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Summary 

Cyanobacteria are considered to be the inventors of oxygenic photosynthesis. Two 

billion years ago, they shaped the atmosphere by releasing oxygen. Through this 

time, they evolved various species with plenty of mechanisms to adapt to the con-

stantly changing environment. Among all those mechanisms, some structures be-

came established and further functions evolved around this basis. One of the most 

prominent examples of this is the regulatory network of the nitrogen-regulatory 

protein PII. In the non-diazotroph cyanobacterium Synechocystis sp. PCC 6803, PII 

regulates a plethora of reactions that maintain the Carbon/Nitrogen homeosta-

sis. The regulations depend on the binding of either ATP or ADP during high 

energy and nitrogen availability and 2-oxoglutarate (2-OG) during low nitrogen 

availability. In a balanced proportion of energy and nutrition, PII ensures suffi-

cient amounts of amino acid precursors by activating the phosphoenol pyruvate 

carboxylase and mitigating the fatty acid synthesis. It also binds the PII inter-

acting protein X to prevent the activation of the global nitrogen transcriptional 

regulator NtcA. With the increase of 2-oxoglutarate, PII releases its binding 

partners, which cancels its regulations. It was suggested that PII also regulate 

carbon storage during low nitrogen availability.  

This work clarified PII's involvement in carbon storage regulation during chlo-

rosis. The novel discovered that the PII interacting regulator of carbon metab-

olism (PirC) changes the direction of fixed CO2 from lower glycolysis to glyco-

gen synthesis by inhibiting the 2,3-bisphosphoglycerate-independent phospho-

glycerate mutase. PII regulates this inhibition by binding the PirC during high 

ADP and ATP and releasing it during high 2-OG levels. PirC mediates the inhi-

bition by interacting with two cyanobacteria-exclusive structural elements 

within their phosphoglycerate mutase. Furthermore, the elements also have 

a strong influence on the activity of the enzyme. This work also created the 

basis on which Synechocystis sp. PCC 6803 can be edited to create a chassis 

for the sustainable production of polyhydroxybutyrate (PHB) or other metabo-

lism-derived valuable compounds. A strain derived from this work produced 80 

% PHB of their cell dry mass.  
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Zusammenfassung 

Cyanobakterien sind als die Pioniere der oxygenen Photosynthese anerkannt und 

haben vor zwei Milliarden Jahren maßgeblich zur Umgestaltung der Erdatmosphäre 

beigetragen. Im Laufe ihrer Evolution haben sie eine Vielzahl von Anpassungsme-

chanismen entwickelt, um sich an ständig wechselnde Umweltbedingungen zu ge-

wöhnen. Ein zentraler Bestandteil dieser Anpassungen ist das regulatorische Netz-

werk des Stickstoff-Regulations-Proteins PII. In dem nicht-diazotrophen Cyanobak-

terium Synechocystis sp. PCC 6803 steuert PII eine Vielzahl von Stoffwechselpro-

zessen, die für die Aufrechterhaltung der Kohlenstoff- und Stickstoff-Homöostase 

essentiell sind. Die Regulation erfolgt über die Bindung von ATP, ADP und 2-Oxo-

glutarat, die je nach Energie- und Nährstoffverfügbarkeit als Signalmoleküle die-

nen. Unter Bedingungen eines ausgeglichenen Energiehaushalts und ausreichen-

der Nährstoffversorgung gewährleistet PII eine effiziente Bereitstellung von Ami-

nosäurevorläufern und reguliert die Fettsäuresynthese. Zudem hemmt es die Ak-

tivierung des globalen Stickstoff-Transkriptionsregulators NtcA durch Bindung an 

das PII-interagierende Protein X. 

Unsere Ergebnisse belegen eine entscheidende Rolle von PII bei der Regulation der 

Kohlenstoffspeicherung unter Stickstoffmangelbedingungen. Wir konnten zeigen, 

dass der PII-interagierende Regulator des Kohlenstoffstoffwechsels (PirC) die Um-

wandlung fixierten Kohlenstoffs von der Glykolyse zur Glykogensynthese durch 

Hemmung der 2,3-Bisphosphoglycerat-unabhängigen Phosphoglycerat-Mutase 

beeinflusst. Diese Hemmung wird durch PII reguliert, wobei die Bindung von PirC 

an PII von den intrazellulären Konzentrationen von ATP, ADP und 2-Oxoglutarat 

abhängt. Strukturanalysen deuten darauf hin, dass PirC spezifisch mit cyanobak-

terien-spezifischen Elementen der Phosphoglycerat-Mutase interagiert und somit 

deren Aktivität beeinflusst. Unsere Studie legt den Grundstein für die Entwicklung 

von Synechocystis sp. PCC 6803 als Chassisorganismus für die nachhaltige Pro-

duktion von Polyhydroxybutyrat (PHB) und anderen wertvollen Verbindungen. 

Durch gezielte genetische Modifikationen konnten wir Stämme generieren, die bis 

zu 80% ihres Trockengewichts in Form von PHB speichern. 
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I Introduction 

1 Cyanobacteria 

In the kingdom of Eubacteria, cyanobacteriota represents a unique and versatile 

phylum. They are the only prokaryotes capable of performing oxygenic photosyn-

thesis, a process that relies on light and oxygen (O2) to fix carbon dioxide (CO2). 

This process requires compartmentalisation within the cells. Almost all cyanobac-

teria contain an inner thylakoid membrane, essential for the light-dependent phase 

of photosynthesis. Embedded in the thylakoid is chlorophyll, the photosensitive 

molecule that gives cyanobacteria its characteristic green colour. The thylakoid 

membrane also contains light-harvesting antenna proteins called phycobilisomes, 

which contribute to the bluish appearance of cyanobacteria. Additionally, they have 

carboxysomes, which enhance CO2 fixation during the light-independent part of 

photosynthesis. A diagram illustrating the general structure of cyanobacteria is 

shown in Figure 1A. 

 

Figure 1 – (A) The general structure of a cyanobacterial cell, based on the model organism Syn-

echocysis sp. PCC 6803. (B) Classification of cyanobacteria according to Rippka (1). Created with 

Inkscape 1.3 and Gimp 2.1.  
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Besides this uniqueness, cyanobacteria evolved into many different species, which 

can be classified into five sections regarding lifestyle, adaptation and morphology 

(Figure 1. B) (1). Along with their tremendous existence of around 2.4 billion years 

(2), cyanobacteria evolved various mechanisms to overcome hundreds of stress 

periods, such as nutrition deprivations or dry periods. 

1.1 Synechocystis sp. PCC 6803 

Due to their diverse abilities, cyanobacteria became an important phylum in natu-

ral research. One of the most studied cyanobacteria is the unicellular Synecho-

cystis sp. PCC 6803. This section one cyanobacteria, now only termed Synecho-

cystis, was used to discover many cyanobacterial phenomena. Synechocystis has 

a very accessible genome due to its natural competence, and easy-to-use proto-

cols for genetic modifications are available (3, 4). Furthermore, its versatile me-

tabolism and the various adaptation mechanisms to environmental changes make 

it an attractive target for investigating the physiology and metabolism of cyano-

bacteria (5, 6). 

2 Cyanobacterial Metabolism 

Cyanobacteria are mainly responsible for the great oxygenation event (GOE) ap-

proximately two billion years ago (7). This was only possible because of the evo-

lution of oxygenic photosynthesis, in which CO2 is captured from the ambient air 

and transformed mainly into cellular building blocks. In the light-dependent reac-

tion, cyanobacteria obtain energy for the energy-intense CO2 fixation and other 

pathways. In the Calvin-Benson-Bessham cycle (CBB), the light-independent re-

action of photosynthesis, the CO2, is fixed and channelled into the metabolism. 

Some cyanobacterial species require nitrate, nitrite, ammonia or urea to gain suf-

ficient nitrogen, whereas others can fix atmospheric nitrogen (N2) in periods of low 

availability. The intermediates must be distributed accurately. Therefore, the phys-

iology of cyanobacteria is strictly regulated to maintain their homeostasis (8).  

2.1 Energy Metabolism 

2.1.1 Light Reaction of Photosynthesis 

For the energy-consuming metabolism of the cell, cyanobacteria mainly gain their 

energy from the light reaction of photosynthesis (9), which takes place in the pho-

tosynthetic apparatus of the thylakoid (Figure 1). The light's energy is transformed 

into the energy-dense molecules of NADPH+ and ATP. In the first step, at the 
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manganese cluster of Photosystem II (PSII), two molecules of H2O are cleaved 

into four protons (H+), one O2 and four electrons (e-) fueled by the absorption of 

light (Photolysis) (10). The four protons are released into the thylakoid lumen, and 

the electrons are transferred onto plastoquinone with two protons from the cyto-

plasm, forming plastoquinol (PQH2). PQH2 diffuse through the thylakoid membrane 

to cytochrome b6f (Cyt b6f). Cyt b6f oxidises PQH2 by means of a sequence of redox 

reactions known as the Q-cycle, resulting in a release of four protons into the 

lumen of th thylakoid again. The electrons are transferred to plastocyanin (Pc), in 

the next step. Then, Pc transfers the electrons in a secound light-driven reaction 

onto photosystem I (PSI). Subsequently, the terminal electron acceptor NADP+ is 

reduced to NADPH by ferredoxin (FD) and ferredoxin-NADP+ reductase (FNR). 

Some of the electrons cycle back to Cyt b6f for further H+ pumping. The proton+ 

membrane transport, driven by this electron transport chain (ETC), creates a pro-

ton motive force, which an F1F0-ATPase then uses to generate ATP (11). 

 

Figure 2 - Schematic representation of the photosynthetic machinery with e- and H+ flow inspired 

by Shevela et al. (12). PQ = Plastoquinone, PQH2 = Plastoquinol, CET= cyclic electron transport, Pc 

= Plastocyanin, FD = Ferredoxin, FNR = Ferredoxin-NADP+ reductase. Structures used: PSII = PDB: 

3KZI (13), Cytocrome b6f = PDB: 2ZT9 (14), Pc = PDB: 1BXV (15), PSI = PDB: 1JB0 (16), Fd-FNR-

Complex = PDB: 1EWY (17). Created with biorender.com 

In contrast to most algae and higher plants, cyanobacteria have specialised light-

harvesting complexes called phycobilisomes (Figure 3). This multi-protein complex 

is located on the cytoplasmatic site of the thylakoid membrane. It is mainly built 

up by three individual light-capturing proteins: allophycocyanin (APC), 
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phycocyanin (PC) and phycoerythrin (PE), which are connected to the membrane 

by an anchoring protein (18, 19). 

 

Figure 3 – Comparison of light-harvesting complexes of algae/plant PSII and cyanobacteria PSII 

Shevela et al. 2023 (12). (a) PSII of algae and plants, the LHC mainly integrated in the lipid-biolayer. 

(b) PSII of cyanobacteria with the PBS on the top of the membrane.  

The PBS absorbs light in ranges between λ 530 – 650 nm, whereas chlorophyll a, 

the main chlorophyll in cyanobacteria, primarily absorbs light at λ 680 nm (20, 

21). Consequently, cyanobacteria are more flexible in using light and can live in 

greater depths.  

2.2.2 Respiration 

In nature, cyanobacteria live under light-changing conditions. During dark periods 

when they cannot perform photosynthesis, cyanobacteria gain energy through ox-

idative phosphorylation, also known as respiration (22). Here, the proton motive 

force is also generated by an ETC, fueled by electrons of NADH and succinate 

oxidation. The components of the respiratory machinery are also located in the 

thylakoid and share redox-active components with the photosynthetic apparatus 

(23, 24). Additionally to the plastoquinone, Cyt b6f complex, and plastocyanin, the 

respiratory apparatus possesses NADH dehydrogenase (NDH), succinate dehydro-

genase (SDH) and a terminal cytochrome c oxidase (COX). NDH and SDH provide 

the electrons either through NADPH or succinate oxidation. Those electrons are 

then transferred to plastoquinone and transported to the Cyt b6f. Again, during the 

electrons transferred onto plastocyanin, the protons are transported into the 

thylakoid lumen. Unlike photosynthesis, Pc transfers the electrons to COX, where 

the e- is transferred to the terminal acceptor O2 (25–27). The same ATP synthase 

during photosynthesis uses the protons to phosphorylate ADP to ATP. 
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2.2 Carbon Metabolism 

Most eubacteria use glucose for energy and carbon incorporation. For this purpose, 

glucose is broken down depending on the metabolic status by the pentose phos-

phate- (PPP), the Embden–Meyerhof–Parnas- (EMP) and the Entner-Doudoroff 

(ED) pathway. All pathways are directed to the Krebs Cycle (TCA) or its variants, 

depending on the organism, in which NAD(P)H and ATP are formed. Furthermore, 

the intermediate molecules are used for the biosynthesis of building blocks such 

as nucleotides, fatty acids (FA) and amino acids (AA). Some cyanobacteria, such 

as Synechocystis, can use glucose as a carbon source, while obligate photosyn-

thetic cyanobacteria, such as Synechococcus, cannot. However, all cyanobacteria 

primarily use CO2 as a carbon source instead of glucose, incorporated mainly in 

the Calvin-Benson-Bassham Cycle (CBB). They also utilise the above-mentioned 

PPP, EMP, ED and TCA in their metabolism. The occurrence of all the paths enables 

a flexible adaptation to various conditions. 

2.2.1 Calvin-Benson-Bassham-Cycle & Carbon Concentrating Mechanism 

The main CO2-fixing activity in cyanobacteria takes place in the CBB. In the first 

step, the Ribulose-1,5-bisphosphate-carboxylase/oxygenase (RuBisCO) adds CO2 

to Ribulose-1,5-Bisphosphate (RuBP) and splits RuBP into two 3-PGA molecules by 

hydrolysation (28, 29). 3-PGA is then transformed by phosphoglycerate kinase 

(PGK) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in energy-intense 

reactions into glyceraldehyde 3-phosphate (GAP). Along the pentose phosphate 

pathway (PPP), GAP is transformed into ribulose 5-phosphate (Ru5P), which is 

then phosphorylated by the phosphoribulokinase (PRK) to RuBP (30) (Figure 4, 

purple arrows). At this point, the cycle restarts to fix more CO2. RuBisCO is one of 

the most abundant enzymes on earth and is the protein that fixes the principal 

amount of CO2 on earth (31). Besides the carboxylation activity, it also accepts O2 

as a substrate and produces 3-PGA and one 2-phosphoglycolate (2-PG) (32). The 

arising 2-PG is returned to the metabolism in a multiple-step mechanism called 

photorespiration (Figure 4, rose arrows). To prevent the oxygenation reaction of 

RuBisCO, cyanobacteria evolved a mechanism called carbon concentration mech-

anism (CCM) for a more efficient CO2 fixation. The CCM in cyanobacteria comprises 

two parts: an HCO3
-/CO2-uptake system and a microcompartment called carboxy-

somes. Synechocystis possesses five membrane-bound complexes responsible for 

the uptake of HCO3
-. The two thylakoid-located NDH-I3 and NDH-I4  convert free 

available CO2 into HCO3
-, whereas the three cytoplasmatic transporters BCT1, SbtA 
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and BicA directly transport HCO3
- into the cell (33, 34). The enriched HCO3

- then 

diffuses into the polyhedral-shaped carboxysomes. These structures encapsulate 

RuBisCO to protect it from oxygen. Additionally, the carboxysomes contain the 

carbonic anhydrase (CA), which converts HCO3
- to CO2, ensuring a high partial 

pressure of CO2 close to the RuBisCO (35–37). The carboxysomes are built up by 

several shell proteins that exclude O2 from the inside and enable the transfer of 

either HCO3
-, Ru5P or 3-PGA (38, 39).  

2.2.2 Pentose-Phosphate-, Embden–Meyerhof–Parnas- & Entner-Dou-

doroff Pathway 

The PPP can be split into an oxidative (OPP) and a non-oxidative part (40)Besides 

the regeneration of RuBP in the CBB cycle via the non-oxidative PP, cyanobacteria 

use the OPP to supply NADPH as a reductive co-substrate and precursor for bio-

synthesis processes. Thereby, the OPP has a vital role in mobilising glycogen in 

the awakening of dormancy, e.g. chlorosis (41). In the OPP, glucose-6-P (G6P), 

primary from glycogen degradation, is transformed in two steps catalysed by Glu-

cose-6-phosphate dehydrogenase (Zwf) and 6-Phosphogluconolactonase (Pgl) to 

6-phosphogluconate (6PG). In the third step, 6PG is reduced to Ru5P (42–44). 

During these three steps, two NADPH molecules are formed. In the non-oxidative 

part, the transaldolase (Ta) and the transketolase (Tk) in interconversion steps in 

form C3-, C4-, C5-, C6- and C7- sugars, which are used in nucleotide, vitamin or 

aromatic amino acid synthesis (45).The final product, Glc-6P, can be oxidised 

again by entering a new round of OPP reaction.  

The EMP pathway in cyanobacteria occurs especially during starving situations or 

dark periods, where less NADPH and no biosynthetic precursors are required (46) 

(Figure 4, green arrows). In this pathway, G6P is isomerised to fructose-6-phos-

phate (F6P) by the G6P isomerase (Pgi), followed by phosphorylation to Fructose-

1,6-bisphosphate (FBP) catalysed by the phosphofructokinase (Pfk). Subse-

quently, the aldolase splits the FBP into GAP and dihydroxy acetone phosphate 

(DHAP), which is isomerised by the triosephosphate isomerase (Tim), into GAP. 

The GAPDH and PGK are forming 3-PGA with simultaneous production of ATP and 

NADPH (47). In contrast, during resuscitation of deficiency adaptation, the EMP 

has only a minor role (41)  

The ED pathway shares the Zwf and the Pgl with the OPP. At the point of 6PG, this 

pathway requires the fewest enzymes to gain the intermediary triose phosphates. 

6PG is hydrolysed by phosphogluconate dehydratase (Edd) to 2-keto-3-deoxy-6-
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phosphogluconate (KDPG). This C6-body is directly split into 3-PGA and GAP (48). 

The key enzyme, KDPG aldolase (Eda), catalyses this reaction and is consistently 

present among cyanobacteria (49). A recently published study by Evans et al. 2024  

revealed that no catalytical active products of Edd exist, evidencing an incomplete 

ED pathway in cyanobacteria. They also suggest that Eda, which is important in 

some growth situations, acts as an alternative for other aldolase reactions due to 

their promiscuity to substrates.  

The processing of carbon reaches the point where 3-PGA is formed. At this point, 

it is decided whether the 3-PGA is directed in the CBB for RuBP regeneration or 

toward the lower glycolysis or carbon storage. In this regard, the 2,3-bisphos-

phate-independent phosphoglycerate mutase (iPGAM) is a decisive factor. iPGAM 

transforms 3-PGA to 2-phosphoglycerate (2-PGA) directed toward lower metabolic 

routes.  

2.2.3 Carbon Storage & Glycogen metabolism 

Throughout diurnal growth and some nutritional depletion periods, cyanobacteria 

store fixed carbon, mainly in form of glycogen. This polymer is well suited for this 

purpose because of the high energy and carbon storage per volume and the ability 

to mobilise monomers rapidly (50). It was proven that the PPP fuels glycogen 

biosynthesis in cyanobacteria (51, 52). Several studies have reviewed phosphoglu-

comutase (Pgm) as the key enzyme in the transition between the anabolic and 

katabolic routes (53, 54). Pgm catalyses the interconversion of G6P to glucose-1-

phosphate (G1P), which is important for the initial step in glycogen formation. 

Synechocystis contains two isoenzymes, Pgm1 (sll0726) and Pgm2 (slr1334). The 

Pgm1 conducts 97 % of this activity and is, therefore, more critical in glycogen 

formation. Then, G1P adenylyltransferase (GlgC), activated by 3-PGA, adenylates 

G1P to ADP-Glucose (ADP-Glc), which is used by the glycogen synthase (GlgA). 

GlgA adds glucose with an α-1,4-glucosidic bond to the glycan chain, while the 

branching enzyme (GlgB) linkages an α-1,4-oligosaccharide to the polymer via an 

α-1,6-glucosidic bond, resulting in the branched glycogen. When glycogen is 

needed, the debranching enzyme (GlgX) and the glycogen phosphorylase (GlgP) 

mobilise the carbon by releasing G1P again, which is then redirected into the me-

tabolism by Pgm (55–57) (Figure 4, orange arrows).  
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Some cyanobacteria, such as Synechocystis, are also able to produce another car-

bon polymer, polyhydroxybutyrate (PHB). This polymer is majorly produced during 

nitrogen deficiency periods for an as-yet-unknown reason (46, 58). In two steps, 

two molecules of Acetyl-CoA are reduced to 3-hydroxybutyryl-CoA (3-HB-CoA) by 

the acetyl-CoA acetyltransferase (PhaA) and acetoacetyl-CoA reductase (PhaB). 

The heterodimeric PHB synthase (PhaEC) then polymerises 3-HB-CoA to PHB (Fig-

ure 4, yellow arrows) (59, 60). The hydrophobic PHB is encapsulated into a hydro-

philic protein shell. This microcompartment is also described as a carbonosome 

(61). PHB has similar properties to polypropylene and can be used as a natural 

alternative to petroleum-based plastics. 

