 nm was continuously measured for 15 min at 30 °C in a TECAN 547 

Spark® Multiplate reader (Tecan Group AG, Männedorf, Switzerland). At least three replicates were 548 

measured. For enzymatic assays with reducing or oxidizing agents, GlgP1 and GlgP2 were incubated 549 

with the given amount of effector for 30 minutes at RT. 550 

For determining GlgX activity, 15 µg of GlgX1 and GlgX2 Strep-tagged purified protein were added to 551 

the GlgP assay mastermix respectively. 552 

553 
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Table2: List of strains used in this study 554 

E. coli NEB10³ �(ara-leu) 7697 araD139 fhuA�lacX74 galK16 galE15 e14-

§80dlacZ�M15 recA1 relA1 endA1 nupGrpsL(StrR) rphspoT1 �(mrr-
hsdRMS-mcrBC) 

E. coli Rosetta gami (DE3) �(ara-leu)7697 �lacX74 �phoA PvuII phoR araD139 ahpC galE galK 
rpsL (DE3) F'[lac+)lacIq)pro] gor522::Tn10 trxB pLysSRARE (CamR, 

StrR, TetR) 

Synechocystis sp. PCC 6803 Wildtype 

�glgp1 Sll1356::KanR 

�glgp2 Slr1367::SpecR 

�glgx1 Slr0237::SpecR 

�glgx2 Slr1857::KanR 

555 

Table3: List if used primers 556 

Primer Sequence (59- 39)

pASKC_glgp1_fw CTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAATGGAGCACCTTCCCATGGC 

pASKC_glgp1_rev GGTCTTATTTTTCGAACTGCGGGTGGCTCCAGCTAGCCATTTTATTAGGAGAAATTAACAAAC 

pASKC_glgp2_short_fw TAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAATGATTGATCAATCTACCCTAAAC 

pASKC_glgp2_rev GTCTTATTTTTCGAACTGCGGGTGGCTCCAGCTAGCCATTAAATCGGCGTATTCGGGATGG 

pASKC_glgx1_fw TAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAGTGCCACAGTTGATATCTGTTC 

pASKC_glgx1_rev GGTCTTATTTTTCGAACTGCGGGTGGCTCCAGCTAGCCATTTTTGCCATTAACACCACAG 

pASKC_glgx2_fw TAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAATGGAACGCATAGATATTCATC 

pASKC_glgx2_rev GGTCTTATTTTTCGAACTGCGGGTGGCTCCAGCTAGCCATTTTAGCCAGTAAAATAACAAC 

pET15b_trxA_fw CAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGCTCGAGATGAGTGCTACCCCTCAAGTTTC 

pET15b_trxA_rev CCCTCAAGACCCGTTTAGAGGCCCCAAGGGGTTATGCTAGTTATTGCTCAGCGGTGGCAGCAGCCAAC 

Glgp1_C837S_fw AGAAGACCTCtctCCCGATGGTC 

Glgp1_C837S_rev AATTCAATTACCACGGGTTTG 

GlgX1_DS_fw CAAGGTAGTCGGCAAATAATCTAATTTACTGAGTTTTTGCCC 

GlgX1_DS_rev CGGCCAGTGAATTCGAGCTCGGTACCCGGGGATCCTCTAGCAATGTTAGATAAACTACATTG 

GlgX1_Spec_fw GAATCTGAACAATTTTTGGAATTGCCTGAGCTCTTGACCGAACGCAGCGGTGGTAAC 

GlgX1_Spec_rev GTTACCACCGCTGCGTTCGGTCAAGAGCTCAGGCAATTCCAAAAATTGTTCAGATTC 

GlgX1_US_fw GACCATGATTACGCCAAGCTTGCATGCCTGCAGGTCGACTTGGGGCAGGCAAGGCCATTGAC 

Glgx1_US_rev CCACTGCGCCGTTACCACCGCTGCGTTCGGTCAAGAGCTCAGGCAATTCCAAAAATTGTTC 
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557 

558 

Table4: List of used plasmids 559 

560 

Plasmid Purpose 

pASKC_glgp1 Expression of C-terminal Strep-tagged Synechocystis GlgP1 in E.coli 

pASKC_glgp2 Expression of C-terminal Strep-tagged Synechocystis GlgP2 in E.coli 

pASKC_glgp1_C837S Expression of C-terminal Strep-tagged Synechocystis GlgP1 C837S in E.coli 

pASKC_glgx1 Expression of C-terminal Strep-tagged Synechocystis GlgX1 in E.coli 

pASKC_glgx2 Expression of C-terminal Strep-tagged Synechocystis GlgX2 in E.coli 

pASKC_trXA Expression of C-terminal Strep-tagged Synechocystis TrXA in E.coli 

pUC19_glgx1_KO Replacement of slr0237 for SpecR in Synechocystis sp. PCC 6803 

pUC19_glgx2_KO Replacement of slr1857 for KanR in Synechocystis sp. PCC 6803 

561 

562 

Statistical analysis 563 

564 

Statistical details for each experiment can be found in the figure legends. GraphPad PRISM was used 565 

to perform one-sided ANOVA to determine the statistical significance. Asterisks (*) in the figures 566 

symbolize the p-value: One asterisk represents p f 0.05, two asterisks p f 0.01, three asterisks p f 567 

0.001, and four asterisks p f 0.0001568 

569 

GlgX2_DS_fw CATTTGATGCTCGATGAGTTTTTCTAAATTGTCTTAAATTTCCCTTTCCCTTC 

GlgX2_DS_fw_redesigned GTTATCTTGGCAAATCATCTATTGTCTTAAATTTCCCTTTC 

GlgX2_DS_rev ATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCCATTCGCCATTCAGGCTGC 

GlgX2_Kan_fw GAGGCATTTTAGCAGGACACCCGAACCGAACAGGCTTATGTC 

GlgX2_Kan_rev CATTACTTTCCAAGTTGTGCCTCAGAGTTTGTAGAAACGCAAAAAG 

GlgX2_US_fw GACCATGATTACGCCAAGCTTGCATGCCTGCAGGTCGACTATCCCCGGATATTCTTCCCC 

GlgX2_US_rev GACATAAGCCTGTTCGGTTCGGGTGTCCTGCTAAAATGCCTC 

GlgX2_prom_fw TGCGTTTCTACAAACTCTGAGGCACAACTTGGAAAGTAATG 

GlgX2_prom_rev GAAAGGGAAATTTAAGACAATAGATGATTTGCCAAGATAAC 
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