2.2.4 Krebs Cycle 

When cyanobacteria are in an optimal environment, a significant proportion of 3-

PGA is directed into the Krebs cycle, also known as TCA cycle. Here, the iPGAM, 

enolase (Eno), and pyruvate dehydrogenase (PDH) transform 3-PGA via PEP, py-

ruvate to acetyl-CoA, which is then condensed by the citrate synthase (GltA) with 

oxaloacetate (OAA) to citrate. In cyanobacteria, the TCA cycle primarily serves as 

a supplier of precursors for further biosynthesis, such as amino acids. Unlike most 

bacteria, cyanobacteria do not possess a 2-OG dehydrogenase (Kdg). They replace 

this enzyme with the 2-OG decarboxylase (2-OGDC), which splits 2-OG to succinic 

semialdehyde (SSA) instead of succinyl-CoA. Cyanobacteria also bypasses the Kdg 

reaction by the GABA shunt. Here, the 2-OG is aminased to Glutamate and trans-

formed into γ-amino-butyric acid (GABA). The shunt is completed via transamina-

tion of GABA with 2-OG to SSA again. The TCA cycle of cyanobacteria is closed by 

the succinate-semialdehyde dehydrogenase, performing the reaction from SSA to 

succinate (62, 63). 2-OG is also the terminal acceptor of ammonium assimilation 

via the GS-GOGAT cycle, and thereby, the TCA cycle plays a pivotal role in the 

transition between carbon and nitrogen metabolism (64). The further reactions in 

the TCA cycle are equal to those of other bacteria (Figure 4, yellow circle). The 

PEP carboxylase (PepC) also plays an vital role in the TCA cycle. When the Krebs 

cycle is running out of intermediates, PepC refills the cycle in an anaplerotic syn-

thesis of oxaloacetate (OAA) by the carboxylation of PEP and is therefore respon-

sible for 50 % of the carbon intake of the TCA  (65, 66). PepC is the secondary 

CO2-fixing enzyme in cyanobacteria, responsible for up to 20 % of total fixed CO2 

(67).  
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2.2.5 Fatty Acid metabolism 

The availability of fatty acids (FA) is crucial for forming membranes. Therefore, a 

significant proportion of fixed carbon is also directed into the synthesis of FA. Cy-

anobacteria have an equal FA synthesis to other bacteria. Intriguingly, cyanobac-

teria lack the FA degradation cycle β-oxidation (68, 69). 
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Figure 4 – Primary metabolic routes in cyanobacteria focused on glycolytic- and AA metabolism. 

Red text: Short names of enzymes based on gene names and aberrations of enzymes. Created with 

biorender.com 
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2.3 Nitrogen Metabolism 

Nitrogenous compounds are essential in all living organisms. They serve as build-

ing blocks for proteins, nucleotides, and vitamins. Most cyanobacteria can form 

these required compounds on their own. For this, the cyanobacteria use primary 

ammonium for incorporation into their metabolism. To gain ammonium, combined 

nitrogen sources, such as ammonium itself, nitrate, nitrite or urea, are taken up 

into the cell by special transporters (70–72). Due to the high availability of nitrate 

in natural habitats, cyanobacteria often use NO3
- as the nitrogen source, which 

they reduce to NH3 in energy-consuming reactions (73). The ATP-binding cassette 

(ABC-) transporter NrtABCD is the uptake system for the nitrogen source nitrate. 

Once transported into the cell, the nitrate is reduced by the nitrate reductase to 

nitrite. The nitrite reductase subsequently reduces nitrite- to ammonium. The re-

duction is fueled by electrons from ferredoxin, which is reduced by the PSI. Urea 

is taken up by the ABC-transporter UrtABCD and degraded to ammonium via a 

Ni2+-dependent urease. When NH3 is available, the previously described uptake 

systems are repressed, and mainly NH3 is taken up by the ammonium permease 

Amt1(64). Ammonium is primarily incorporated into the metabolism by the inter-

play of glutamine synthetase (GS) and glutamate-2-oxoglutarate aminotransfer-

ase (GOGAT), which use the TCC intermediate 2-OG as acceptor for ammonium. 

First, GS catalyses the ATP-dependent amination of the γ-carboxyl residue of glu-

tamate to form glutamine. In the second step, the GOGAT transfers this γ-amino 

group onto the α-oxo group of 2-OG, resulting in two glutamate molecules. The 

GS is directly regulated via the inactivating factors IF7 and IF17 encoded by gifA 

and gifB (74). The expression of these genes is mediated by NtcA, which prevents 

an overflowing activity of GS during nitrogen repletion (75). A third enzyme, the 

glutamate dehydrogenase (GLDH), only becomes important during high nitrogen 

availability. GLDH directly adds ammonium to the oxo-group of 2-OG to form glu-

tamate in an NADPH-dependent reaction. Glutamate is then used as a donor of the 

amino group in many transamination reactions to synthesise nitrogen-containing 

compounds. 

2.3.1 Biosynthesis of Nitrogen-containing Compounds  

Cyanobacteria can synthesise all essential nitrogen-containing metabolites that 

they require for their homeostasis. Many biosynthetic pathways for amino acids in 

cyanobacteria are similar to those of other bacteria, such as Escherichia coli. Syn-

echocystis contains half as many functional genes as E. coli and requires fewer 
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enzymes to synthesise some amino acids (76). In the arginine pathway, in Syn-

echocystis, the ArgA reaction is exchanged by the ArgJ, which catalyses the acet-

ylation of glutamate via N-acetyl-ornithine instead of acetyl CoA (77). In this pro-

cess, ornithine is released, resulting also in the replacement of the ArgE reaction. 

Another step where cyanobacteria only require a single enzyme is the transfor-

mation of tetrahydrodipicolinate to L,L-diaminopimelate in the lysine synthesis 

(76). Serine, in turn, can be synthesised via two different pathways in cyanobac-

teria. In the light-independent phosphoserine pathwy, 3-PGA is transformed in 

three steps to serine. In photorespiration, the 2-phosphoglycolate is recovered to 

glycine and further to serine. In addition to protein biosynthesis, some amino acids 

are incorporated into unique compounds, such as iron-sulfur-clusters and co-fac-

tors. Mainly, glutamate plays an extraordinary role in synthesising chlorophyll and 

glutathione (78, 79). Besides carbon storage, cyanobacteria also store nitrogen. 

For this purpose, cyanobacteria produce cyanophycin (CP). CP is a non-ribosomal 

peptide consisting of Arg and Asp monomers, which are connected via α- and β-

amid bounds. A cyanophycin synthetase catalyses this polymerisation. Cyanobac-

teria produce CP in high-nitrogen environments while adapting to metabolic 

changes (80–82). Another essential synthesis is that of nucleotides. ATP and 

NAD(P)H are essential transmitters of energy and electrons, and all nucleotides 

are the information-providing building blocks of DNA and RNA. Due to the high 

similarity to E. coli, nucleotide synthesis is a less studied topic in cyanobacteriol-

ogy. Purine and pyrimidine synthesis depend on the phosphoribosyl pyrophosphate 

synthetase (PRPPS) reaction, which catalyses the reaction of Ro5P to PRPP (76). 

2.3.2 Adaptation to Nitrogen Availability  

In natural habitats, the availability of combined nitrogen is subject to fluctuations, 

which can lead to nitrogen deficiency. To cope with this deficiency of combined 

nitrogen sources, various cyanobacteria evolved different mechanisms to maintain 

their viability. Cyanobacteria can be split into two groups. First, diazotrophs can 

use nitrogen gas (N2) as nitrogen source, and second, the non-diazotrophs which 

are dependent on combined nitrogen sources. Diazotrophic species like Anabaena 

variabilis or Cyanothece aeroginosa possess a nitrogenase for the fixation of mo-

lecular nitrogen in periods of low availability of combined nitrogen sources (83). 

Multicellular diazotrophs such as A. variabilis evolved specialised N2-fixing cells 

called heterocysts to enable the high-energy-consuming and O2-sensitive reaction 

of the nitrogenase (84, 85). Unlike Anabaena, the genus Cyanothece performs the 
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nitrogenase reaction in dark phases when O2-generation is low (86). Non-diazo-

trophic organisms are unable to fix N2 and have evolved a mechanism to survive 

nitrogen depletion called chlorosis. Instead of N2 fixation, they reorganise their 

metabolism to reach a dormant state with low metabolic activity. This physiological 

reprogramming is induced by sensing increasing terminal ammonium acceptor 2-

OG. This activates a cascade of different survival mechanisms. Initially, they start 

to degrade the major light-harvesting phycobilisomes and the thylakoid, resulting 

in a colour change from blue-green to yellowish (Figure 5). They also immediately 

undergo a last cell division and start accumulating glycogen, which can reach up 

to 60 % of the cell dry weight (87). In total, the majority of the metabolic activity 

is reduced to a minimum, and only 0.1 % of the photosynthetic capacity is main-

tained during chlorosis. This allows them to survive for several months in periods 

of low nitrogen availability (88–90). Some cyanobacteria, like Synechocystis, also 

produce PHB during chlorosis. In prolonged nitrogen deficiency, the polymer is 

formed fueled by the slight degradation of glycogen (46). Glycogen is also de-

graded, but more rapidly, when cyanobacteria resuscitate from the dormant state. 

In the first resuscitation phase, cyanobacteria require high levels of ATP, which 

they acquire via specialised sodium-dependent ATP synthetases (91). Further, 

they gain their energy by the degradation of glycogen and the oxidation of released 

G6P until they reach the second phase, where the photosynthetic machinery is 

recovered. In the course of resuscitation, the cells rebuild their internal structure, 

and overflowing nitrogen amounts are temporarily stored as cyanophycin (89).  

 
Figure 5 – Schematic overview of chlorosis and the resuscitation from chlorosis (adapted from Klotz 

et al., 2016) 
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3 C/N-balancing  

The majority of all structures and mechanisms in living cells consist of carbon. The 

absence of carbon sources consequently leads to a stop of growth. As described 

before, nitrogen compounds are pivotal in almost all processes in metabolism. Ac-

cordingly, the metabolism of carbon and nitrogen must be strictly balanced. Cya-

nobacteria maintain the C/N balance with a sophisticated regulation system based 

on signal transduction protein PII. (92)  

3.1 The PII Signal Transduction Protein  

PII proteins, encoded mainly by glnB and glnK, are present in a wide range of 

organisms, such as bacteria, archaea and plants (93, 94). They act as a status 

reporter for the energy- and C/N-status (95). All PII proteins share a typical core 

structure formed by three equal subunits of the gene product. A cylindric structure 

of antiparallel β-sheets shapes PII's inner core, surrounded by six α-helices on the 

surface (two of each PII subunit). Also, each monomer exposes a B-loop, C-loop 

and T-loop to the surface (Figure 6 A). The loops are crucial for binding the sensory 

molecules ADP, ATP and 2-OG (96). Some plant PII, such as Arabidopsis thaliana, 

also possess a fourth Q-loop for interacting with glutamine (97). The B-and-C-loop 

interacts with the phosphate moiety of ADP and ATP, while the core structure and 

the T-loop are involved in the adenosine binding. 2-OG only binds when simulta-

neously Mg2+ and ATP are bound (96, 98). The interactions result in conformational 

changes of the T-loop, resulting in a shift in PII’s binding capabilities to their target 

proteins (99) (Figure 6 B).  
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Figure 6 – Structure of PII protein and interaction with binding partners. (A) The general structure 

of PII with B-, C- and T-loop which are crucial for effector binding. PDB: 1QY7 (Synechococcus sp. 

PCC 7942) (B) Conformation of T-loop during binding of different effector molecules. No Effector 

(blue) = PDB: 1QY7; ADP (mint) = PDB: 4C3K (Synechococcus elongatus); ATP (grey) =  PDB: 4CO1 

(Azospirillum brasilense GlnZ); ATP + 2-OG (purple) = PDB: 3TA2 (GlnK3, Archaeoglobus fulgidis). 

(C) Side view of PII-PipX complex (D) bottom view of PII-PipX complex. PII has grabs around the 

three PipX monomers. (E) Side view of PII-NAGK complex. The red cycle focuses on the T-loop, which 

reaches inside the contact surface with NAGK. Created with biorender.com  

When no effector molecule is bound, the T-loop has an opened structure, while the 

binding of ADP causes a closing of the T-loop (Figure 6 B) (100). This closing 

supports the binding of some interacting proteins, such as the PII interacting pro-

tein X (PipX), by stabilising a grab-like structure around the interactor (Figure 6 C 

& D). In contrast, this conformation cannot bind N-actyl glutamate kinase (NAGK) 

(101). Due to the binding of ATP-Mg2+, the T-loop adopts another conformation, 

which allows different interactions with other binding partners, such as NAGK. In 

the case of NAGK, two PII-trimers interact with a hexamer of NAGK. A stack of two 

trimers forms the NAGK hexamer. At the top and the bottom, each PII-trimer 
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interacts with NAGK. Now, the T-loops of PII reach into the contact surface with 

NAGK (102). The interaction of PII with ATP and Mg2+ enables the binding of 2-OG. 

With 2-OG, the T-loop adopts an opened conformation again, further preventing 

the binding of many interacting partners (99). 

Besides changes due to effector binding, PII proteins are modified by post-transla-

tional modifications (PTM) depending on their nutritional status. In many bacteria, 

PII is modified by uridylation or adenylation (103). In E. coli, the GlnB is uri-

dylylated in low nitrogen availability (104). Under similar conditions, in cyanobac-

teria, the PII is modified by phosphorylation, which sometimes adjusts its binding 

ability. The T-loop of cyanobacteria contains a unique serine residue (S49) for 

phosphorylation, close to the Y51, the uridylation site in E. coli (105, 106). The 

S49 is sometimes important in binding PII targets, which is prevented by this phos-

phorylation, e.g. the interaction with NAGK (107). Another PTM detected in cya-

nobacterial PII is the nitration of Y51 in the PII of Nostoc sp. PCC 7120 (108). King 

et al. 2022  newly discovered another PTM in cyanobacterial PII (109). In depend-

ence on CO2, the PII gets carboxylated at a special lysine residue K73, preventing 

interaction with ATP.  

3.1 The Regulating Network of PII 

The conformational flexibility induced by ATP, ADP, and 2-OG and the ability for 

PTM’s make the PII protein an ideal sensor molecule for regulating energy- and 

C/N-balancing. The PII controls several metabolic routes and the uptake of nitrogen 

sources by direct protein-protein interaction with enzymes related to the target 

metabolism or indirectly through interaction with secondary mediating proteins 

(Figure 7). PII prevents nitrate and nitrite uptake in an ammonium-rich environ-

ment by inhibiting the NrtABCD system (110). PII also blocks ammonium uptake if 

its concentrations are too high (111). PII regulates the activity of PepC, which plays 

an essential role in the transition between carbon and nitrogen metabolism. In 

the case of the well-balanced proportion of carbon and nitrogen, PepC maintains 

a high availability of intermediates of the Krebs cycle, which are crucial for the 

biosynthesis of amino acids (66). PII binds PepC during this time and slightly in-

creases its activity to ensure a high level of the amino acid precursors. This acti-

vation is modulated via ADP, 2-OG, or the phosphorylation of the T-loop of PII. 

While ADP prevents the binding, and the phosphorylation only diminishes the bind-

ing to PepC, 2-OG only affects the mediation of the inhibition of PepC (112). PII 
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also regulates the input into the Krebs cycle by inhibiting the first step of fatty acid 

synthesis. PII binds to the biotin carboxyl carrier protein of the acetyl-CoA carbox-

ylase (AccA) in an ATP-dependent manner and slows down its activity (113). This 

ensures appropriate levels of acetyl-CoA, which are directed to the citric acid cycle. 

Another enzyme PII regulates is the N-acetyl glutamate kinase, the key enzyme in 

the synthesis of arginine and the associated cyanophycin (114). This direct regu-

lation of nitrogen-related synthesis serves two purposes - preventing allosteric 

feedback inhibition by the terminal product of the related arginine pathway and 

activating NAGK (115, 116). More recently, the PII interacting regulator of arginine 

synthesis (PirA) was discovered as a secondary regulatory protein of the NAGK 

(117). PirA sequestrates the PII in an ADP-dependent manner during periods of 

high ammonium availability and abolishes the effects of PII on NAGK. PII also reg-

ulates the uptake of nitrogen sources by inhibiting the ammonium, nitrate, and 

urea transporters in nitrogen-rich conditions (111). The most prominent example 

of indirect regulation via PII is the induction of nitrogen fixation in diazotroph and 

chlorosis in non-diazotroph cyanobacteria caused by the deficiency of combined 

nitrogen sources. In times of optimal energy- and C/N conditions, PII binds PipX, 

as previously described. When GS-GOGAT no longer has sufficient ammonium to 

generate Glu, the concentration of the acceptor 2-OG increases. PII senses the rise 

in 2-OG, and due to the conformational change of PII, PipX is released. Conse-

quently, PipX binds to the global nitrogen regulator NtcA and acts as its co-activa-

tor (118). The 2-OG enhances the binding between PipX and NtcA and has a double 

function in the induction to the nitrogen acclimation mechanism (119). NtcA be-

longs to the transcription factors of the group of catabolite repressor proteins and 

affects up to 80 low-nitrogen acclimation genes in Synechocystis (120, 121). Two 

of those are gifA and gifB, the genes of GS inactivating factors IF7 and IF17, which 

are getting repressed by NtcA (122). Simultaneously, NtcA activates the expres-

sion of GS and the nitrogen uptake systems as a last resort to get nitrogen sources 

(123). In addition, this prepares the cells for rising nitrogen availability, which 

allows a rapid awakening of the dormancy. 
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Figure 7 – Regulatory network of PII in Synechocystis sp. PCC 6803 – When energy and nitrogen 

are highly available, sensed by ATP and ADP, and the interaction with 2-OG is missing, PII adopts 

conformations that benefit the binding of their targets. PII mitigates the FA synthesis by inhibiting 

AccA, enabling a higher acetyl-CoA level for the Krebs cycle. Furthermore, it enhances the PepC 

activity for an anaplerotic feeding of the Krebs cycle. Simultaneously, it slows down the nitrogen 

uptake to prevent ammonium levels in the cytoplasm that are too high. PII also activates NAGK. 

High ammonium levels mediate the expression of PirA, which prevents the NAGK activation by PII. 

Also, IF7 and IF17 are expressed during high ammonium availability, mitigating the GS reaction. The 

complex formation of PipX and PII prevents the activation of NtcA. Low levels of nitrogen sources 

result in the accumulation of 2-OG. AccA, PepC, NAGK and PipX are released from PII. PipX then 

activates NtcA, which induces the nitrogen acclimation genes, including the nitrogen uptake systems 

and the GS. NtcA also inhibits the expression of IF7/17 and PirA. Arrow = activation, Flat ends = 

inhibition, dotted = metabolite inductions, dark blue arrows = expression. Created with bioren-

der.com 
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4 Research Questions 

The PII protein in cyanobacteria is a vital regulator that processes several metabolic 

switches. However, not every interactions involving PII is fully understood and is 

still elusive. For instance, the PamA membrane protein was detected in 2005 as a 

PII interactor, but its function has not been fully clarified yet (124). It was expected 

that PII influences not only carbon metabolism during vegetative but also during 

nitrogen-starving situations. In several studies, one special gene product, Sll0944, 

was often detected concerning nitrogen starvation and PII interaction. (111, 125, 

126). A potential candidate for PII involvement in carbon metabolism during chlo-

rosis and to extend knowledge of the PII regulatory network. 

 

Figure 8 – α-Flag immunoprecipitation with Flag-tagged PII from nitrate-grown cells. (111) 

Preliminary unpublished data additionally detected an imbalance in carbon metab-

olism during chlorosis. This work deals with the investigation of the function of the 

Sll0944 protein. The emphasis was placed on the four sections: 

1. Investigation of PII interactions 

2. Detection of possible interaction metabolic important enzymes  

3. Molecular regulation of binding partners 

4. Investigation of the structure of Sll0944 with and without their interacting 

partners 
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II Results 

1 Detecting the Physiological Role of PirC  

The main results of the following publications are summarised in the section. 

Publication 1 

Tim Orthwein, Jörg Scholl, Phillip Spät, Stefan Lucius, Moritz Koch, Boris 

Macek, Martin Hagemann and Karl Forchhammer 

“The novel PII-interactor PirC identifies phosphoglycerate mutase as the key 

control point of carbon storage metabolism in cyanobacteria.” 

PNAS February 9, 2021, 118 (6) 

https://doi.org/10.1073/pnas.2019988118 

In this publication, the Sll0944 protein was detected as a regulator of carbon me-

tabolism modulated by PII and was named the PII interacting regulator of Carbon 

Metabolism (PirC).  

This section also includes additional non-published results (marked with *) related 

to this thesis's topic. 

1.1 PirC is an exclusive protein of cyanobacteria 

To gain more information about PirC regarding expression and potential binding 

partners, in-silico analyses, such as multiple sequence alignment (MSA) and gene 

neighbourhood analysis, were done. The analyses revealed that PirC is only pre-

sent in Cyanobacteria. Each PirC protein contains the DUF1830 (Domain of Un-

known function). The comparison of 53 different pirC genes revealed a dependence 

on nitrogen starvation. The NtcA-binding site 5’-GTN10AC-3’ was present before 

the pirC gene in each cyanobacterium. 67 % of the genes are in direct neighbour-

ing to a noncanonical transfer RNA acetyltransferase. Synechocystis is upstream 

of the glgA1 gene that encodes the glycogen-synthase, which is important in gly-

cogen formation during chlorosis (Publication 1, Fig. S1)  

1.2 The role of PirC in the phosphorylation of PII* 

During adaptation to N-depletion, Synechocystis bleaches from bluish-green to 

yellowish according to the degradation of the phycobilisomes. This could be an 

effect of a change in the phosphorylation of the PII. To check if PirC plays a crucial 

role in the phosphorylation of PII, a Native PAGE of WT and ΔpirC cultures with 

nitrate or ammonium as nitrogen source and two cultures with nitrogen or phos-

phate-depletion were conducted. The cultures were disrupted, and the protein 



II Results 

25 

content was separated via non-denaturating Native PAGE and blotted on a PVDF 

membrane. There are four types of phosphorylated PII. First, the non-phosphory-

lated and these, where one, two or three monomers of the trimeric PII are phos-

phorylated. According to the negative charge of the phosphates, the four types of 

PII run at different lengths through the polyacrylamide gel. After the transfer onto 

a membrane, the PII proteins were visualised by detecting them with anti-PII anti-

bodies (Figure 9).  

 

Figure 9 - PII phosphorylation status in WT and Δsll0944 during growth with nitrate (NO3
-); Ammonia 

(NH3) and during depletion of nitrogen (N) and phosphate (P) 

Under every condition, PII was detected. During growth with nitrate, there is no 

difference in the phosphorylation between the WT and ΔpirC. The non-phosphory-

lated and one or two times phosphorylated PII are seen. Only the phosphate-free 

PII is present in the WT and ΔpirC in the ammonium samples. Under nitrogen de-

pletion, the three types of phosphorylated PII exist in both strains. Under phos-

phate depletion, both strains contain the same PII phosphorylation variants with 

non-, one- or two-phosphorylated monomers.  

1.3 PirC binds to PII in a T-loop-specific manner 

In previous studies, PirC was detected as a PII binding partner. To elucidate the 

molecular dynamics of this binding, Biolayer interferometry (BLI) experiments 

were conducted. The BLI revealed a T-loop-dependent binding of PirC. PirC showed 

an enhanced binding affinity to PII when ADP (KD = 14.06 ± 0.74 nM) or ATP (KD = 

37.29 ± 2.49 nM) was added to the assay. Furthermore, the results showed inhi-

bition of this binding via 2-OG addition (IC50 = 124.4 ± 1.1 µM) (Publication 1, Fig. 

1).  



II Results 

26 

1.4 PirC deletion lowers glycogen- and increases PHB levels 

A Synechocystis strain with a deleted PirC gene (ΔpirC) was investigated during 

growth with sufficient nutrition and according to the interaction with PII to nitrogen 

depletion under a day-night regime. This should give evidence of the potential 

functions of PirC in the physiology of Synechocystis. The deletion showed no dis-

advantage compared to the WT. When the cells were shifted to a nitrogen-poor 

medium, the ΔpirC lacked in the initial doubling of chlorosis. Furthermore, the 

mutant could not form as much glycogen as the WT. In contrast, the ΔpirC pro-

duced twice as much PHB than the WT. The reintroduction of the pirC also proved 

the effects, and Synechocystis regained the behaviour of the WT (Publication 1, 

Fig 2) 

1.5 The iPGAM was detected as an active binding partner of PirC 

Co-immunoprecipitation of Synechocystis with a PirC fused to mCitrine was per-

formed to detect active PirC binding partners. The analysis revealed the product 

of slr1945, which encodes the 2,3-bisphosphoglycerate-independent phospho-

glycerate mutase (iPGAM), as a binding partner of PirC (Publication 1, Fig. S6, Fig. 

S7). The effect of PirC on the iPGAM activity was tested using an enzymatic assay. 

The experiments showed PirC inhibiting iPGAM. (Publication 1, Fig. 3 A). A further 

assay where the interplay with PII was tested showed that the inhibition of iPGAM 

was revised in the presence of PII, and 2-OG again prevented this effect (Publica-

tion 1, Fig. 3 B). BLI experiments also detected an influence of the enzyme sub-

strates on PirC's binding ability (Publication 1, Fig. 3 C, D & E)  

1.6 iPGAM inhibition leads to a metabolic switch 

The enzymatic assay results showed an in vitro inhibition of iPGAM, leading to the 

assumption that PirC affects the glycolytic pathways in vivo. This was checked by 

detecting the metabolite contents during an ongoing nitrogen depletion over 24 h 

using WT and the ΔpirC culture. It was shown that the 3-PGA concentration accu-

mulated over 24 h of chlorosis in the WT, while the content in ΔpirC stayed low. 

In contrast, the ΔpirC accumulated 14 times more pyruvate than the WT.  
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2 Molecular Regulation of iPGAM  

Publication 3 

Tim Orthwein, Phillipp Fink, Janette T. Alford, Nathalie Becker & Karl 

Forchhammer 

„Structural elements of cyanobacterial co-factor-independent phospho-

glycerate mutase that mediate regulation by PirC” 

It was shown that PirC regulates the carbon-/nitrogen homeostasis in cyanobac-

teria tuned by the nitrogen regulator protein PII. Besides the interaction with PII, 

the iPGAM interaction is also crucial in understanding the regulation dynamics. 

Based on the exclusiveness of the iPGAM inhibition by a unique protein in cyano-

bacteria, the iPGAM of Synechocystis was analysed in terms of emerging speciali-

ties. 

2.1 iPGAM of cyanobacteria have particular sub-structure 

First, the iPGAM sequence of Synechocystis was analysed by a phylogenetic and 

multiple sequence alignment (MSA) to get more information on cyanobacterial iP-

GAMs. It was shown that the cyanobacterial iPGAM exclusively evolved compared 

to other species (Publication 3, Figure 1). Early red algae and cyanobacteria split 

from other bacterial iPGAMs in the phylogenetic tree, indicating a distinguished 

evolution in cyanobacteria. In particular, an MSA revealed two sequences that only 

exist in the cyanobacterial iPGAMs. An inner structure and an extended C-terminus 

with conserved amino acids in sequence (detected by SeqLogo of an alignment 

with 644 different cyanobacterial PGAMs). 

2.2 Structure Prediction of iPGAM 

To see if the segments are important structural elements, the structure of the 

iPGAM was predicted using AlphaFold and SWISS-MODEL. The prediction showed 

the typical separation in phosphatase- and transferase-domain with an in-between 

substrate binding cleft. The inner cyanobacterial segment was predicted as the 

inner loop segment (called a loop) and a random coil of the C-Terminus. The loop 

segment is directly connected to the catalytic centre via a ten amino acid long ß-

strand. The loop contains an inner hydrogen bond between highly conserved glu-

tamate (E468) and lysine (K473) residue (Publication 3, Figure 2) 
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2.3 Mass photometry indicates a 1:3 stochiometry of iPGAM-PirC  

Mass photometry was conducted to detect the stochiometry of the iPGAM-PirC 

complex. The analysis of iPGAM indicated a monomer, and the PirC was detected 

mainly as a hexamer but with signals of even higher oligomeric species. The com-

bination of the complex attested to a potential stoichiometry of one iPGAM with 

three PirC monomers.  

2.4 Structure Prediction of iPGAM 

The structure of the iPGAM-PirC complex was predicted with AlphaFold to get in-

formation on potential interaction which can mediate the inhibition. It revealed 

three independent binding sites for PirC. One in the binding cleft and another one 

concerning the loop structure. A conserved tyrosine (Y39) from PirC forms a hy-

drogen bond with the K473 of iPGAM and prevents the E468-K473 hydrogen bond. 

The third predicted binding site showed no specialised interaction with iPGAM.  

2.5 The iPGAM variants have changed affinities to PirC and 

changed inhibitory effects 

To detect the effect of the variants on the binding and the inhibitory effect of PirC, 

BLI measurements and a coupled enzymatic assay were conducted with purified 

proteins of created strep-iPGAM variants lacking the sub-structures (iPGAM-Δloop, 

-ΔCT & -ΔloopΔCT). The detected KD values of iPGAM-WT (378.4 ± 50.3 nM) iP-

GAM-Δloop (203.2 ± 45.04 nM), iPGAM-ΔCT (113.6 ± 18.3 nM) & iPGAM-

ΔloopΔCT (233.4 ± 45.3 nM) show an enhanced affinity of PirC to the iPGAM. The 

activity of both loop-free iPGAMs is drastically reduced compared to the WT, while 

the PGAM-ΔCT has double the maximum activity. Despite the stronger binding of 

PirC, the inhibitory concentration (IC50) of PirC of iPGAM-ΔCT is 10 times higher 

than in the WT. The IC50 of the two other variants are close to the WT (Publication 

3, Table 2, Figure 5).  

2.6 The iPGAM variants influence the metabolism during chlorosis 

To test the effect of the different variants on the physiology of Synechocystis, 

strains with exchanged iPGAM with iPGAM-Δloop -ΔCT & -ΔloopΔCT were created. 

The PirC strain was used as a control for an uninfluenced iPGAM. The variants 

were tested on the effect of general laboratory conditions with nitrate and ammo-

nia. No differences between all strains were detected. Furthermore, an nitrogen 

depletion experiment was conducted to see the influence of the iPGAMs in 
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chlorosis. The PirC had a lack of initial doubling in chlorosis. The iPGAM-ΔCT & -

ΔloopΔCT strains produced similar amounts of PHB to the PirC strain but had no 

missing doubling at the beginning of chlorosis. The iPGAM-Δloop showed no sig-

nificant differences to the WT and PirC. (Publication 3, Figure 6). 

3 Investigation of potential binding Partners of 

PirC and PGAM 

Th following sections, 3 and 4, only contain unpublished results. 

3.1 Co-Immunoprecipitation using anti-PirC antibodies 

Co-immunoprecipitation (CoIP) using the GFP-Trap beads and mCitrine-PirC as 

bait revealed the iPGAM as an active target in cyanobacterial metabolism. There is 

the possibility of additional binding partners. To test this, another co-immunopre-

cipitation experiment was conducted. In this case, antibodies against the native 

protein were used to trap the PirC and detect novel binding partners. As control 

and to detect putative binding partners during growth, the CoIP was conducted 

with vegetative growing cultures in continuous light. This analysis was done with 

WT and cells containing the loop-free iPGAM (loop) variant to detect differences 

from the native iPGAM. The samples were prepared and analysed as described in 

III Material and Methods of Additional Results. The enrichment of proteins co-pre-

cipitated in the sample was compared against the same experiment using a control 

antibody (TnrA protein from Bacillus subtilis). The results of the experiments were 

depicted in a dot plot, x-axis: log2 of the LFQ intensity ratio of the sample against 

control, y-axis log10 of the overall intensities. The results of the experiment using 

the WT cells are shown in Figure 10. 
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Figure 10 - Co-immunoprecipitation of vegetative-grown WT cells using α-PirC as a trapping mole-

cule. Each point represents the log2 ratio of protein enrichment in the PirC antibody sample to the 

control (TnrA AB) against the log10 of the total enrichment. Each point depicts the mean of inde-

pendent triplicates. 

As expected, the most abundant protein in the sample is PII. A second protein 

which was highly abundant in the sample enrichment was the Ssl1261. This protein 

is annotated as the elongation factor (EF) TS, which catalyses the release of GDP 

from the EF-TS (127). Surprisingly, iPGAM was also found to have higher contents 

in the sample. 

The same experiment was repeated using vegetative growing cells of Δloop (Figure 

11). 
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Figure 11 - Co-immunoprecipitation of vegetative-grown Δloop cells using α-PirC as a trapping mol-

ecule. Each point represents the log2 ratio of protein enrichment in the PirC antibody sample to the 

control (TnrA antibody) against the log10 of the total enrichment. Each point depicts the mean of 

independent triplicates. 

A similar outcome mainly was detected as in the WT, except for the intensities. PII 

was again the most abundant protein, and the EF TS protein was detected in higher 

amounts but with a much lower ratio than the WT. Additionally to the WT, with a 

log2 ratio of around 2, the Fructose-1,6-bisphosphate was detected. 

As detected in previous studies, PirC is mainly bound by PII in a nutrition-rich en-

vironment and is more exposed during nitrogen starvation. The CoIP was also 

conducted with cells from a nitrogen-depleted culture. The graph in Figure 12 

shows the results of an experiment with the WT cells.  
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Figure 12 - Co-immunoprecipitation of n-depleted WT cells using α-PirC as a trapping molecule. 

Each point represents the log2 ratio of protein enrichment in the PirC antibody sample to the control 

(TnrA AB) against the log10 of the total enrichment. Each point depicts the mean of independent 

triplicates. 

Unlike expected, the iPGAM was highly underrepresented in the sample precipita-

tion, and the only noticeable abundant protein was the bait protein PirC itself. As 

the vegetative sample, PII could be detected as slightly enriched but with lower 

intensities. The same experiment conducted with iPGAM-Δloop is shown in Figure 

13. 
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Figure 13 - Co-immunoprecipitation of n-depleted Δloop cells using α-PirC as a trapping molecule. 

Each point represents the log2 ratio of protein enrichment in the PirC antibody sample to the control 

(TnrA AB) against the log10 of the total enrichment. Each point depicts the mean of independent 

triplicates. 

Again, PII was the most abundant protein. In this sample, the EF-TS protein could 

also be detected in higher amounts than in the control. In slightly higher amounts, 

the Slr0743 and the Slr0426 were detected. The Slr0743 is annotated as NusA 

protein, a part of the rRNA transcription and antitermination complex (128)The 

Slr0426 protein, annotated as GTP cyclohydrolase I, hydrolyses GTP to dihydro-

neopterin triphosphate, the initial intermediate in the synthesis of tetrahydrofolate 

(129).  

A disadvantage of relative quantitative analysis against a control is the loss of 

proteins exclusively available in the sample's enrichment (deviation with zero is 

not allowed). Due to this fact, proteins solely enriched in the sample were also 

analysed. For the analysis, all exclusive proteins found in the measurements of 

vegetative (+ N) or N-depleted cells (- N) were considered and filtered to detect 

potential hits. The threshold was set to a minimum of LFQ of 1 · 108. Only proteins 

detected in WT and the loop of each growth background were used. Results are 

shown in Figure 14. 
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Figure 14 – Exclusively detected proteins in the α-PirC sample. Green: proteins detected in vegeta-

tive-grown cells. Orange: proteins detected in chlorotic cells (24 h nitrogen depletion). 

The analysis mentioned above revealed two proteins exclusively enriched in the 

sample. First, the proteins Ssr5106 and Ssl6035 are encoded by similar genes but 

located on either pSYSM or pSYSX, the naturally occurring plasmid in Synecho-

cystis. Both genes are located upstream of the gene encoding the partitioning pro-

tein ParA (130). The protein is four times more enriched in the vegetative-grown 

sample than in the nitrogen-depleted sample. Second, the Sll0469 was enriched 

in identical amounts in the vegetative and nitrogen-depleted samples. Sll0469 is 

the phosphoribosyl pyrophosphate synthase, which is crucial in nucleotide synthe-

sis (76). 
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3.1.1 Measuring the potential PRPPS-PirC interaction 

Osanai et al. 2014 (125) have shown that the PRPP content and some further 

intermediates are drastically reduced during the first 24 h of N-depletion. Since 

PRPPS was detected in the CoIP results, we assumed a role for PirC in regulating 

PRPPS. An inhibition of PRPPS would cause a shift in PRPP content due to lower 

activity. BLI measurement and enzyme assay with a purified strep-tagged PRPPS 

enzyme and a His-tagged PirC were conducted to investigate the relation of PirC 

with PRPPS (BLI not shown, Figure 15). 

 

Figure 15 – PirC-PRPPS binding and activity of PRPPS. (A) Representavtive graph of PirC-PRPPS BLI 

measurement. (B) PGAM assay with 0.1 mM Ru5P  

In the BLI measurement, the his-tagged PirC was immobilised on the surface of 

NTA sensors and dipped in an analyte solution of 3000 nM PRPPS. No binding be-

tween the PirC and the PRPPS with this experimental design could be detected. 

Also, in the enzyme assay, no influence of PirC on the PRPPS reaction could be 

detected (Figure 15).  
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3.2 Co-Immunoprecipitation using anti-iPGAM antibodies 

The importance of the iPGAM in cyanobacterial chlorosis makes them another im-

portant target. To reveal further binding partners or a prevention of binding due 

to the loss of the loop, a CoIP was also done using an α-iPGAM antibody to use the 

iPGAM as a bait. The procedure was repeated as described above in section 3.1. 

The analysis with the WT cells is reflected in the dot plot depicted in Figure 16. 

 

Figure 16 - Co-immunoprecipitation of vegetative-grown WT cells using α-iPGAM as a trapping mol-

ecule. Each point represents the log2 ratio of protein enrichment in the PGAM antibody sample to 

the control (TnrA AB) against the log10 of the total enrichment. Each point depicts the mean of 

independent triplicates. 

In this enrichment, the products of slr1245 and sll1789 were found with a log2 fold 

of around 5. They are annotated as RNA polymerase gamma-subunit and RNA 

polymerase beta-subunit. Both are also annotated as DNA-directed RNA polymer-

ase (RNAP) subunit beta' (beta prime) or rpoC1 and rpoC2. These subunits are the 

largest subunits of the RNAP (131). In cyanobacteria and chloroplasts, the beta’ is 

split in rpoC1 and rpoC2. Both possess parts of the catalytic site of the RNAP (132).  
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As expected, the iPGAM was the most abundant protein in the CoIP. The same 

experiment was conducted with the loop-free variant strain, resulting, in Figure 

17. 

 

Figure 17 - Co-immunoprecipitation of vegetative-grown loop cells using α-iPGAM as a trapping 

molecule. Each point represents the log2 ratio of protein enrichment in the iPGAM antibody sample 

to the control (TnrA AB) against the log10 of the total enrichment. Each point depicts the mean of 

independent triplicates. 

Again, the slr1265 was found in the analysis. Except for this protein, no other 

proteins have a higher log2 fold above 2, indicating no further interactors were 

found. As expected, the bait protein iPGAM was highly enriched. The experiments 

were repeated with nitrogen-depleted cells to detect possible differences between 

vegetative growth and chlorosis. The results are shown in Figure 18. 
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Figure 18 - Co-immunoprecipitation of n-depleted WT cells using α-iPGAM as a trapping molecule. 

Each point represents the log2 ratio of protein enrichment in the PirC antibody sample to the control 

(TnrA AB) against the log10 of the total enrichment. Each point depicts the mean of independent 

triplicates. 

Again, the most abundant protein is the iPGAM itself. Unusually, the PGAM-loop 

appeared in the analysis. Possibly, a misanalysis of the natural iPGAM, which 

shares 97.5 % identity with the PGAM-loop. Interestingly, the RNAP subunits 

found under vegetative growth are not enriched with nitrogen-depleted WT cells, 

and no exceptional proteins are enriched in this analysis. In the last CoIP experi-

ment, the loop strain was used. The results are shown in Figure 19 
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Figure 19 - Co-immunoprecipitation of n-depleted Δloop cells using α-PirC as a trapping molecule. 

Each point represents the log2 ratio of protein enrichment in the PirC antibody sample to the control 

(TnrA AB) against the log10 of the total enrichment. Each point depicts the mean of independent 

triplicates. 

In this analysis, the iPGAM without the loop was the most detected protein in the 

sample. In addition, the Slr743, a NusA protein, was highly enriched. NusA is a 

termination/antitermination protein of the transcription. Furthermore, Cohen et al. 

2010 (133) and Li et al. 2013 (134) detected chaperone function and relation to 

cellular DNA damage coordination (135).  
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4 Structure of PirC and their complexes 

4.1 The structure of PirC  

The three-dimensional structures help to understand the function of proteins. Ex-

periments in the lab conducted by Jörg Scholl (136) show purified PirC elutes very 

early in an SEC experiment. Moreover, it elutes in a broad peak where no primary 

oligomerisation state is detectable. Attempts to crystalise PirC-PII complexes were 

unsuccessful, possibly because of the described aggregation. Alphafold predictions 

of different oligomers (one to 12) were also unsuccessful.   

4.2 The complex of PirC and PII 

PII often binds to other trimeric structures. One popular example is the binding 

with the NAGK. The key enzyme in the synthesis of arginine forms a dimer of 

trimers, and two PII trimers bind to the top and the bottom of this structure (102). 

Another example is the binding of the nitrogen starvation co-inducer protein PipX. 

The PII trimer binds three individual PipX proteins. In both cases, the T-loop is 

strictly involved in this interaction (101). ATP or ADP enhances, and 2-OG inhibits, 

the binding of PII. This also applies to the interaction of PII and PirC. Attempts to 

crystalise PirC-PII complexes were not successful. According to that, an AlphaFold 

prediction was made with the assumption of a trimer-monomer- (Figure 20) and 

a trimer-trimer complex (Figure 21). 

 
Figure 20 – Alphafold prediction of a PII-PirC monomer complex. (A) Cartoon representation of PII-

PirC with pTM and iptM score. (B) Predicted aligned error graph of the complex. 

The core structure of PII was predicted with high confidence (blue colouring of the 

structure). The Predicted aligned error (PAE, Figure 20 B) graph also proves high 
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confidence in the PII core structure (residues 130-528). Only the T-loop’s prediction 

quality was lower (orange colouring), also visible as three light lines in the PAE 

(vertically and horizontally, residues 198, 264, 396). An overlay of the PII struc-

tures of this prediction and the PipX-bonded PII revealed an almost identical struc-

ture of PII of Anabaena sp. binding to three PipX molecules (PDB:3N5B). In con-

trast, the PAE (from 0-116) and the pLDTT colouring indicate lower confidence in 

the PirC structure. The predicted β-sheet of the DUF1830 (domain of unknown 

function) has the highest confidence in the PirC structure. The lowest quality is at 

the C-terminus of PirC with a predicted α-helix. The overall prediction quality 

scores (pTM & ipTM) are above the good quality threshold. However, based on the 

recurring structural phenomenons of PII binding to trimeric or three individual mon-

omers, an alphafold prediction of a 3:3 stochiometry of PII with PirC was conducted 

(Figure 21).  

 
Figure 21 - Alphafold prediction of a PII-PirC trimer complex. (A) Cartoon representation of PII-PirC 

with pTM and ipTM score. (B) Predicted aligned error graph of the complex. 

According to the calculated pTM and ipTM, this prediction is of lower quality than 

the PII-PirC monomeric structure. Again, the highest confidence is calculated in the 

PII-core structure. An overlay of PII prediction with the PII which binds to PipX (same 

as mentioned above) is similar to the prediction of PII binding to one PirC. The PAE 

again refers to acceptable confidence in the core area of PirC, while the outer 

surface is less accurate. This is consistent with the structure's depicted pLDDT.  

The involvement of the T-loop in the binding of PirC suggests the potential effect 

of PTM in the binding, such as phosphorylation of the S49. To test this, BLI 
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measurements were conducted with PII and a variant mimicking the S49 phosphor-

ylation (S49E). The preliminary resulting binding curves are shown in Figure 22.  

 
Figure 22 - Binding of PII or PII(S49E) with PirC in the presence of 2 mM ATP. Single measurement 

of PII variants as bait and strep-PirC as analytes. 

The variant that contains glutamate at the position of S49 has a lower binding than 

WT PII. The maximal binding is strongly reduced, and an estimation of the KD indi-

cates a reduced affinity to PirC due to a low KD. 
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III Material and Methods of Additional Re-

sults 

1 Native Page and Western blot 

The influence of PII's phosphorylation status was detected via native polyacryla-

mide gel electrophoresis, followed by western blot detection of PII using α-PII anti-

bodies. Depending on the nutrition availability, the PII trimer inside the Synecho-

cystis can exist in four different phosphorylated variants, without any phosphory-

lation and with one, two or three phosphorylated PII monomers. According to this, 

the PII runs through an SDS-free polyacrylamide gel at different distances: the 

more phosphorylated monomers, the further PII runs through the gel. To detect 

the PII phosphorylation inside Synechocystis, the cells were cultivated under nitro-

gen-rich and nitrogen-poor conditions. During N-depleted conditions, the PII is 

phosphorylated, while it is non-phosphorylated during high N availability. 

2.1 Native PAGE 

15 ml of a Synechocystis culture - cultivated in different conditions - was harvested 

and lysed in 250 ml lysis buffer (50 mM Tris-HCl pH 7.4, 5 mM EDTA) using glass 

beads and a shaking homogeniser. The soluble and the insoluble part were sepa-

rated via centrifugation. The soluble crude cell extract was used for the native 

page. It was mixed with ultrapure water and 2x loading buffer (25 mM Tris-HCl, 

50 mM potassium phosphate buffer pH 7.4, 2.5 mM MgCl2, 2.5 mM DTT, 0.5 mM 

EDTA, 25 mM KCl, 1 mM benzamidine hydrochloride and 8 mg · ml-1 BSA) to a 

protein concentration of 10 µg/15 µl. This mixture was then loaded on an SDS-

free polyacrylamide gel (Stacking gel: 5 % polyacrylamide, 125 mM Tris-HCl pH 

6.8, 0.15 % NP-40, 1 % APS, 0.1 % TEMED; resolving Gel: 8 % polyacrylamide, 

125 mM Tris-HCl pH 8.8, 0.15 % NP-40, 1 % APS, 0.1 % TEMED). The electropho-

resis was then performed at a constant current of 30 mA and a maximum of 200 

V until the dye front reached the bottom of the gel.  

2.2 Western Blot 

The separated proteins inside the gels were then blotted on a PVDF membrane 

with a semi-dry western blot. The native PAG was placed on an activated PVDF 

membrane (soaking in 100 % methanol for 30 sec) and assembled through two 

filter paper layers above and below the gel membrane sandwich. The blotting 
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sandwich was placed on the anode and covered with the cathode. The proteins 

were transferred for 30 min at a constant voltage of 30 V. 

2.3 Immunodetection 

The membrane was incubated with anti-PII (α-PII) antibodies to visualise fixed PII. 

First, to block free protein binding capacities, the membrane was incubated for 16 

h with blocking buffer (50 mM Tris/HCl pH 7.4, 150 mM NaCl, 1 % (v/v) Tween20, 

5 % no-fat milk powder). The excess blocking buffer was removed by three-time 

membrane-washing with 5 ml washing buffer (Tris/HCl pH 7.4, 150 mM NaCl, 1 % 

(v/v) Tween20). The membrane was then incubated with the specific antibody α-

PII. Here, the antiserum was diluted 
12500 in 5ml dilution buffer (Tris/HCl pH 7.4, 150 

mM NaCl, 0.1 % (v/v) Tween20) and added to the membrane. After 2 hours of 

incubation, the membrane was washed again three times. To visualise bound α-

PII, the membrane was incubated for 1 h with a dilution buffer containing the de-

tection antibody in a 
15000 dilution. The detection antibody is coupled to a horserad-

ish peroxidase. After a third washing step, the membrane was developed with the 

BM Chemilumineszenz-Western-Blot-Substrat (POD) of Roche (Basel, Switzerland) 

according to the manufacturer's protocol. 

2 Co-immunoprecipitation using target-specific 

antibodies 

Another co-immunoprecipitation experiment was conducted to determine other 

binding proteins of PirC or PGAM. In this case, specific antibodies (AB) against the 

PirC protein and the PGAM were used as bait.  

2.1 Sampling of vegetative and N-depleted cultures 

Synechocystis sp. PCC 6803 was inoculated in 1000 mL batch cultures at 

OD750=0.2 and propagated at 28 °C and 40 µmol photons m-2 s-1 in BG11 medium, 

supplemented with 5 mM NaHCO3 and 5 mM HEPES. Cultures were stirred at 

120 rpm and bubbled with ambient air. Samples (400 ml at vegetative nitrate 

conditions) were taken at OD750=0.6, and subsequently, the remaining culture was 

shifted to a nitrogen depletion medium. After 6 h incubation, a further 600 mL 

sample was taken. Cells were pelleted by centrifugation with 5000 x g for 10 min. 

The supernatant was discarded, and the cell pellet was suspended in 2 mL of a 

detergent-free lysis buffer (100 mM TRIS (pH 7.5), 100 mM KCl, 1 mM MgCl2, 

1 mM DTT, 0.5 mM EDTA, and additionally for N-depleted samples with 2 mM ATP 
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and 2-OG) and transferred into a two 1.5 mL sealed screw cap tube. Glass beads 

with a diameter of 0.1 mm were added and cells were disrupted with a 

FastPrep®-24 Ribolyser with the following settings: five cycles with 6.5 m*s-1 for 

of 30 sec; each cycle followed by a 5 min break; constantly at 4 °C. The samples 

were centrifuged with 16.000 x g for 5 min at 4 °C to pellet cell debris. The clear 

cell extract was carefully transferred into a fresh 1.5 mL tube at 4 °C. Protein 

concentrations in crude protein extracts were quantified by Bradford assay. 

2.2 Immunoprecipitation 

For antibody binding of the PirC- (α-PirC), iPGAM-specific (α-iPGAM), and control 

pull-down (TnrA), each 150 µL of a well-resuspended Protein G magnetic beads 

slurry was aliquoted, washed twice with 1 ml of the lysis buffer and subsequently 

incubated for 15 min at RT under agitation on an orbital shaker with 15 µL of either 

the Synechocystis antisera (produced in rabbit) or an unspecific B. subtilis TnrA 

antiserum (produced in rabbit). Coupled beads were rewashed and incubated with 

2 mg crude protein extract at previous coupling conditions. After three washing 

steps, protein elution was performed in two consecutive steps, with each 60 µL of 

a 200 mM glycine buffer at pH 2.5. Eluate fractions were combined and stored at 

- 80 °C.  

Sample preparation  

Samples were lyophilised and resuspended in 100 µL denaturation buffer. The 

sample pH was adjusted to 8 by adding 12 µL 1M Tris/base (pH 11). The sample 

was reduced and alkylated by adding 1 mM DTT and 5.5 mM IAA and incubation 

for at least 60 min at RT in the dark while shaking. To pre-digest the proteins, 50 

µL of the sample was incubated with 0.5 µg Lys-C for 3 h at RT shaking. The pre-

digest mixture was then diluted with 200 µl 20 mM ABC buffer (pH 8.0) and 0.5 µg 

trypsin was added. This mixture was incubated overnight at RT while shaking. After 

the incubation, 10 % (v/v) TFA was added to adjust the pH to 2.5. Ultimately, 100 

µl of the digested protein mixture was cleaned via stop-and-go extraction (STAGE) 

using C18-clean-up tips.  

2.3 LC-MS measurement  

The measurement of the peptides was conducted as described in publication 1. 
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3 Biolayer interferometry using Octet K2 

All additional BLI measurements were conducted as described in publication 2. 

4 Phosphoribosyl pyrophosphate synthase assay 

An enzymatic assay was performed to test if the PRPPS is a target of PirC. Here, 

the assay was prepared as described in the protocol provided by Sigma Aldrich 

(https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/market-

ing/global/documents/165/895/phosphoribpyrosyn.pdf, last access: 24/07/10). 

This protocol is based on and used by Gudas et al. 1978 (137). For measuring the 

activity of the PRPPS of T-lymphoma cells of mice. The conversion of ribose 5-

phosphate with ATP to Phosphoribosyl pyrophosphate and AMP is coupled to myo-

kinase, pyruvate kinase (PK), and lactate dehydrogenase (LDH) reactions. The 

myokinase produces two ADP molecules from AMP and ATP. The releasing ADP is 

then coupled to the PK reaction to produce pyruvate, which is then reduced with 

NADH to lactate by LDH. The decreasing NADH concentration was measured spec-

trophotometrically at λ = 340 nm. The assay was conducted at 30 °C, and the 

volume was reduced to 250 µl. All assays were done on a 96-well plate and meas-

ured in a Biotek Epoch 2 plate reader (Agilent, Santa Clara, USA). To test the effect 

of PirC, 400 nM of a strep-tagged PirC was added to the assay mixture. 

5 Protein structure prediction via AlphaFold 

Some protein structure predictions were performed to get structural information 

on PirC and its complex with PII. In 2020, Jumper et al. Published in Nature is a 

novel, outstanding protein structure prediction algorithm called AlphaFold. Al-

phaFold is an artificial intelligence (AI)-based neural network that predicts protein 

structure based only on the amino acid sequence close to experimental accuracy 

(136). In 2023, DeepMind published a newer version (AlphaFold3) capable of pre-

dicting multimeric complexes and some ligands, shown in Table 1 (137). Al-

phaFold3 can be used at alphafoldserver.com.   
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Table 1 – List of predictable ligands in AlphaFold3.  

Type of ligands Molecules possible 

Nucleic acids DNA, RNA 

Ions Ca2+, Cl-, Co2+, Cu2+, Fe3+, K+, Mg2+, 

Mn2+, Na+, Zn2+ 

Molecules AMP, ADP, ATP, GDP, GTP, FAD, NAD, 

NADP, NADPH, Heme, Heme C, Pal-

mitic acid, oleic acid, myristic acid, cit-

ric acid, chlorophyll A, chlorophyll B, 

bacteriochlorophyll A, bacteriochloro-

phyll B 

Quality assessment of predictions 

The accuracy of the AlphaFold predictions can be divided into three confidence 

metrics. 

1. The pLDTT (predicted Local Distance Difference Test) is a scale ranging 

from zero to 100 and derived from LDDT, which is a superposition-free score 

that evaluates the local distance differences of all atoms in a modelled pol-

ymer (138). Values above 80 indicate high confidence, while values below 

50 indicate low confidence (139).  

2. The PAE (Predicted aligned error ) graph displays the confidence of the rel-

ative positions and orientation of the prediction (140). The darker the posi-

tion in the graph, the lower the expected position error.  

3. The two scores derived from the template modelling (TM) score, predicted 

TM, and interface predicted TM (pTM & ipTM) measure the protein's overall 

accuracy (141, 142). pTM values above 0.5 indicate a good prediction of the 

structure. ipTM values above 0.8 represent a good prediction of a complex. 

Predictions with values below 0.6 are failed predictions. Values between 

0.6 – 0.8 refer to predictions that can be true.  
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IV Discussion 

1 Physiological function of PirC  

The variety of pathways in cyanobacteria, all dependent on the fixation of CO2, are 

strictly regulated to maintain the optimal proportion of cellular structures, en-

zymes, nucleic acids and metabolic intermediates. In natural habitats, cyanobac-

teria must cope with several stresses, such as oxygenic toxification and energy- 

and nutrition limitations. Due to approximately three billion years of existence, 

cyanobacteria evolved sophisticated mechanisms to overcome many stressful sit-

uations. One of the most important mechanisms is the regulatory network based 

on the nitrogen regulatory protein PII. In times of well-balanced nutrient availabil-

ity, PII ensures the optimal distribution of carbon- and nitrogen via activation of 

PepC and attenuation of ACCase. In nitrogen limitation, PII’s regulation of these 

metabolic key points is terminated. PII activates the nitrogen acclimation genes via 

the release of PipX, which further activates the nitrogen regulator transcription 

factor NtcA (118). In diazotrophs, NtcA then activates the genes that prepare the 

cells for the fixation of atmospheric nitrogen, whereas, in non-diazotrophs, chlo-

rosis is initiated. A crucial component in the differentiation to this dormant state is 

the accurate distribution of newly fixed carbon. In the chlorosis process, newly 

fixed CO2 is initially stored in glycogen. The subsequent slow degradation of the 

glycogen during prolonged chlorosis is also regulated. This work detected the 

Sll0944 protein, which we named PirC, as part of the PII regulatory network with a 

critical role in the direction of carbon flux during nitrogen depletion. As with many 

other PII interactors, the PirC is bound in T-loop dependence, as proven by binding 

experiments with the typical binding partners of PII, ADP, ATP, and 2-OG. In 

the presence of ADP or ATP, PII binds to PirC with a similar affinity to PipX (143). 

2-OG prevents 50 % of the binding of PirC in concentrations close to the KD of 

the third 2-OG binding site in PII (144) (Publication 1, Figure 1). This referred to 

an involvement in nitrogen-induced chlorosis. Experiments with a strain lacking 

the expression of PirC (PirC) also revealed a lack of glycogen synthesis. Further-

more, the degradation of glycogen drastically increased, and the PHB levels 

reached double as high as in the WT after 35 days of chlorosis (Publication 1, 

Figure 2). The detection of iPGAM (Slr1945) as an active binding partner, which 

PirC inhibits, declared its effect on physiology (Publication 1, Figure 3). The iPGAM 

connects the upper and lower glycolytic routes, converting 3-PGA to 2-PGA. The 

iPGAM content in Synechocystis corresponds only to 10 % of the other important 
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mutase in carbon metabolism, Pgm1 (Sll0726) (compared via cyanoatlas (145)). 

This indicates the iPGAM requires strong and strict regulation. The strong binding 

of PirC by PII in the presence of the energy sensor molecules keeps the iPGAM in a 

non-inhibited state during high access to carbon and nitrogen. This guarantees a 

balanced distribution of newly fixed carbon to the synthesis of amino acids via the 

Krebs cycle and feeding the CBB with 3-PGA. In turn, the vast dissociation of PirC 

from PII, even with the small quantities of 2-OG, permits a rapid inhibition of the 

iPGAM. Truly, this switches the direction of carbon backward to carbon storage 

during chlorosis. This hypothesised regulation was underpinned by the detection 

of metabolites during chlorosis of WT and pirC (Publication 1, Fig. 4). The pirC 

accumulated pyruvate, a stable downstream intermediate of the iPGAM reaction, 

in concentrations 14-fold higher than in the WT after 48 hours of nitrogen deple-

tion. Pyruvate is the intermediate directly converted to acetyl-CoA, which serves 

as a precursor of PHB synthesis. This increases the formation of PHB. Not only did 

the PHB content rise in pirC, but additionally, the levels of citrate/isocitrate were 

approximately 30 % higher than in the WT. Also, malate levels reached higher 

levels in pirC. Furthermore, 2-OG levels decreased in the WT after the initial in-

crease caused the absence of ammonia. Conversely, the 2-OG levels stayed the 

same in the PirC deletion mutant. This is another proof of the disturbed flux of 

carbon during the absence of PirC. At the same time, the WT, where the iPGAM is 

regularly inhibited by PirC, showed a two-times elevated 3-PGA concentration to 

the pirC. 3-PGA serves as a potent allosteric activator of GlgC, the enzyme that 

catalyses the initial step of glycogen synthesis. In Synechocystis, GlgC is activated 

by 3-PGA to a remarkable extent of 1630 % (146). As a result, the slightest in-

crease in 3-PGA content activates the GlgC reaction. While the 3-PGA dropped in 

pirC, glycogen synthesis also stalled due to the less activated glgC by 3-PGA. 

Based on these results, a model of how PirC regulates carbon metabolism is pro-

posed (Figure 23). PirC extends the PII regulatory network significantly. It evi-

dences a direct influence of PII in the regulation of carbon metabolism, especially 

during nitrogen starvation. During sufficient nutritional availability, when ADP or 

ATP levels are high and 2-OG levels are low, PII ensures a balanced distribution of 

freshly incorporated CO2 by binding to the iPGAM inhibitor PirC. Besides the regen-

eration of 3-PGA in the PPP to RuBP, iPGAM converts significant amounts of 3-PGA 

to 2-PGA. This is further directed into the lower glycolysis, feeding the Krebs cycle 

to generate precursors for other biosynthesis. When nitrogen levels decrease, 2-
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OG levels increase. PII releases the PirC that inhibits the iPGAM. As a result, 3-PGA 

levels slightly accumulate and activate GlgC. Thereby, glycogen is synthesised in 

high amounts. During long-term chlorosis, PirC still reduces the iPGAM, thereby 

balancing the glycogen degradation. This keeps sufficient energy levels needed for 

the residual metabolism in the dormant state of chlorosis (147).  

 

Figure 23 – Model of how PirC regulates the carbon metabolism in the switch between vegetative 

growth and nitrogen-induced chlorosis. PII binds PirC in dependence on ATP and ADP. 2-OG levels 

are low.  

The reported results still leave questions unanswered. The pirC, with the lack of 

initial doubling, has an additional disadvantage in chlorosis. The abolished iPGAM 

inhibition and the accompanying lack of synthesising glycogen cannot answer this 

open question. Also, the increased levels of PHB cannot declare the missing divi-

sion at the beginning of adaptation. In Publication 3, it is shown that elevated PHB 

concentration does not necessarily lead to a lack in the initial doubling during chlo-

rosis. It is assumed that PirC interacts with further proteins, leading to division. A 

good candidate would have been the PRPPS, exclusively detected in the CoIP with 

α-PirC antibodies as bait in the sample. PRPPS is the entry point of R5P into the 

synthesis of nucleotides, especially of purines. A pyrophosphate moiety of ATP is 

transferred onto the C1 of R5P, forming PRPP. Without regulation of this synthesis 

during chlorosis, nucleotides like ATP, NAD(P)+ and other building blocks of the 

nucleic acids would overflow and influence the physiology negatively. Osanai et al. 

2014 detected a drop in PRPP levels in one day of nitrogen depletion down to one-

tenth compared to the non-starved cells (125). An inhibition of PRPPS by PirC could 

cause a harsh decrease in PRPP levels. The BLI measurement showed no interac-

tion between PirC and PRPPS with the performed experimental design. As well, the 
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PirC did not affect the enzymatic activity of PRPPS. Due to the results, the mech-

anism which allows the doubling at the beginning of the chlorosis is still elusive. 

Publication 1 and Koch et al. 2020 revealed a supporting effect on the PHB syn-

thesis when the cells are cultivated in a day/night regime. Since PHB is only pro-

duced during chlorosis, this effect is assumed to depend on glycogen synthesis. A 

transcriptomic analysis of the important glycogen genes in Synechocystis, glgA1, 

glgC, and glgP2, as well as the pirC and glnB, confirmed diurnal relations (Figure 

24).  

 

Figure 24 – Transcription of PirC, GlgA1, GlgC and GlgP2 during diurnal growth. Data derived from 

Saha et al. 2016 (148). Two days, starting with a 12-hour dark phase, are shown in a day/night 

regime. Grey background: dark phase; white background: light phase 

Synechocystis produces glycogen in day phases to prepare for energy generation 

via glycogen degradation at night (57). In agreement, the anabolic genes glgC & 

glgA1 are upregulated in light phases, and the catabolic gene glgP2 is upregulated 

within the dark phase. Simultaneously, the pirC is upregulated, matching with the 

anabolic enzymes and indicating a regulating function of PirC in daily growth. PirC 
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inhibits the iPGAM and directs the flux into carbon storage. The rising PII levels 

moderate the inhibition to prevent an imbalance of metabolites. This iPGAM inhi-

bition also promotes the regeneration of RuBP through 3-PGA. Furthermore, this 

effect also supports glycogen formation during chlorosis. As shown in the pirC, 

the loss of PirC leads to further enhanced glycogen degradation, resulting in higher 

PHB levels. The suggested mechanism is based on assumptions and poorly signif-

icant databases and has to be tested experimentally. 

The results of this work, mainly of Publication 1, revealed potentially only one part 

of the physiological function of PirC. However, there is evidence of further interac-

tion partners of PirC. CoIP experiments did not deliver the appropriate results for 

PirC's further binding partners. Proximity labelling with PirC fused to a promiscuous 

biotin ligase, as described by Banon et al. 2018, could reveal potential PirC binding 

partners. Banon et al. 2018 developed TurboID or miniTurbo via directed evolu-

tion, which ensures a rapid and easy-to-use proximity labelling assay (149). Pro-

teins that interact with the PirC fusion protein get biotinylated. The biotinylated 

protein can then be immobilised with streptavidin beads and analysed via MS, sim-

ilar to the procedure described in the “2 Co-immunoprecipitation using target-spe-

cific antibodies” section. 

The role of PirC in other types of cyanobacteria 

Obviously, PirC contributes to other nitrogen adaptation mechanisms due to its 

existence in cyanobacteria of all sections. In A. variabilis, PirC could be a key player 

in the heterocyst formation. In heterocysts, exopolysaccharides are needed to pro-

tect the oxygen-sensitive nitrogenase from oxygen. The inhibition of iPGAM of A. 

variabilis could promote this synthesis. In the unicellular nitrogen assimilating C. 

aeroginosa, the regulation by PirC could contribute to the nitrogen fixation. Here, 

glycogen is essential to produce the energy for the nitrogenase reaction at night 

(86). No experiments regarding PirC regulation were ever conducted with another 

organism. These speculations have low informative value. Answering these ques-

tions is an exciting topic for future investigations.   
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2 Molecular regulation of iPGAM 

Phosphoglycerate mutase (PGAM) enzymes are important in all living organisms. 

It connects the upper and lower part of the glycolytic metabolism by converting 3-

PGA into 2-PGA and vice versa. There are two different types of PGAMs in terms 

of their catalysing mechanism. Vertebrates primarily contain the 2,3-bisphospho-

glycerate-dependent PGAM (dPGAM), which essentially requires the phosphoryla-

tion of a particular histidine residue by 2,3-bisphosphoglycerate to perform the 

catalysis (150). Other than that, most bacteria contain a co-factor-independent 

PGAM (iPGAM). Here, the interconversion is catalysed via the phosphorylation of a 

unique serine residue by 3- or 2-PGA, forming a phosphate-free intermediate and 

retransfer the phosphate onto the glycerate basis. For the reaction, manganese 

plays an essential role in the coordination of the phosphoglycerate. Therefore, the 

reaction is very pH sensitive. In the genus of Bacillota (Firmicutes), this effect is 

used to regulate the iPGAM during spore differentiation. During the differentiation, 

the pH increases, and the iPGAM is inhibited. Consequently, 3-PGA accumulates 

up to 0.3 % of the cell dry weight, preparing the bacteria for a rapid germination 

(151).  

Other than this, the iPGAM of cyanobacteria is regulated via protein-protein inter-

action with PirC, as shown previously. The PirC exclusively appears in cyanobac-

teria and contains a conserved core annotated as domain of unknown function 

1830 (DUF1830). In all cases, the DUF1830 is predicted as an intertwined struc-

ture of three β-sheet, with AlphaFold (https://alphafold.ebi.ac.uk/). The exclusiv-

ity of PirC in cyanobacteria and its ability to interact with the iPGAM indicates the 

potential for specialities in cyanobacterial iPGAM. Phylogenetic analysis showed 

that the cyanobacterial- and algae split very early from the other iPGAMs in evo-

lution (Publication 3, Figure 1). In comparison,  chlorotic iPGAM of higher plants 

deviate strongly from the cyanobacterial iPGAM. Furthermore, MSA with hundreds 

of iPGAM sequences and a structure prediction with Synechocystis iPGAM revealed 

unique cyanobacterial elements in the iPGAM. An internal loop structure and an 

extended C-terminus (Publication 3, Figure 2). The start of the phylogenetic tree 

seems to be the point of endosymbiotic engulfment of cyanobacteria. From there, 

the different conditions lead to a different evolution of iPGAMs. Whereas the future 

chloroplast obtained a novel genetic spectrum for regulating iPGAMs through the 

plant genome, cyanobacteria only depend on its genetic material. For instance, 

adaptation to nitrogen deficiency is not required for the chloroplast because 

https://alphafold.ebi.ac.uk/
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the mechanisms of the surrounding plant take over this task. Endosymbiotic cya-

nobacteria possibly also possessed the iPGAM harbouring the loop and the ex-

tended CT, but they were exchanged with the cytosolic or mitochondrial iPGAM of 

the plant ancestor. The gene responsible for the resulting outdated PirC was re-

moved. On the other hand, red algae retained more regulatory mechanisms of the 

engulfed cyanobacteria, and the evolution splits from cyanobacteria later and with 

a slightly different mechanism.. MSA showed remaining sequence identities of al-

gae iPGAM with the cyanobacterial ones, but they also lost the PirC over time. The 

phylogenetic tree of iPGAM clearly distinguishes between α-cyanobacteria and β-

cyanobacteria. The classification into α-cyanobacteria and β-cyanobacteria is 

based on the containing carboxysomes. The α-cyanobacteria contain α-carboxy-

somes, which include the A1 type RuBisCO, whereas β-carboxysomes contain a 

RuBisCO of the 1B type. Also, they have distinct organisation in gene regulation, 

assembling and composition (152, 153). Nevertheless, both groups possess an 

iPGAM containing the loop and C-Terminus. The surprisingly close phylogenetic 

relation between iPGAM and carboxysomes may suggest a functional relation since 

the product released from RuBisCO is the substrate of iPGAM. 

The AlphaFold- and a SWISS-MODEL prediction of the iPGAM of Synechocystis 

mainly showed the typical structure of iPGAM, described for many other iPGAMs. 

It consists of two domains with different functions in the iPGAM reaction. First, the 

phosphatase domain for the dephosphorylation of the substrate and second, the 

phosphotransferase domain for the rephosphorylation at the new position. The do-

mains are separated by a cleft. The binding of the substrate induces a flipping of 

the enzyme, resulting in a closure of this cleft, which is essential for catalysing the 

reaction (154). The AlphaFold elucidated an important feature within the loop 

structure. The two highly conserved amino acids, glutamate 468 and lysine 473 

form a hydrogen bond. The loop is directly connected to the His 457 over a ten 

amino acid long β-strand. His 457 is a coordinating residue, an essential required 

manganese ion. Intriguingly, the hydrogen bond of the two residues within the 

loop adopts the iPGAM in a conformation favouring manganese binding. Enzyme 

assays with the iPGAM variant without the loop showed a ten-fold lower affinity for 

manganese and a strongly reduced activity. Apparently, the loop keeps the cata-

lytic centre in a position, which is also beneficial for performing the overall reac-

tion. The loop also acts as a mediator of the PirC inhibition. The AlphaFold predic-

tion of the iPGAM-PirC complex, which was empirically proved to be a 1:3 complex 
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of iPGAM compared to PirC, also detected a hydrogen bond between the tyrosine 

39 residue of PirC and the lysine 473. This interaction disrupts the stabilising hy-

drogen bond of glutamate 468 and lysine 473 and changes the affinity to the sub-

strate. The loop-free iPGAM had a disturbed Km inhibition and mainly only a re-

duced maximal activity. In contrast, the extended C-Terminus has an intrinsic in-

hibitory effect, further enhanced by the binding of PirC. Deleting the C-Terminus 

in iPGAM (iPGAM-CT) increased activity strongly. Furthermore, the inhibitory ef-

fect of PirC was drastically reduced, but the binding was increased. Here, ten times 

higher amounts of PirC are needed to reach 50 % inhibition of the enzyme. More-

over, the inhibited iPGAM-CT still has a higher maximal activity than the non-

inhibited iPGAM-WT. Primarily, the Km of the substrate was changed with increased 

PirC levels. This C-terminal extension may decrease the vmax of the reaction by 

hindering the closure of the two domains. The binding of PirC augments the 

inhibitory effect on catalysis. The bending of the C-Terminus in the inhibitory 

position is thermodynamically adverse, resulting in impaired PirC binding. The 

iPGAM-loopCT showed compensatory effects. Once again, the deletion of the 

C-Terminus increased the activity compared to the iPGAM-loop. The change 

also resulted in catalytic efficiency between iPGAM-loop and iPGAM-CT. How-

ever, the C-Terminus truncation could not compensate for the loop decrease. 

One important binding site was predicted in the cleft between the iPGAM do-

mains. A binding of PirC at this position can mediate both changes in activity. 

In this case, PirC is able to block the binding of the substrate, which would lead 

to elevated Km. The flip into the catalytic conformation of phosphatase and 

transferase domain will also be disturbed if the substrate has already entered 

the catalytic centre. Without this ability, the vmax drops. The PirC binding within 

the cleft is possibly mainly responsible for inhibiting the iPGAM-loopCT.  

The effects on the biochemistry of the iPGAM also influence the physiology of Syn-

echocystis. The experiments with strains containing the different iPGAM variants 

revealed a strong influence of the C-Terminus free variants on the PHB production 

within the cells in chlorosis (Publication 3, Figure 6). The strain expressing the 

iPGAM-CT had a similar amount of PHB as the pirCs previously shown as a 

PHBoverproducing strain. At the same time, the strain iPGAM-CT produced a lot 

more glycogen than the pirC during chlorosis. The degradation slightly increased 

in iPGAM-CT, compared to the WT, but remained higher glycogen levels as the 
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pirC. The final cell division at the beginning of the chlorosis was not impaired, 

reinforcing the idea of additional functions of PirC. It is shown that the elevated 

flux toward lower glycolysis, caused by the increased iPGAM activity, increases the 

production of PHB during the chlorosis. More precursors for the PHB synthesis are 

provided through higher activity, which drives the formation of PHB. This moderate 

fueling of the PHB synthesis is sufficient for efficient production and does not waste 

the precursors, which in the pirC are further directed into the Krebs cycle. Poten-

tially, this creates an accumulation of TCA intermediates, as shown in Publication 

1, Figure 4. Here, the pirC strain accumulated citrate/isocitrate and 2-OG levels 

were kept high. Additionally, the iPGAM-loopCT strain had similar PHB levels as 

the iPGAM-CT. Indeed, this makes no sense in the first view except if the loop or 

the C-terminus has promiscuous functions or other mechanisms in Synechocystis 

that can rapidly compensate for the disadvantages. Further investigations, includ-

ing metabolic or proteomic analyses, are required for clarification.   
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3 PirC-PII interaction 

The newly discovered PirC is the first PII-interacting protein, directly influencing an 

enzyme after dissociation from the PII complex. Besides the investigation with the 

active PirC partner iPGAM, the investigation of the molecular interaction with PII is 

of great importance. The elucidation of the structure of the complex of PII and PirC 

helps to understand how ADP and ATP influence the interaction. Furthermore, it 

can show if the PTM of the PII can further change the binding abilities of PirC. 

Publication 1 demonstrated very well the T-loop depending binding of PirC. In the 

presence of both energy mediator molecules ADP and ATP, PirC’s binding is en-

hanced. Also, 2-OG interferes with this interaction and ensures the release of PirC. 

However, this measurement alone could not clarify which amino acid residues of 

PII and PirC are involved in the binding. The T-loop of PII contains a serine residue, 

which is phosphorylated in-vivo and fine-tunes the interaction between PII and its 

binding partners. Since attempts to elucidate the PII-PirC structure via Xray crys-

tallography failed, several PII-PirC structure predictions with different stoichio-

metric ratios were conducted. Until then, experiments only suggested a ratio of 

one PII trimer with one PirC protein (136). First, a prediction of this complex was 

made. The prediction resulted in an accurate prediction regarding the confidence 

values of Alphafold predictions. The structure verified the role of the T-loop, and a 

grabbing-like structure was predicted. A closer look at the T-loop (via hydrogen 

bond and contact analysis) showed no special and constantly occurring interactions 

between the T-loop and the PirC protein. Only partly hydrogen bonds with the 

amino acid backbone were seen. PII binds to multimeric protein, which fits the 

number of T-loops of a PII trimer. Concerning this, a prediction was made with 

three PirC monomers. This prediction also confirmed the T-loop-dependent binding 

of PirC. Here, the contacts analysis shows an increased volume of contacts be-

tween the T-loop of PII and PirC (Figure 25 A). Additionally, the hydrogen bonds 

analysis of the PII-PirC interaction indicates specific interactions between the Tloop 

and the PirC (Figure 25). This confirms the pivotal role of the T-loop in the inter-

action with PirC. 
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Figure 25 – Interaction of PII (Purple; T-loop: orange) with PirC (grey). (A) hydrogen bond between 

PII’s S49 and the E97 of PirC. (B) Contacts of PII and PirC. Contacts: green; Hydrogen bond: cyan. 

Analysed and created with ChimeraX 1.8 and illustrated with Inkscape 1.3.  

Interestingly, the hydrogen of the OH group of the specific serine 49 residue, 

where PII can be phosphorylated, forms a hydrogen bond with the oxygen of the 

glutamate 97 of PirC. This indicates a potential significance of the phosphorylation 

in the PirC regulation. The phosphorylation of the T-loop would decrease PirC bind-

ing, resulting in increased inhibition of iPGAM. In high ammonium availability, PII 

is completely dephosphorylated (156) (Figure 9). At this time, the vast incorpora-

tion of ammonium is crucial for an efficient distribution of nitrogen. The non-phos-

phorylated PII strongly binds to PirC. The iPGAM is not inhibited and directs high 

amounts of 3-PGA toward the Krebs cycle, where 2-OG for the ammonium incor-

poration is formed. PII is partially phosphorylated if the Synechocystis grows in a 

nitrate-rich environment (106) (Figure 9). The cells must balance the energy usage 

between the reduction of nitrate to ammonium and its incorporation. A phosphor-

ylated PII would release some PirC, leading to a stalled influx toward lower glycol-

ysis by inhibiting iPGAM, which preserves energy for ammonium reduction. For 

this, it would be interesting to know in which stoichiometry the PirC-PII complex is 

formed and if PII can bind individual PirC molecules. The preliminary binding assay 

of PirC binding with PII(WT) or PII(S49E) confirms the involvement of the S49 in 

the PirC binding. PII(S49E) is a mutated variant of PII where the S49 is exchanged 

by glutamate. Glutamate mimics a potential phosphorylation at this position. 
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It is shown that the phosphomimicry variant S49E has a lower binding to PirC. 

Both kinetic parameters are impaired with the exchange of serine to glutamate. 

However, further verification of the result is required. 

Not only the effect of the S49 phosphorylation is an interesting modification to be 

tested. Furthermore, investigating other PII variants could provide information for 

a deeper understanding of the PirC-PII interaction. Variants with impaired binding 

capacities of ADP and ATP or 2-OG are attractive targets to test the interaction 

with PirC. The novelty discovered carboxylation of PII, where ATP binding is inhib-

ited in times of high CO2, could uncover further regulation mechanisms of PirC. 

Suppose the carboxylation induces a decrease in PirC binding. In that case, the 

release of PirC will result in an inhibition of iPGAM and an elevated flux into the 

regeneration of Ru5P and glycogen synthesis. Nevertheless, the results already 

gained about PirC help expand the knowledge about the PII regulatory network 

and the transition in carbon metabolism between vegetative growth and the dif-

ferentiation into a dormant chlorotic cell.  

Extension of the regulatory network of PII  

PirC has a significant impact on the regulation of carbon metabolism within cyano-

bacteria. It switches the flux from lower glycolysis toward carbon storage during 

nitrogen starvation. Not only the primarily discovered function but also the sec-

ondary effects influence carbon metabolism and balance the distribution of freshly 

fixed CO2 through the cell. The interaction with the PII controls the impact of PirC 

by protein-protein interaction. This adds another component to the PII regulatory 

network (Figure 26). 
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Figure 26 – Regulatory network of PII in Synechocystis sp. PCC 6803 extended with the PirC inter-

action. PirC is moderately expressed during high ATP and ADP accompanying nutrient availability. 

PII binds PirC and prevents its actions. In times of low availability of combined nitrogen sources, 

the nitrogen assimilation genes are activated by the PII-PipX-NtcA cascade. Also, the expression of 

PirC is activated. In high 2-OG concentrations, PII releases PirC, and those inactivate the iPGAM. 

The flux is directed toward glycogen synthesis. Arrow = activation, Flat ends = inhibition, dotted = 

metabolite inductions, dark blue arrows = expression, light blue – newly discovered interactions 

which are PirC related. 

During growth in an environment with sufficient nutrient supply, PII regulates the 

uptake of nitrogen sources by mitigating their uptake systems. Furthermore, it 

ensures appropriate levels of amino acid precursors by activating PepC and inhib-

iting the ACCase. PII also stimulates arginine formation by activating NAGK. In 

turn, PirA prevents the activation when ammonium levels rise. Simultaneously, the 

PipX binding prevents NtcA activation. As a result, the GS is expressed in moderate 

amounts, and its inhibiting factors IF7/IF17 keep the activity balanced. Now, we 

also know that PII regulates the distribution of fixed carbon dependent on the PirC 



IV Discussion 

61 

binding. The freshly fixed CO2 resulting in 3-PGA is directed partially into the lower 

glycolysis via the iPGAM reaction. In times of high nitrate levels, when PII also 

exists in phosphorylated states, PirC could be released and bind to iPGAM. This, in 

turn, preserves energy for nitrate reduction because nitrogen incorporation is low-

ered due to lower precursor amounts. Combined with alternating light conditions, 

where PirC is also expressed at higher levels, it would stimulate glycogen synthe-

sis. The rise of 2-OG, accompanied by nitrogen depletion, results in a solid switch 

in PII regulations. The interactions with PepC, ACCase, NAGK, and PipX have been 

cancelled. The latter induces the activation of NtcA. PirA and IF7/IF17 expression 

is inhibited. The expression of GS and the nitrogen source uptake systems is stim-

ulated. Also, the PirC expression is elevated, and the iPGAM is inhibited. Carbon is 

then primarily directed toward glycogen synthesis 

4 The novel Synechocystis strains as chassis for 

developing production strains. 

The manipulation of the regulatory function of carbon metabolism plays a vital role 

in the development of biotechnologically relevant production strains. This work 

alters the understanding of manipulating carbon metabolism in Synechocystis to 

produce economically valuable products. As mentioned before, our working group 

creates a strain called PPT1, which can produce PHB up to approximately 60 % of 

its cell dry weight (80 % with acetate feeding) based on the results acquired in 

this work. The pirC strain was improved by introducing the phaA and phaB genes 

of Cupriavidus necator. However, there are a variety of disadvantages to this 

strain. The strain required a long time to achieve high PHB levels. However, the 

biggest issue of the PPT1 is the loss of biomass when the PHB synthesis is induced 

by nitrogen depletion. Here, the lack of PirC causes an impaired chlorosis response 

with impaired final cell division. One solution to this problem would be the preven-

tion of the interaction with the known target of PirC. This problem is solved using 

the iPGAM-CT. With this strain, it is possible to produce the same amount of PHB 

in the cell without losing biomass. A strain with iPGAM-CT and the phaA and phaB 

genes would result not only in an increase in the amount in the cell but also in the 

yield of PHB by 100 %. An adjustable induction of the PirC could additionally lead 

to a controlled glycogen turnover. Overexpressing PirC, as Muro-Pastor et al. 2020 

did (155), lead to an overproduction of glycogen, which can be used to fuel the 

PHB synthesis in a way where the degradation of glycogen is adjusted to an ideal 

level for the PHB-producing enzymes. This could also result in higher PHB without 
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the addition of acetate. It is shown that PirC is attractive for manipulating the 

physiology of Synechocystis to create a biotechnological chassis for PHB produc-

tion. However, still, there is a lot of work to do to achieve sufficient production 

rates. This also applies to research that deals with the sustainable production of 

metabolic-derived compounds, like succinate, lactate, or isoprenoids. 

5 Conclusion 

This work expands knowledge about the regulatory network of PII and sheds light 

on the function of the novel discovered PII interacting regulator of carbon metab-

olism. PirC orchestrates the distribution of freshly fixed CO2 via mutual exclusive 

interaction with PII or iPGAM. It impressively underlines the importance of PII in 

the regulation of cyanobacterial metabolism. The results highlight the relevance of 

the iPGAM reaction in the physiology of cyanobacteria. The evolution of iPGAM 

amazingly correlates with carboxysomes, suggesting a functional relation, and 

demonstrates the central role of nitrogen and carbon metabolism in the evolution 

of cyanobacteria. Nevertheless, there are still open questions to clarify. The eluci-

dation of the structure of PirC and its complexes with iPGAM and PII is still being 

uncovered, and some of the structure predictions do not provide sufficient quality. 

Some results indicated more interaction partners for PirC, which should be inves-

tigated to complete the knowledge of PirC's function. Detailed insights have been 

obtained from PirC, but PirC remains an exciting topic in the study of cyanobacte-

rial metabolism. Beyond that, it is an outstanding target for creating cyanobacterial 

strains that help produce chemicals for a sustainable future.   
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Nitrogen limitation imposes a major transition in the lifestyle of

nondiazotrophic cyanobacteria that is controlled by a complex

interplay of regulatory factors involving the pervasive signal

processor PII. Immediately upon nitrogen limitation, newly fixed

carbon is redirected toward glycogen synthesis. How the meta-

bolic switch for diverting fixed carbon toward the synthesis of

glycogen or of cellular building blocks is operated was so far

poorly understood. Here, using the nondiazotrophic cyanobacte-

rium Synechocystis sp. PCC 6803 as model system, we identified a

novel PII interactor, the product of the sll0944 gene, which we

named PirC. We show that PirC binds to and inhibits the activity

of 2,3-phosphoglycerate–independent phosphoglycerate mutase

(PGAM), the enzyme that deviates newly fixed CO2 toward lower

glycolysis. The binding of PirC to either PII or PGAM is tuned by the

metabolite 2-oxoglutarate (2-OG), which accumulates upon nitro-

gen starvation. In these conditions, the high levels of 2-OG disso-

ciate the PirC–PII complex to promote PirC binding to and

inhibition of PGAM. Accordingly, a PirC-deficient mutant showed

strongly reduced glycogen levels upon nitrogen deprivation,

whereas polyhydroxybutyrate granules were overaccumulated

compared to wild-type. Metabolome analysis revealed an imbal-

ance in 3-phosphoglycerate to pyruvate levels in the pirC mutant,

confirming that PirC controls the carbon flux in cyanobacteria via

mutually exclusive interaction with either PII or PGAM.

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

Cellular homeostasis relies on the capacity of living systems to
adjust their metabolism in response to changes in the envi-

ronment. Therefore, organisms must be able to sense the meta-
bolic state and tune it in response to environmental fluctuations. It
has been proposed that cyanobacteria do not extensively rely on
direct environmental sensing but rather are primarily concerned
about their internal metabolic state (1). This “introvert” lifestyle
requires that they constantly and precisely monitor their intra-
cellular milieu in order to detect imbalances caused by external
perturbations. The maintenance of carbon/nitrogen (C/N) ho-
meostasis is one of the most fundamental aspects of cellular
physiology. For photoautotrophic organisms like cyanobacteria, it
is essential to tightly interconnect CO2 fixation and nitrogen as-
similation. To fulfill this task, cyanobacteria use a sophisticated
signaling network organized by the pervasive PII-signaling protein.
PII proteins are fundamental for this task in most free-living
prokaryotes and chloroplasts of green plants (2). They act as
multitasking signal integrators, combining information on the
metabolic C/N balance through interaction with the metabolite
2-oxoglutarate (2-OG) and on the cellular energy state by com-
petitive adenosine triphosphate (ATP) or adenosine diphosphate
(ADP) binding. 2-OG is ideally suited as a status reporter me-
tabolite for C/N balance, as this tricarboxylic acid (TCA) cycle
intermediate represents the precursor metabolite into which

ammonia is incorporated through the nitrogen assimilatory reac-
tions catalyzed by the glutamine-synthetase–glutamate-synthase
(GS/GOGAT) cycle (3).
The interaction of PII proteins with various effector molecules,

the conformational changes that ensue from these interactions,
and their perception by the targets have been elaborated in great
detail [recently reviewed (3–6)]. The three intersubunit clefts of
the trimeric PII proteins contain intercommunicating effector-
molecule–binding sites; ADP and ATP compete for occupying
these sites, and binding of ATP, but not ADP, creates a coor-
dination sphere for the effector 2-OG through a bridging Mg2+

ion. Depending on the effector molecules bound, the large and
flexible target-binding loops (termed T-loops), protruding from
the effector binding sites, can adopt specific conformations,
allowing signal receptor proteins to read out the metabolic in-
formation through protein–protein interactions (5). A variety of
key metabolic enzymes, transcription factors, and transport
proteins use this signaling path to tune their activity in response
to the metabolic state. PII in its different conformations can di-
rectly interact with various target proteins such as the N-acetyl-L-
glutamate kinase, catalyzing the committed step in arginine

Significance

In this work, we identified the regulatory mechanism of the

key control point of cyanobacterial carbon metabolism, the

glycolytic phosphoglycerate mutase (PGAM) reaction, con-

verting 3-PGA into 2-PGA and thereby exporting organic car-

bon from the photosynthetic Calvin cycle. We show that PGAM

activity is controlled by a small modulator protein PirC (product

of sll0944), which inhibits the enzyme through protein–protein

interaction. The availability of PirC for PGAM inhibition is

controlled by the pervasive carbon/nitrogen balance regulator

PII, which sequesters PirC at low 2-oxoglutarate levels and re-

leases it at high 2-oxoglutarate levels. PirC-mediated inhibition

of PGAM triggers glycogen accumulation, and disrupting this

regulation allows the redirection of carbon flux, a decisive re-

quirement for transforming cyanobacteria into green factories.
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biosynthesis (7, 8); the acetyl-CoA carboxylase, catalyzing the
rate-limiting step in fatty acid biosynthesis (9); the phospho-
enolpyruvate carboxylase, which catalyzes an anaplerotic carbon
fixation (10); or the glutamine-dependent nicotinamide adenine
dinucleotide (NAD+) synthetase (11). Besides tuning the activity
of enzymes, recent analyses revealed that, through direct
protein–protein interaction, the abundant PII proteins can also
regulate transport activities, including an ensemble of nitrogen
transporters such as the nitrate/nitrite transport system, the urea
transport system, and the ammonium transporter (12).
A different mechanism underlies the ability of PII proteins to

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

interactors of unknown function were identified (12). The most
prominent hit was the product of the sll0944 gene, a member of
the NtcA regulon (11, 13). The sll0944 gene product is annotated
in Uniprot (https://www.uniprot.org/uniprot/P77971) as a protein
of unknown function. Close homologs are widespread in the
cyanobacterial phylum, pointing to an important function of this
protein in the cyanobacterial metabolism. We previously ob-
served that sll0944 is up-regulated both at the transcriptional
(15) and posttranscriptional (16) level during the response of the
model cyanobacterium Synechocystis PCC 6803 (from now on
termed Synechocystis) to nitrogen starvation. Following nitrogen
depletion, the CO2-fixation products are redirected toward gly-
cogen synthesis, and, concomitantly, the phycobiliproteins and
the entire photosynthetic machinery are proteolytically degraded,
causing loss of pigments of the cells (referred as chlorosis) (15).
Moreover, the carbon polymer polyhydroxybutyrate (PHB) slowly
accumulates in granular structures, which are derived from gly-
cogen turnover (17, 18). The metabolic activities decrease as the
cells enter into a dormant-like state, in which they can survive for
months. As soon as a combined nitrogen source becomes available
again, chlorotic cells rapidly awake and resume metabolism (15,
18, 19). This is accompanied by a gradual decrease in the levels of
Sll0944 (19).
This study aimed to clarify the role of the Sll0944 protein in

Synechocystis and its involvement in PII signaling. Our results
indicate that Sll0944 regulates the glycolytic carbon flux in a PII-
dependent manner through interaction with the 2,3-phosphoglycerate–
independent phosphoglycerate mutase (PGAM) in response to
the nitrogen status sensed via 2-OG. Specifically, we found that
Sll0944 swaps between PII and PGAM in a 2-OG–dependent
manner. This establishes PGAM as a key control point of cya-
nobacterial carbon flow, as predicted previously by kinetic mod-
eling of the cyanobacterial low-carbon response (20, 21), and
Sll0944 as the key regulator of cyanobacterial carbon metabolism.
We therefore named the sll0944 product PirC (PII-interacting
regulator of carbon metabolism).

Results

In Silico Analysis Reveals High Conservation of Sll0944 (PirC) among

Cyanobacteria.According to the Uniprot database, the gene sll0944
(from now on named PirC) of Synechocystis codes for a 164-
amino-acid–long “uncharacterized protein” (https://www.uniprot.
org/uniprot/P77971). A databank search for orthologues using the
Basic Local Alignment Search Tool (BLAST) revealed that PirC is
highly conserved among cyanobacteria. All the homologous pro-
teins contain the Domain of Unknown Function 1830 (http://pfam.

xfam.org/family/PF08865). A conserved NtcA-binding site 5′-
GTN10AC-3ʹ, which is responsible for nitrogen-starvation–induced
expression (22), is situated in front of the respective genes. These
findings suggest that pirC and its orthologs might all be responsive
to nitrogen starvation. Gene neighboring analysis in 53 cyano-
bacterial genomes revealed that in 67% of the cases, the pirC
homologs are flanked by a gene encoding for a radical S-adenosyl
methionine (SAM)-like protein, annotated as Elongator protein 3
(SI Appendix, Fig. S1), which was recently shown to be a non-
canonical transfer RNA acetyltransferase (23). In Synechocystis,
the pirC gene is upstream of glgA1, which encodes the major gly-
cogen synthase that is required for acclimation to nitrogen
deprivation (19).
Protein sequence alignments showed that the first 52 N-ter-

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

PirC Is a Strong PII-Binding Partner. A first series of experiments
were set out to verify the putative interaction between PII and
PirC (12). In vitro affinity purification experiments revealed that
recombinant PirC coeluted with strep-tagged PII in the presence
of ATP or ADP, but not in the presence of ATP plus 2-OG (SI
Appendix, Fig. S3A). As expected, in the control samples lacking
strep-tagged PII, the elution fractions did not contain any PirC.
The observation that PirC is unable to interact with ATP- and
2-OG–bound PII is common to many PII-interacting partners and
a sign of binding specificity (25). The influence of effector
molecules on the interaction between PirC and PII was further
quantitatively analyzed by bio-layer interferometry (BLI). In this
assay, binding of an analyte in solution to a ligand immobilized
on a biosensor surface (or tip) produces a shift in wavelength,
which serves as readout of analyte–ligand interaction. For our
purposes, recombinant C-terminal His8-tagged PII was bound to
the Ni-NTA biosensor surface, while strep-tagged PirC was
added as analyte in solution. In the absence of effector mole-
cules, we observed a weak interaction between PII and PirC
(Fig. 1 A and B). In the presence of ATP or ADP, PirC binding
to PII strongly increased. Quantitative measurements revealed
apparent KD values of 37.3 ± 2.5 nM and 14.1 ± 0.7 nM for
PII–PirC complex formation in the presence of 2 mM ATP and
ADP, respectively. Similar results were obtained using surface
plasmon resonance (SPR) spectrometry. The maximum response
after injection of PirC in presence of ATP over the PII-loaded
sensor was 270 response units (RUs) when the SPR sensor chip
was loaded with 1,000 RUs of His-tagged PII (SI Appendix, Fig.
S3B). Given that in SPR spectrometry, the response signal in
RUs is proportional to the mass change on the sensor, the mass
increase of 270 RUs by PirC on 1,000 RUs of PII-loaded sensor is
close to one PirC monomer per PII trimer bound. The inhibitory
effect of 2-OG on PII–PirC interaction was further quantified by
BLI through titration with increasing 2-OG concentrations at a
constant concentration of 2 mM ATP (Fig. 1C). A half maximal
inhibitory concentration (IC50) of 123.4 ± 1.1 μM for 2-OG was
determined, a value close to the KD of the third (lowest affinity)
2-OG–binding site of PII (26). Therefore, it seems that occupa-
tion of all three effector binding sites in PII with 2-OG is required
to prevent complex formation with PirC.

2 of 9 | PNAS Orthwein et al.
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Physiological Role of PirC in Synechocystis. The high conservation of
pirC in the cyanobacterial phylum, including conservation of the
NtcA-binding site, indicated an important function for PirC
during acclimation to nitrogen depletion, a feature common to
all the members of this phylum. To identify such a function, we
generated a pirC-deficient mutant (ΔpirC) as well as strains
complemented either with the native pirC gene (ΔpirC::pirC) or
with pirC variants encoding fluorescent proteins fused to PirC (SI
Appendix, Fig. S4).
Acclimation of these strains to long-term nitrogen starvation

was investigated under continuous light or in a day/night regime.
Growth (as indicated by an increase in optical density) and de-
gree of pigmentation as well as glycogen and PHB content were
monitored over 1 mo. In the wild-type strain pigment degrada-
tion after removal of combined nitrogen required 21 d under
day/night regimes but only 5 to 7 d in continuous light (SI Ap-
pendix, Fig. S5) (15). Pigment degradation was slightly retarded
in the ΔpirC mutant compared to the wild-type and com-
plemented strain. Moreover, the increase in optical density at
750 nm (OD750) of the ΔpirC mutant was lower than that of the
wild-type and complemented strains (Fig. 2A), which indicates
that in the ΔpirC mutant, the final cell division upon nitrogen
deprivation is delayed. In contrast to these rather modest effects,
a striking phenotype for the ΔpirC strain was observed with re-
spect to glycogen accumulation. After the removal of combined
nitrogen sources, both the wild-type and complemented strain
showed the typical rapid and steep increase in cellular glycogen
levels, which were maintained throughout the entire period of
nitrogen-starvation–induced chlorosis. By contrast, glycogen con-
tent in the ΔpirC mutant reached only 28% of the wild-type level
and subsequently declined again. As opposed to glycogen, the
ΔpirC mutant accumulated significantly more PHB (up to 49% of
the cell dry mass) than the wild-type and the complemented strain
(30% and 29% PHB per cell dry mass, respectively) (Fig. 2B). To
confirm this result, PHB granules were visualized by fluorescence

microscopy after staining the cells with Nile Red or by transmis-
sion electron microscopy (TEM) (Fig. 2C). After 35 d of nitrogen
depletion, a much higher PHB content was observed in the ΔpirC
mutant than in the wild-type or complemented strain in both
fluorescent and TEM micrographs, confirming the results of the
chemical PHB quantification.

Identification of PirC-Controlled Processes. The altered glycogen
and PHB accumulation patterns in nitrogen-deprived ΔpirC cells
suggested a crucial role for PirC in carbon storage metabolism
during nitrogen starvation. To elucidate the corresponding mo-
lecular mechanism, we aimed to identify additional molecular
targets of PirC. To this end, coimmunoprecipitation (CoIP) ex-
periments were conducted using crude extract of nitrogen-
starved ΔpirC cells expressing a PirC–mCitrine fusion protein
(ΔpirC::pirC–mCitrine). PirC–mCitrine in the crude extract of
ΔpirC::pirC–mCitrine was precipitated using a GFP-trap con-
sisting of an anti-GFP Nanobody/VHH coupled to magnetic
agarose beads (http://www.chromotek.com). Note that the anti-
GFP nanobodies bind different variants of GFP, including
mCitrine. Chromotek binding control magnetic agarose was used
to determine the unspecific background binding. IPs were per-
formed in the presence of Mg2+, ATP, and 2-OG or in the ab-
sence of additionally supplemented effectors. The eluates from
independent experiments were analyzed after tryptic digestion by
quantitative mass spectrometry to identify coimmunoprecipitat-
ing proteins. In the absence of 2-OG, immunoprecipitation of
PirC–mCitrine only enriched for PII, confirming that PII is the
major PirC-interaction partner in these conditions (SI Appendix,
Fig. S6). The addition of 2-OG/ATP to the extract completely
changed the pattern of coimmunoprecipated proteins: instead of
PII, the enzyme 2,3-bisphosphoglycerate–independent PGAM,
encoded by the gene slr1945, appeared as dominant PirC inter-
actor (SI Appendix, Fig. S7). PGAM converts 3-phosphoglycerate
(3-PGA) into 2-phosphoglycerate (2-PGA) at the beginning of

A B C

Fig. 1. Complex formation of PII with PirC and modulation by effectors ADP, ATP, and 2-OG. (A) BLI binding assays. His-tagged PII was immobilized on sensor

tips and allowed to associate for 180 s with PirC in presence of either 2 mM ATP (Top), ADP (Middle), or without effectors (Bottom), followed by 300 s

dissociation. The overlay of response curves with increasing concentrations of PirC (9.375 nM to 1,500 nM) is shown. (B) Plot of maximum binding responses

from (A) for the calculation of binding constants (depicted below). (C) Plot of IC50 determination for inhibition of PirC–PII binding by increasing 2-OG con-

centrations at a constant 2 mM of ATP. All experiments were performed in triplicates, and corresponding SDs are shown in B and C.
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lower glycolysis. In addition to PGAM, an ortholog of the CcmP
protein, encoded by the gene slr0169, was also found as a PirC-
interacting protein, but with a lower enrichment factor compared
to PGAM. CcmP has been identified as a minor shell protein in
carboxysomes of Synechococcus elongatus PCC 7249. The tri-
meric shell protein has a central pore that can be opened and
closed, most likely for the movement of metabolites such as the
PGAM substrate 3-PGA (27, 28).

PirC Swaps from PII- to PGAM-Binding in a 2-OG–Dependent Manner,

Thus Inhibiting PGAM Activity during Chlorosis. The observed in-
teraction of PirC with PGAM suggested that PirC negatively
regulates PGAM activity. This assumption is consistent with the
decreased glycogen and increased PHB levels in the ΔpirC mu-
tant because PGAM diverts newly fixed carbon from the Calvin
cycle toward lower glycolysis, through which acetyl-CoA, the
precursor metabolite of PHB, is produced. To validate the pu-
tative role of PirC in the regulation of PGAM, recombinant
PGAM was purified via an N-terminal His6-tag for biochemical
characterization.
First, we tested the influence of PirC on PGAM catalytic ac-

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

activity was observed when PirC was added at increasing con-
centrations to the reaction mix of the enzymatic assay. PirC
inhibited PGAM in a competitive manner by increasing the KM

for the substrate 3-PGA rather than lowering the Vmax. At nearly
equimolar concentrations of PirC (200 nM) and PGAM (166
nM), the catalytic efficiency was reduced to one third. In the
presence of an excess of PirC, the catalytic activity of PGAM
could be reduced more than 10-fold as compared to the absence
of PirC (Fig. 3A and Table 1).
Second, the interplay of PII and PirC on PGAM activity was

analyzed because we assumed that PII might regulate the inhib-
itory interaction of PirC with PGAM, in analogy to the effect of
PII on PipX–NtcA interaction (14). To this end, we performed
PGAM assays in the presence of PirC and PII and supplemented
the assays with ATP and different 2-OG concentrations, re-
spectively (Fig. 3B). Addition of PII in the absence of 2-OG
abolished the inhibitory effect of PirC on PGAM activity. The
KM for 3-PGA returned to the value of noninhibited PGAM
(Table 1). However, in the presence of 1 mM of 2-OG, a con-
centration corresponding to high C/N conditions in Synechocystis
cells, PirC was again able to inhibit PGAM as in the absence of
PII. When 2-OG was added at a concentration of 0.123 mM
(corresponding to the IC502-OG value of PII–PirC complex for-
mation), the inhibition of PGAM was ∼50% of the maximal
inhibition with PirC in the absence of 2-OG. These results un-
ambiguously indicate that in vitro, in presence of high 2-OG
levels, binding of 2-OG to PII disrupts PII–PirC interaction and
promotes binding of PirC to PGAM, thus inhibiting its activity.

A B

C

Fig. 2. Effect of PirC deletion on growth, carbon storage, and carbon polymer accumulation during chlorosis. The graphs represent the mean and SD from

three biological replicates. (A) Growth curves of the wild-type (WT), the pirC null mutant (ΔpirC), and the complemented (ΔpirC::pirC) strain as measured by

OD750 starting 7 d before nitrogen depletion and during the 35 d of acclimation to nitrogen starvation, also known as chlorosis. (B) Glycogen and carbon

polymer (PHB) content during chlorosis. PHB: plane lines; Glycogen: dashed lines. (C) Fluorescent and TEMmicrographs of cells stained with Nile Red after 35 d

of chlorosis. Top rows: three-dimensional (3D)–deconvoluted overlay pictures of phase contrast- and fluorescence microscopy images (1,000× magnification).

Note that Nile Red stains the PHB granules within each cell. Bottom rows: TEM Pictures (5,000× magnification).
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The inhibitory effect of PirC binding on PGAM activity was
further investigated using BLI assays. To this end, His6-tagged
PGAM was bound to the biosensor tip, and strep-tagged PirC
protein was added in solution as analyte at varying concentra-
tions (Fig. 3C). A stable PGAM–PirC complex formed in the
absence of any effector molecules. The competitive inhibition
mode (Fig. 3A) suggested that the substrates of PGAM could
compete with PGAM–PirC interaction. Indeed, the addition of
the PGAM substrates 3-PGA or 2-PGA (for the forward and
backward reaction, respectively) had inhibitory effects on com-
plex formation. Addition of 2-PGA inhibited complex formation
2.4 times stronger (IC50 = 0.97 mM) than 3-PGA (IC50 = 2.4
mM) (Fig. 3D). When the metabolites were added at their IC50

concentration, 2-PGA (1 mM) increased the KD of PirC–PGAM
interaction to 1,702 nM and 3-PGA (2.4 mM) to 459 nM, re-
spectively (Fig. 3E and Table 1).

PirC Deletion Leads to Accumulation of the Metabolites of Lower

Glycolysis. The above-described analysis of the PGAM–PirC–PII

triad demonstrated inhibition of PGAM activity by PirC, in re-
sponse to the binding of the C/N-status reporter metabolite 2-
OG to PII. This suggests that in wild-type cells, during nitrogen
starvation (i.e., when high 2-OG levels accumulate), the inhibi-
tion of PGAM by PirC supports the formation of high glycogen
levels by diminishing carbon catabolism via lower glycolysis. In
the absence of this inhibition (i.e., in the ΔpirC mutant), glyco-
gen catabolism via glycolysis increases. To further verify this

hypothesis, we monitored over time the levels of metabolites in
wild-type and ΔpirC mutant cells during the shift from nitrate-
replete (NO3) to nitrogen-depleted (−N) medium. Samples for
metabolome analysis were withdrawn after 0, 6, 24, and 48 h
from the shift. Nitrogen depletion had the expected effect on the
total cellular steady-state metabolite pools (i.e., soluble amino
acids were depleted to large extent, while organic acids accu-
mulated), resulting in lowered N/C ratios under −N conditions
(SI Appendix, Fig. S9). Most organic acids participating in the
TCA cycle such as citrate, malate, and succinate accumulated in
both strains in a similar manner when shifted to –N conditions
(Fig. 4). Also, the products of ammonium assimilation via GS/
GOGAT, glutamine (Gln), and glutamate (Glu) showed similar
changes in the wild-type and ΔpirC strain with rapid decrease in
Glu and slower decrease in Gln. Besides these general metabolic
responses, in which the ΔpirC mutant showed no discernable
differences, a few very specific and intriguing differences were
recorded at decisive steps: the C/N-status reporter molecule 2-
OG accumulated immediately after −N shift in both strains. In
the wild-type, the 2-OG levels decreased gradually over the
following 48 h, whereas they remained constantly elevated in
ΔpirC cells, and they even slightly increased (Fig. 4). Moreover,
the 3-PGA concentration increased in the wild-type over the
course of nitrogen starvation, whereas it gradually declined in
the ΔpirC mutant. The increasing 3-PGA levels, substrate of the
PGAM, in the wild-type cells indicate in vivo inhibition of the
PGAM reaction, whereas lack of PGAM inhibition by PirC

A B

C D E

Fig. 3. Effect of PirC on PGAM enzyme activity and PGAM–PirC complex formation. (A) Inhibition of PGAM activity by increasing PirC concentrations rep-

resented as Lineweaver–Burk plot. The corresponding kinetic constants are shown in Table 1. PirC has no effect on coupling enzymes as shown in supplements

(SI Appendix, Fig. S8). (B) Modulation of PGAM activity by PirC (600 nM) in presence or absence of PII (600 nM trimer) and 0.4 mM ATP without or with

0.123 mM or 1 mM 2-OG. Each point represents the mean of triplicates. (C) Steady-state graph of PirC–PGAM binding assays using BLI. The mean of the Req

value (three independent replicates) was plotted against the molar concentration of Strep–PirC. The inset shows the raw binding curves at different PirC

concentrations. (D) Competitive inhibition of PirC–PGAM interaction by 2-PGA and 3-PGA. Plot shows determination of IC50. (E) Steady-state graph of

PirC–PGAM binding in presence of 2-PGA or 3-PGA at their IC50 concentrations.
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explains the low 3-PGA levels in the ΔpirC mutant. 3-PGA is
known as an allosteric activator of the glucose 1-phosphate–
adenylyltransferase (GlgC) in bacteria, which catalyzes the initial
step of glycogen synthesis (29). Downstream of the PGAM re-
action, the levels of pyruvate responded inversely to 3-PGA, with
decreasing levels in the wild-type but a strong increase in the
ΔpirC mutant. The pyruvate level in the mutant was 14-fold
higher than in the wild-type after 48 h of N starvation. Again, this
observation is consistent with an increased flux through the
PGAM reaction due to the missing inhibition by PirC, since the
produced 2-PGA is further converted into pyruvate. The in-
creased carbon flux toward pyruvate in the ΔpirC mutant lowers
the carbon flux toward glycogen and increases the levels of PHB,
which is derived from acetyl-CoA (i.e., the immediate reaction
product from pyruvate).

Subcellular Localization of PirC. To determine the subcellular lo-
calization of PirC during different growth stages, when PirC pre-
sumably interacts preferentially with either PII or PGAM, we
analyzed cells expressing a PirC–GFP fusion protein (ΔpirC::pirC–
eGFP) by fluorescence microscopy. The eGFP signal was centrally
localized in the cytoplasm (SI Appendix, Fig. S10) in cells during
exponential growth in nitrate-containing BG11 medium, conditions
that promote binding of PirC to PII. Shifting the cells to nitrogen-
depleted medium increased the 2-OG levels (see Fig. 4), which
should promote dissociation of the PII–PirC complexes and allow
interaction of PirC with PGAM. Accordingly, the localization of
PirC–eGFP changed after nitrogen downshift. The centrally lo-
calized eGFP signal slowly expanded to the peripheral region of
the cytoplasm during the first 24 h after nitrogen starvation, where
it then remained throughout chlorosis. This result corroborated
the dynamics of PirC interactions and its response to nitrogen
limitation.

Discussion

In this study, we identified a key control point of cyanobacterial
carbon metabolism, the glycolytic PGAM reaction, converting 3-
PGA into 2-PGA. In animal systems, where glycolysis supplies
energy, it has been shown that glycolytic breakdown of glucose 6-
phosphate is mainly regulated at the phosphofructokinase level
according to the energy demand of the cells (30). By contrast,
in photoautotrophic organisms, glycolytic steps are used in
two directions, in the gluconeogenic direction toward glycogen

or starch synthesis and in the glucose catabolic direction, re-
spectively, to produce precursors for multiple biosynthetic routes
required for cell growth. The PGAM reaction is at the branch
point of newly fixed CO2. 3-PGA, the first stable reaction
product from RubisCO-catalyzed CO2 fixation, can be metabo-
lized in two directions. Most of it is converted into 2,3-bisphos-
phoglycerate and further to glyceraldehyde-3-phosphate (GAP),
from which the acceptor of RubisCO, ribulose 1,5-bisphosphate,
is regenerated via the Calvin cycle reactions. Excess GAP is used
via gluconeogenic reactions to synthesize glycogen (in plant
starch). Alternatively, 3-PGA can be diverted from the Calvin
cycle through its direct conversion to 2-PGA by PGAM. 2-PGA
is further metabolized in lower glycolytic reactions, from where
the majority of cellular amino acids and lipids are derived in
photoautotrophs, with pyruvate, acetyl-CoA, and 2-OG representing
key precursors.
The PGAM reaction was previously predicted as a key control

point of carbon metabolism by kinetic modeling of the cyano-
bacterial low-carbon response (20, 21). It was shown that 2-PGA
accumulates to high amounts (5 to 7 times) in cells shifted from
high CO2 (5%) to ambient air (0.04% CO2) in Synechocystis (31) as
well as in Synechococcus elongatus PCC 7942 (32). The high 2-PGA
accumulation was taken as an indication that under carbon-limiting
conditions, newly fixed organic carbon is directly deviated from the
Calvin cycle into lower glycolysis by the PGAM reaction to sustain
biosynthesis of amino acids and other cellular compounds. Here,
we provide in vitro and in vivo evidence that the reaction catalyzed
by the product of the slr1945 gene, PGAM, represents a key con-
trol point for acclimation to nitrogen starvation. This control
operates through a regulatory mechanism, in which the small
regulatory protein PirC acts as a mediator of the signal from the
pervasive PII regulatory protein to tune the activity of PGAM, a
control mechanism so far never described for enzymatic reactions.
To further understand the competitive inhibition of PGAM by
PirC, as demonstrated here through kinetic and binding studies,
structural analysis of the enzyme complexes will be required.
According to our model depicted in Fig. 5, PII binds to PirC

under nitrogen-sufficient conditions, when 2-OG levels are
low, thereby preventing the interaction with PGAM. Efficient
conversion of 3-PGA to 2-PGA by highly active PGAM directs
newly fixed carbon toward lower glycolysis to support the syn-
thesis of amino acids and fatty acids. Only a minor fraction is
converted into glycogen. When the cells experience nitrogen

Table 1. Kinetic constants of PGAM under varying concentrations of PirC and changes of constants by addition of PirC-

interacting molecules

Inhibition of PGAM by PirC at varying concentrations

PirC, nM KM, mM vmax, nkat · mg−1 kcat, s
−1 kcat · KM

−1, s−1 · M−1

0 0.1266 ± 0.0064 47.54 ± 0.52 2.776 ± 0.030 21959.0 ± 1104.7

200 0.3584 ± 0.0216 44.92 ± 0.75 2.623 ± 0.044 7329.8 ± 441.1

400 0.7056 ± 0.0499 46.56 ± 1.09 2.719 ± 0.063 3859.1 ± 273.0

600 1.376 ± 0.102 47.11 ± 1.39 2.751 ± 0.081 2002.2 ± 148.4

800 1.715 ± 0.145 43.27 ± 4.10 2.526 ± 0.239 1618.7 ± 369.4

Antagonistic effect of PII and its modulation by 2-OG (0.4 mM ATP, 600 nM PirC, and 600 nM PII3)

Modulators of PGAM KM, mM vmax, nkat · mg−1 kcat, s
−1 kcat · KM

−1, s−1 · M−1

None 0.1499 ± 0.0121 89.76 ± 2.17 5.41 ± 0.13 36097.4 ± 2921.0

PirC 4.0220 ± 1.338 92.80 ± 24.78 5.59 ± 1.49 1390.9 ± 462.7

PirC/PII 0.1855 ± 0.0247 105.90 ± 4.51 6.38 ± 0.27 34409.7 ± 4572.5

PirC/PII + 0.123 mM 2-OG 1.8410 ± 0.5461 142.70 ± 28.47 5.56 ± 1.24 3021.7 ± 896.3

PirC/PII + 1 mM 2-OG 2.887 ± 0.8542 92.28 ± 20.51 8.60 ± 1.72 2980.3 ± 881.8

Binding constants for PGAM–PirC binding and modulation by substrates

Sample KD, nM IC50, mM

No Effectors 2.89± 34.49 —

2-PGA 1702 ± 744 (at IC50) 0.97 ± 0.001

3-PGA 459.1 ± 32.0 (at IC50) 2.4 ± 0.001

Binding constants of PGAM/PirC complex with or without the presence of the substrates.
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limitation, they accumulate the intracellular 2-OG levels. As a
result of 2-OG binding to PII, the PII–PirC complex dissociates,
and PirC interacts with PGAM, thereby inhibiting its enzymatic
activity. This is accompanied by a relocalization of the PirC–
eGFP signal from the central region of the cell to the periphery.
The central localization of PirC–eGFP is indicative of the pres-
ence of PirC–PII complexes as PII was previously shown to lo-
calize in the central cytoplasm of cells grown in the presence of

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

Fig. 4. Time course LC-MS analysis of steady-state levels of relevant metabolites during the short-term shift of wild-type (WT) and ΔpirC cells from NO3 to −N

conditions depicted in a metabolic background. Totals of 0 h, 6 h, 24 h, and 48 h indicate the time from nitrogen depletion at which samples were withdrawn

from the cultures for analysis. Each bar represents the metabolite level at a certain time point determined from two independent biological replicates each in

technical duplicates. The error bars represent the SD of the combined data. The values are in ng per optical density at 750 nm per ml (ng · OD750
−1

·ml−1). The

result of the entire metabolite analysis is shown in SI Appendix, Fig. S9.

Fig. 5. Model of regulation of central carbon metabolism by PirC, PII, and PGAM interactions. In vegetative cells, when 2-OG levels are low, PII (depicted as

trimer in blue, green, and red) binds to PirC and prevents the inhibition of PGAM. PGAM directs 3-PGA downstream to the biosynthesis of fatty acids (FAS) and

amino acids mainly via the TCA cycle. When the cells are N depleted, 2-OG levels increase and promote release of PirC from PII. PirC binds to and inhibits

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

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

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

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

Materials and Methods

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

Strains and Cultivation. A list of all used strains for this study is provided in SI

Appendix, Table S1. Synechocystis sp. PCC 6803 strains were cultivated in

BG11 medium according to Rippka (37) either at continuous illumination

(∼50 μE m–2
· s–1) or light–dark conditions (12 h light and 12 h darkness) and

28 °C. For nitrogen depletion, cultures were cultivated in BG-11 media

without 17.65 mM NaNO3. Whenever necessary, appropriate antibiotics

were added to the different strains to ensure the continuity of the mutation.

Cultivation of E. coli cultures was performed with lysogeny broth (LB)

medium and LB-agar.

Plasmids and Cloning. A list of all used primers, plasmids, and the cloning

procedures is in SI Appendix, Table S2 as well as in SI Appendix, Fig. S4.

Overexpression and Purification of Proteins. Recombinant proteins were

overexpressed in E. coli Lemo21. His-tag proteins were purified on 1 mL Ni-

NTA HisTrap columns (GE Healthcare) as described previously (10). For pu-

rification of strep-tagged proteins, 5 mL strep-tactin superflow columns

were used as described previously (10). The His-tag of PGAM was removed

by Thrombin cleavage using bovine thrombin of Sigma-Aldrich according to

protocol (38).

CoIP and Liquid Chromatography–Mass Spectrometry. For CoIP experiments in

presence of the PII effector molecules, cells of Synechocystis ΔPirC::PirC–

mCitrine cultures were harvested after 24 h N depletion and resuspended in

2 mL binding buffer (100 mM Tris [pH 7.5], 100 mM KCl, 1 mM MgCl2, 1 mM

DTT, 0.5 mM EDTA, 2 mM ATP, and 2-OG). After lysing the cells, the lysate

was centrifuged, and from the supernatant, a volume containing 3 mg of

protein was used for the immunoprecipitation using GFP-Trap Magnetic

Agarose beads or control beads without antibodies according to the man-

ufacturer’s protocol (Chromotek, Planegg-Martinsried, Germany). Bound

proteins were eluted by heating in sodium dodecyl sulfate (SDS) loading

buffer, and the solution was subjected to short SDS-polyacrylamide gel

electrophoresis (PAGE) runs on 12% Bis-Tris Gels (Invitrogen). After staining

with Coomassie blue, protein regions were isolated and InGel digested with

trypsin as described (39). After cleaning peptides with StageTips (40), liquid

chromotography–mass spectometry (LC-MS/MS) analysis was performed on a

Q Exactive HF mass spectrometer (Thermo Fisher Scientific, Germany), using

linear, segmented 60-min nano liquid chromatography (nanoLC) reversed

phase (RP) gradients as described (16). From triplicate experiments, all raw

data were processed using MaxQuant software suite (version 1.6.5.0) at

default settings. Tandem mass spectrometry peak lists were searched against

a target-decoy database of the Synechocystis proteome, including the se-

quence of PirC (Sll0944)–mCitrine. Label-free quantification (LFQ) was used

to calculate LFQ intensities for each CoIP sample as described in extended

protocol in the supplement.

BLI Using the Octet K2 System. In vitro binding studies were done by BLI

using Octet K2 system (FortéBio) as described previously (10). In the first step,

PII-His8 (400 nM, trimeric) or PGAM-His6 (500 nM) was immobilized on Ni-

NTA sensors (FortéBio), followed by a 60-s baseline measurement. For the

binding of PirC, the biosensors were dipped into the PirC solution for 180 s

(association), with concentrations ranging between 9.375 nM to 1,500 nM. In

PII-binding studies, effector molecules ADP, ATP, or 2-OG were added to the

binding buffer as indicated and in PGAM binding assays, 2PG or 3 PGA. Fi-

nally, the complexes were allowed to dissociate for 300 s. For each binding

experiment, a negative control without an interaction partner was per-

formed in parallel. The response in equilibrium (Req) was calculated using

the data analysis software of the Octet System. To calculate the dissociation

constant KD, the concentration versus Req plots were made for each set of

experiments.

Glycogen Measurement and PHB Quantification. Glycogen was quantified

according to ref. 19. PHB was detected by high-performance LC as described

previously (41).

PGAM Enzymatic Assay. The PGAM activity and the effect of PirC was de-

termined by a coupled enzyme assay as described previous (42, 43) with 10 μg

of purified PGAM used in a 1 mL reaction. The reaction mixture containing

20 mM Hepes-KOH (pH 8.0), 100 mM KCl, 5 mM MgSO4, 0.4 mM MnCl2,

50 μg·ml−1 BSA, 1 mM DTT, 0.4 mM ADP, 0.2 mM NADH, 0.5 U enolase (Sigma

Aldrich), 2 U Pyruvate kinase (Sigma Aldrich), 2 U Lactate dehydrogenase
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(Roche), and 10 μg PGAM was prewarmed to 30 °C. The assay was started by

adding the 3-PGA solutions. The resulted decrease of NADH over time was

recorded with Specord50 (Jena Analytics) at 340 nm. As blank, an assay

without 3-PGA was performed.

Fluorescence Microscopy and TEM. The visualization of PHB granules was done

by phase contrast fluorescencemicroscopy using the Leica DM5500 Bwith the

Leica CTR 5500 illuminator as described previously. Electron microscopic

pictures of lead-citrate– and uranyl-acetate–stained microtome sections of

glutaraldehyde and potassium-permanganate–fixed Synechocystis cells were

prepared as described (44). The samples were then examined using a Philips

Tecnai 10 electron microscope at 80 kHz.

Metabolome Analysis. For metabolome analysis by LC-MS, Synechocystis was

cultivated in 200 mL under N depletion as described previously for 48 h

under continuous lightning. The sampling was carried out 0, 6, 24, and 48 h

after the shift. Samples of 5 mL liquid culture were quickly harvested onto

nitrocellulose membrane filters and subjected to metabolome analytics as

detailed in SI Appendix.

Data Availability. Proteome raw data files acquired by mass spectrometry

were deposited at the ProteomeXchange Consortium via the Proteomics

Identifications Database partner repository (45) under the identifier

PXD021415.
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[Abstract] Biolayer interferometry (BLI) is an emerging analytical tool that allows the study of protein 

complexes in real time to determine protein complex kinetic parameters. This article describes a protocol 

to determine the KD of a protein complex using a 6×His tagged fusion protein as bait immobilized on the 

NTA sensor chip of the FortéBio® Octet K2 System (Sartorius). We also describe how to determine the 

half maximal effective concentration (EC50, also known as IC50 for inhibiting effectors) of a metabolite. 

The complete protocol allows the determination of protein complex KD and small molecular effector EC50 

within 8 h, measured in triplicates. 
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Principle of the Biolayer interferometry measurement. (Middle, top) Exemplary result of the BLI 

measurement using Octet® (Raw Data). Wavelength shift (Δλ) against time. (A) Baseline 1. Baseline 

measurement. When the sensor is equilibrated in the kinetics buffer. The light is reflected with no 

difference. (B) Load. The his-tagged proteins (ligand) are loaded onto the sensor surface. The light 

is reflected with a shift of the wavelength. (C) Baseline 2. The loaded sensor is equilibrated in the 

kinetics buffer. No further wavelength shift appears. (D) Association. The loaded sensor is dipped 

into the analyte solution. The analyte binds to the immobilized ligand along with an increased 

wavelength shift. (E) Dissociation. Afterward, the sensor is dipped again into the kinetics buffer 

without the analyte. Some analyte molecules dissociate. The wavelength shift decreases. 

(Subfigures A-E) The left side shows the position of the sensor during the measurement seen in the 

representative BLI measurement, marked with the figure label. The right side shows the light path 

in the sensor. Black waves represent the light emitted to the sensor surface. The red waves show 

the light reflected from the sensor surface back to the detector. 

 

Keywords: Protein-protein interaction, Biolayer interferometry, Binding kinetics, KD, IC50, EC50, PII 

signaling protein 

 

[Background] The Investigation of protein-protein interactions is an important field in life sciences since 

protein interactions play crucial roles in living organisms. Many biochemical and physiological reactions 

are under the control of proteins that require physical communication to other proteins within the cell. 

For example, human cell invasion by SARS-CoV-2 starts with interactions between the viral Spike 
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protein and the human ACE2 receptor (Shang et al., 2020). Determination of the kinetic and affinity 

parameters of specific protein complexes provides important information about their properties and 

helps to discover their function and regulatory properties. Furthermore, the determination of the half 

maximal effective concentration (EC50) of a metabolite, which inhibits or enhances protein complex 

formation, is crucial for the understanding of regulatory mechanisms and/or the development of drugs 

to combat infectious diseases. 

Several methods are available to study protein interactions in real time, such as biolayer 

interferometry (BLI), surface plasmon resonance (SPR), or isothermal titration calorimetry (ITC). BLI is 

an emergent optical analytic technique that provides a good trade-off between sensitivity, cost intensity, 

reproducibility, and the ability for high-throughput measurements. The physics of BLI is based on the 

principle of a wavelength shift when white light is reflected from two layers, first from an internal 

reference layer and second from a protein coated layer (FortéBio, 2005-2006). The wavelength shift is 

detected by the machine and is recorded over time. The length of the shift is proportional to the bound 

proteins on the layer and can be used to calculate the binding affinities and kinetics. Compared to ITC, 

BLI measurement requires lower amounts of the target proteins, which is especially important for 

proteins that are difficult to express and purify, e.g., membrane proteins. BLI has lower sensitivity 

compared to SPR methods; however, in terms of equipment maintenance, BLI is advantageous 

compared to the micro-fluidic SPR systems, which are prone to clogging and require high sample purity, 

buffer degassing, and constant maintenance of the sensor chips and micro-fluidic devices. In addition, 

BLI is tolerant to the use of analytes in complex matrices (Shah and Duncan, 2014), enabling high-

throughput measurements of crude analyte preparations.  

Recently, we employed BLI to characterize the interaction between the PII signaling proteins and 

different binding target proteins, including NAD synthetase (NadE), phosphoenolpyruvate carboxylase 

(PEPC), PII-interacting regulator of arginine synthesis (PirA), and PII-interacting regulator of carbon 

metabolism (PirC) (Santos et al., 2020; Scholl et al., 2020; Bolay et al., 2021; Orthwein et al., 2021). PII 

proteins sense the cellular energy state through the competitive binding of ATP and ADP, and sense 

carbon/nitrogen balance through binding of the citric acid cycle metabolite 2‐oxoglutarate (2-OG) 

(Forchhammer and Selim, 2020; Selim et al., 2020). Here, we describe a robust, simple, and quick 

protocol for the detection of protein interactions using a His-tagged bait protein (ligand) and a non-His-

tagged prey protein (analyte). The BLI measurements were performed using a  FortéBio® Octet K2 

system (Sartorius). The protocol describes the procedure to determine the dissociation constant (KD) of 

the protein complex and also the EC50 of small effector molecules (2-OG here), which can promote or 

disrupt the protein complex. The protocol is exemplified using the PII protein from the unicellular 

cyanobacterium Synechocystis sp PCC 6803 for studying PII-PirC interactions. In cyanobacteria, the 

interaction between PII-PirC regulates the central carbon metabolism in response to the intracellular 

concentrations of the carbon/nitrogen indicator 2-OG (Orthwein et al., 2021). 
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Materials and Reagents 

 

1. Microplate, 96-well plate, PS, F-Bottom (Chimney well) Black, Non-Binding (Greiner Bio-One, 

catalog number: 655900) 

2. HEPES (Thermo Scientific, Fischer Bioreagents, catalog number: BP-310) 

3. KOH (Merck, Millipore, catalog number: 1.05033) 

4. Nonident-P40 (Thermo Fischer Scientific, Fluka, catalog number: 74358) 

5. KCl (Carl Roth, catalog number: 6781.1) 

6. MgCl2·6H2O (Merck, Millipore, catalog number: 7791-18-6) 

7. ATP (store at -20°C) (Carl Roth, catalog number: K054.3) 

8. α-ketoglutaric acid disodium salt hydrate (store at 4°C) (Thermo Fischer Scientific, Fluka, 

catalog number: K3752) – another name for 2‐oxoglutarate (2-OG) 

9. Glycine (Merck, Sigma-Aldrich, catalog number: 33226) 

10. NiCl2·6H2O (Carl Roth, catalog number: 4489.1) 

11. Kinetics buffer (see Recipes) 

 

Equipment 

 

1. Ni-NTA (NTA) Dip and ReadTM Biosensors (tray) (Sartorius, FortéBio®, catalog number: 18-5103) 

2. FortéBio® Octet K2 System (Sartorius) 

 

Software 

 

1. Data Acquisition 11.0.0.64  

(FortéBio®, https://www.sartorius.com/en/products/protein-analysis/octet-systems-software) 

2. Data Analysis HT 11.0.0.50  

(FortéBio®, https://www.sartorius.com/en/products/protein-analysis/octet-systems-software) 

3. Prism, Version 6.01 or higher (GraphPad Software Inc.) 

 

Procedure 

 

For this protocol, we used purified 6×His-tagged PII protein as the bait protein (ligand) and a Strep-

tagged PirC protein (analyte), as described previously (Orthwein et al., 2021). It is recommended to use 

5-25 µg/ml of ligand per well of a 96-well plate when loading the proteins onto the Ni-NTA biosensors. A 

purified ligand concentration of 0.5 mg/ml in 500 µl at a minimum is needed to perform 50 measurements 

if 25 µg/ml is used in the assay. This provides an acceptable dilution of the kinetics buffer with a sufficient 

amount of protein. A minimum analyte molar concentration that is 5-times higher is needed. 

Note: It is possible to store your proteins in a buffer containing glycerol. 

An overview of the method: The ligand is loaded specifically onto the Ni-NTA sensor tips via the 6× His-

http://www.bio-protocol.org/4152
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tag tail (loading) followed by a washing step in kinetics buffer. The loaded tips are then dipped into the 

analyte solution to measure the complex formation (association), indicated by an increasing signal. 

Afterward, the sensors with the complex are dipped back into the kinetic buffer (decreased signal 

dissociation). Before and after the procedure, the sensors are washed and regenerated with an acidic 

10 mM glycine solution (pH 1.7) and a 10 mM NiCl2 solution. The software calculates the response in 

equilibrium (Req) using the association and dissociation signal. The values of Req for each analyte 

concentration are plotted in a graph (Req against the analyte concentration), which is used for the 

determination of the kinetics parameters. For this purpose, the measurement is performed with different 

concentrations of the analyte to determine the KD and with different concentrations of the effector to 

determine the EC50. The Req values are then plotted against the related analyte concentrations. For EC50 

determination, the values are transformed and the relative response is plotted against the log10 of the 

analyte. Afterward, kinetic analysis with a statistical software (e.g., GraphPad Prism) is performed for 

the calculation of the kinetic parameters.  

 

A. Bio-layer interferometry kinetic binding assay 

The assay was performed using the FortéBio® Octet K2 System (Sartorius).  

Note: Make sure that other tags used for the analyte do not interact with poly histidine (possibly 

metalloproteins) or bind non-specifically to Ni-NTA. It is possible to use a His-tagged protein as an 

analyte after the cleavage removal of the tag; however, it is not recommended. Test this via trial 

loading experiments of the analyte onto the biosensor. If there is a signal, there is unspecific binding 

of the analyte. If there is non-specific binding of the analyte, it is recommended to load the remaining 

loading positions with a His-tagged protein that does not interact with the analyte. For triplicates, 

measure three times with newly prepared 96-well plates. 

1. Switch on the machine and prewarm the sample holder for a minimum of 30 min. Adjust the 

working temperature of choice. 

Note: We used 30 °C because of the growth temperature of cyanobacteria. 

2. Prepare the kinetics buffer, the sensor washing solution, i.e., 10 mM glycine pH 1.7 (adjust pH 

with HCl), and the regeneration solution, i.e., 10 mM NiCl2. 

Note: The optimal conditions for interaction depend on the proteins under study. A preliminary 

buffer screening test (e.g., different pH and salts) may be required to determine the optimal 

conditions for protein-protein interaction. We used the kinetics buffer described in the recipes 

section. 

3. Dilute the ligand in the kinetics buffer for the Ni-NTA sensor tip loading. 

Note: The optimal concentration of the ligand should be tested before the start of the kinetic 

protein-protein interaction assay. For this, perform a trial loading experiment with different ligand 

concentrations. The manufacturer protocol recommends a ligand concentration between 5-25 

µg/ml. We used concentrations that did not exceed a binding signal of Δλ = 5 nm. 

4. Prepare a dilution series of 7 different concentrations of the analyte. 

Note: We recommend starting the dilution with ~10x the expected KD, as described in the 
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manufacturer protocol. 

5. Fill the vials of the 96-well plate with 200 µl of solutions as shown in Figure 1. 

 

 

Figure 1. Pipetting scheme of the 96-well plate for a kinetic assay. Column 4 contains the 

dilution series from the highest (A) to the lowest concentration (G) of the analyte. Vial 4H 

contains the control without analyte. Adapted from the manufacturer protocol - technical note 

Ni-NTA biosensor kinetic assays (FortéBio, 2019). 

 

6. Place your plate in the machine for prewarming. 

7. Define the experiment in Data Acquisition 11.0.0.64 (Sartorius, FortéBio®) by following the top 

menu and start the measurement. 

a. Plate definition: Define the plate position and enter additional information in the table, as 

shown in Figure 2. 
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Figure 2. Plate definition and sample information table. Definitions: (1A-H) Buffer, (2A-

H) Loading, (3A-H) Buffer, (4A-H) Sample, (10A-H) Wash, (11A H) Neutralization, and (12A-

H) Regeneration. Concentrations are example values.  

Note: Use the concentrations and MW of your analyte.  

 

b. Assay Definition. Define the assay as shown in Figure 3.  

Note: The time of the association and dissociation steps depends on the proteins under 

study. For kinetic investigation, we suggest determining the optimal association and 

dissociation times by performing preliminary assays using different association/dissociation 

times ranging between 2-10 min and using saturating concentrations of the analyte (~10× 

the expected KD). Define the assay steps method for row A and B. Mark the assay step list 

and click “Replicate” to clone the steps for the other rows (> Replicate> Replication type: 

add a new assay > Offset step > vertically > OK). 

http://www.bio-protocol.org/4152
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Figure 3. Assay definition for the kinetic binding assay 

 

c. Sensor Assignment. Assign the Sensors in the correct line. 

d. Review Experiment. Review your experiment. 

e. Run Experiment. Define the localization, name the results and start the experiment.  

Note: If you wet your biosensors immediately before, use click on “delayed experiment starts: 

600 s”. Do this also if you did not prewarm your plates previous to the experiment. 

 

B. Determination of the EC50 of a small effector molecule (effector) that interferes in the protein-protein 

complex 

1. Prepare a dilution series of the investigated effector. 

Note: In the example, we used the 2-OG metabolite as it inhibits the PII-PirC complex. Prepare 

a dilution series of the effector without the analyte for the pre-washing step (to be used to fill the 

wells in column 3) and a dilution series that contains the analyte (constant amount of analyte in 

each dilution of the effector) for analyte binding (to be used to fill the wells in column 4). The 

analyte should be used in amounts enabling saturation of the ligand as determined from the 

previous kinetic data. 

2. Fill the vials of the 96-well plate with 200 µl of solutions as shown in Figure 4. 
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Figure 4. Pipetting scheme of the 96-well plate for a determination of the EC50 for an 

effector that affects the stability of the protein complex. Columns 3 and 4 contain dilution 

series of the effector from highest (A) to lowest concentrations (G), without and with constant 

amount of analyte, respectively. Vial 4H contains the control without the effector [adapted from 

the manufacturer protocol – technical note Ni-NTA biosensor kinetic assays (FortéBio, 2019)]. 

 

3. Repeat Steps A6 and A7. 

 

Data analysis 

 

A. Kinetic binding assay 

1. Start the Data Analysis HT 11.0.0.50 (Sartorius, FortéBio®) software and open the results of the 

measurement. 

2. Go to preprocessed Data > Data Correction and adjust the settings as follows: 

a. Align Axis: Align Data to: Average of Baseline. 

b. Inter-step Correction: Align Data to: Association Step. 

c. Activate Savitky-Golay Filtering. 

3. Go to kinetics analysis and adjust the settings as follows: 

a. Step to Analyze:  Association and Dissociation. 

b. Binding Model: depending on protein. 

The 1:1 model is recommended for protein complexes where the analyte binds to one 

specific binding site of the ligand. If the analyte binds at two independent ligand sites, use 

the 2:1 (heterogeneous ligand) model. The Mass Transport model is recommended for 

bindings that are limited by diffusion. The bivalent model fits the binding of one analyte that 

interacts with two sites of the immobilized ligand. Detailed information is provided in the 

manufacturer’s user manual (Page 114, Pall FortéBio LLC, Octet System Data Analysis 

User Guide). 

c. Fitting. 

Type: Global (Group) 

http://www.bio-protocol.org/4152
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Group by: Sensor Type 

Rmax Values: Linked 

d. Steady State Analysis: R equilibrium. 

The software calculates the response values in the equilibrium and creates a steady-state graph 

of your measurement, as shown in Figure 5. 

 

 

Figure 5. Kinetic Analysis page in the data analysis software. Graphs (fit graph) below the 

function tab show how the preprocessed data is fitted with the settings in step 3. The list below 

shows the calculated Req values and additional information about the sensors. On the right edge, 

the Steady-State calculation of one measurement row is shown. The calculated KD is also 

reported. 

Note: You can use this calculation to determine the KD, but the combination of several 

measurements is not possible.  

 

4. Export the data by clicking on “Excel Report.” 

5. Open Prism and create a new Table and Graph Project. 

Enter and import data: 

a. Click on XY. 

b. Enter three replicate values in side-by-side sub columns. 

Note: It is also possible to use a different software for the calculation and fitting of the binding 

kinetics. Make sure that the software contains the correct binding kinetic equations.  

6. Transfer the Req values into the GraphPad table as Y-values.  

7. Add the interactor concentrations as X Values. 

8. Click on the automatically created graph and perform the “Analyze” function.  

a. Nonlinear regression (curve fit). 

b. Binding – Saturation. 

c. One site – Specific binding. 
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The software fits the graph and creates a results file with the calculated Bmax (= Rmax) and 

KD, as shown in Figure 6.  

 

 

Figure 6. Representative Data of Analysis for kinetic analysis of protein interactions for 

the PII-PirC example. (A) Fit of the binding (Req) against the concentration of the analyte (Strep-

PirC). (B) Prism document (results file) of calculated kinetics in the results folder. The window 

shows the maximal binding (Bmax), the calculated KD, and the standard error of both. Confidence 

intervals and the quality of the fit are also calculated. 

 

B. EC50 determination 

1. Repeat the steps of Data analysis A1-A4. 

2. Add the effector concentrations as X Values. 

3. Export the data by clicking on “Excel Report” and transfer the Req values into a GraphPad table 

as Y-values.  

Note: For triplicates, measure three times with newly prepared 96-well plates. 

4. Perform the “Analyze” function “Normalize” with y = 0.0 as 0% and the largest value in each 

data set as 100%.  

5. Perform the “Analyze” function “Transform” and transform X values using X = Log[X]. In the 

original data table, change the concentration from 0 to 1. 

6. Perform the “Analyze” function “Nonlinear Regression (curve fit)” 

a. Dose-response – inhibition (negative effector; IC50)/Dose-response – Stimulation (positive 

effector). 

b. Log(inhibitor) vs. normalized response/Log(agonist) vs. normalized response. 

The software fits the graph and creates a results file with the calculated EC50. The example IC50 

is shown in Figure 7. 
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Figure 7. Representative Data Analysis for determination of the IC50 of 2-OG in the PII-

PirC interaction. (A) Fitted data of a triplicate measurement of PII-PirC binding for determination 

of the IC50 of 2-OG. X-Axis logarithm of 2-OG concentration (dilution series of 2 mM, 1 mM,  

0.5 mM, 0.25 mM, 0.125 mM, 0.0625 mM, and 0.03125 mM), and Y-Axis: relative response in 

equilibrium. (B) Prism document (results file) of calculated IC50 in the results folder. The window 

shows the logarithmic IC50, the calculated IC50 and the logarithmic standard error of both. 

Confidence intervals and the quality of the fit are also calculated. 

 

Recipes 

 

1. Kinetics buffer 

20 mM HEPES pH 8 

150 mM KCl 

5 mM MgCl2 

1 mM ATP 

0.005% Nonident P40 

KOH for pH adjustment 
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ABSTRACT The 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 
(iPGAM) has been identi�ed as a regulating key point in the carbon storage metabolism 
of cyanobacteria. Upon nitrogen starvation, the iPGAM is inhibited by the PII-interact­
ing regulator PirC, which is released from its interaction partner PII due to elevated 
2-oxoglutarate levels. In silico analysis of 338 di�erent iPGAMs revealed a deep-rooted 
distinctive evolution of iPGAMs in cyanobacteria. Remarkably, cyanobacterial iPGAMs 
possess a unique loop structure and an extended C-terminus. Our mass photometry 
analysis suggests that iPGAM forms a complex with three individual PirC monomers. 
Biolayer interferometry revealed that the PirC–iPGAM complex is a�ected by the unique 
loop and the C-terminal structural elements of iPGAM. A C-terminally truncated iPGAM 
enzyme showed loss of control by PirC and twofold increased enzymatic activity 
compared to the iPGAM-WT (wild type), as demonstrated by enzyme assays. By contrast, 
deleting the loop structure signi�cantly reduced the activity of this variant. Physiological 
experiments were carried out with di�erent iPGAM variant strains of Synechocystis, in 
which these structural elements were deleted. The strain expressing the C-terminally 
truncated iPGAM showed a similar overproduction of polyhydroxybutyrate as deletion 
of the iPGAM regulator PirC. However, in contrast to the latter, these strains showed 
higher overall biomass accumulation, making them a better chassis for the production of 
polyhydroxybutyrate or other valuable substances than the PirC-de�cient mutant.

IMPORTANCE The primordial cyanobacteria were responsible for developing oxygenic 
photosynthesis early in evolution. In the pathways of �xed carbon allocation, the 
co-factor-independent phosphoglycerate mutase (iPGAM) plays a crucial role by 
directing the �rst CO2 �xation product, 3-phosphoglycerate, toward central anabolic 
glycolytic-derived pathways. This work reveals a distinct evolution of iPGAM within 
oxygenic photosynthetic organisms. We have identi�ed two speci�c segments in 
cyanobacterial iPGAMs that a�ect the control of iPGAM activity through its speci�c 
interactor protein PirC. This understanding of iPGAM has allowed us to engineer 
cyanobacterial strains with altered carbon �uxes. Since cyanobacteria can directly 
convert CO2 into valuable products, our results demonstrate a novel approach for 
developing a chassis for biotechnical use.

KEYWORDS PirC, PII, iPGAM, enzyme regulation, phosphogylcerate mutase, Cyanobac­

teria, Synechocystis

P hosphoglycerate mutases (PGAMs) are enzymes present in almost every living 
organism. They connect the major sugar metabolic routes, the Embden–Meyer­

hof–Parnas pathway, the Entner–Doudoro� pathway, the oxidative pentose-phosphate 
pathway and its reductive pendant, the Calvin–Benson–Bassham cycle, with the 
reactions of lower glycolysis. At this metabolic linchpin, PGAM converts 3-phospho­
glycerate (3-PGA) into 2-phosphoglycerate (2-PGA), allowing carbon �ux into lower 
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glycolysis and thereby into many pathways of anabolic metabolism, such as synthesis of 
fatty acids or amino acids.

There are two types of PGAM enzymes, which are a�liated with the same superfam­
ily of alkaline phosphates (1): �rst, the 2,3-bisphosphoglycerate (2,3-BPG)-dependent 
PGAM (dPGAM) and, second, the 2,3-BPG-independent PGAM (iPGAM) (2–4). Other than 
dPGAM, iPGAM does not need activation by 2,3-BPG. iPGAMs exist in all plants, algae, 
some invertebrates, and fungi and are widespread in bacteria (2). In these enzymes, the 
reversible transfer of the phosphate of the glycerate core from the C3 to the C2 position 
is achieved in a two-step reaction induced by substrate binding. When no substrate is 
bound, the cleft between the phosphatase and transferase domains of iPGAMs is open, 
allowing the entrance of 3-PGA into the binding pocket. Substrate binding induces the 
closing of the open cleft by phosphatase and transferase domain movement, which 
enables the reaction to occur (3). 3-PGA �rst phosphorylates the active-site seryl residue 
through phosphatase sub-domain activity, followed by reorientation of the substrate 
and re-phosphorylation of the C2 oxygen by phosphotransferase activity (2). Two 
manganese ions coordinate the reaction, which makes this reaction highly pH-depend­
ent (4). Species of the Bacillota (Firmicutes) phylum use this e�ect to regulate iPGAMs, 
which play a crucial role in endospore formation (5).

In analogy to the Firmicutes, iPGAMs possess a unique regulatory role in cyanobacte­
ria, particularly in response to nitrogen starvation. In Synechocystis sp. PCC 6803 (now 
termed Synechocystis), two genes are annotated as iPGAMs, slr1124 and slr1945. The 
product of slr1124 was previously identi�ed as a phosphoserine phosphatase and has an 
essential role in serine biosynthesis in cyanobacteria (6). Notably, we could demonstrate 
that the product of slr1945 indeed is an iPGAM, and its regulation is crucial in the 
biosynthesis of carbon storage polymers during the adaptation to nitrogen-limiting 
periods (7). The acclimation response of non-diazotrophic cyanobacteria to nitrogen 
limitation occurs in a process termed chlorosis, which has been thoroughly studied in the 
strains Synechococcus PCC 7942 and Synechocystis PCC 6803 (8–10). In the early phase 
of chlorosis, cells undergo a �nal doubling before cell cycle arrest, and they immediately 
start degrading their pigments and forming glycogen as carbon storage (11, 12). Some 
species, including Synechocystis PCC 6803, also accumulate polyhydroxybutyrate (PHB) 
during the chlorosis process from glycogen turnover (9).

The PII signal transduction protein is a critical factor in the adaptation to nitrogen 
limitation. It acts as a sensor of the intracellular energy via the binding of ADP and ATP 
and of carbon-nitrogen status via the binding of 2-oxoglutarate (2-OG). PII directly or 
indirectly interacts with various enzymes and proteins, a�ecting a plethora of cellular 
mechanisms (13, 14). 2-OG binds to PII in synergy with ATP and gives rise to a conforma­
tion of PII that prevents interactions with many PII target proteins (reviewed in reference 
15). One example of direct interaction is N-acetyl-L-glutamate kinase (NAGK), serving as 
a model to study PII–enzyme interactions (15, 16). More recently, a novel PII interactor, 
PirA (PII-interacting regulator of arginine synthesis), was discovered, whose interaction 
with PII additionally regulates the NAGK indirectly (17). Activation of the global nitrogen 
control transcription factor NtcA is indirectly under PII control via the NtcA co-activator 
PipX (PII-interacting protein X). Under low energy or low 2-OG conditions, PII binds and 
sequesters PipX, whereas this complex dissociates, releasing PipX when 2-OG levels 
increase due to low nitrogen conditions. Then, PipX co-activates NtcA to stimulate the 
expression of over 80 genes required for low nitrogen acclimation (18–20).

The newly discovered PirC (Sll0944, PII-interacting regulator of carbon metabolism) 
is like PipX and PirA, a small protein with no enzymatic activity. Still, it modulates the 
activity of a particular interaction partner, in this case, iPGAM. During nitrogen-supple­
mented vegetative growth, when 2-OG levels are relatively low, PII forms a complex 
with PirC, thereby preventing iPGAM inhibition. Upon nitrogen limitation, 2-OG levels 
increase, and PirC dissociates from the PII complex, which can then inhibit iPGAM. 
This blocking of the iPGAM stimulates glycogen formation and reduces carbon �ow 
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into lower glycolysis, from where many anabolic pathways, including the glutamine 
synthetase (GS) - glutamate synthase (GOGAT) cycle, are derived (7).

Unlike the regulation of iPGAM in Bacillota, the iPGAM in cyanobacteria is regula­
ted via protein–protein interaction with PirC. This unique type of iPGAM regulation 
in cyanobacteria implies speci�c structural features of cyanobacterial iPGAMs. Within 
the iPGAM of cyanobacteria, we identi�ed an internal loop structure and an extended 
C-terminus (CT). This study aimed to clarify the role of these sub-structures in cyanobac­
terial iPGAM and their involvement in the PirC interaction by using biochemical and 
physiological experiments.

RESULTS

In silico analysis reveals unique sub-domains in cyanobacterial iPGAM

To �nd out if cyanobacterial iPGAMs di�er from other species, we performed a multiple 
sequence alignment with a simultaneous phylogenetic analysis of 338 di�erent iPGAMs 
(reviewed according to https://www.uniprot.org) using Matlab and IQ-Tree (21). The tree 
illustrates the monophyletic evolution of cyanobacterial and red algae iPGAM, distin­
guishing them from all other tested iPGAMs of bacterial species, plants, and the rare 
metazoan iPGAMs (bootstrap 98). Furthermore, the tree shows a divergence of iPGAMs 
from α-cyanobacteria and β-cyanobacteria but with moderate con�dence (bootstrap 50). 
Intriguingly, the chloroplastic iPGAMs of red algae share a common ancestry with the 
enzymes of cyanobacteria, indicating their origin from the cyanobacterial endosymbiont 
(bootstrap 91). In contrast, the iPGAM in green plants (kingdom Plantae) is distinct from 
the cyanobacterial and red algae iPGAMs, indicating that the iPGAM of the endosym­
biont was replaced during green plant evolution (Fig. 1).

The multiple sequence alignment revealed two exclusive sequence segments in 
cyanobacterial iPGAMs: an inner segment of 17 amino acids near the end and an 
extended CT (Fig. S1). Accordingly, the sequence conservation of the two segments was 
tested based on multiple sequence alignment of 644 cyanobacterial iPGAMs (Fig. S1B 
and S1C). The inner segment comprises 17 highly conserved amino acids, which almost 
always start with a triplet of glutamate, glycine, and glutamate (EGE). The lysine residue 
at position 6 of the loop is also highly conserved, only replaced by arginine or glutamine 
and followed by hydrophobic amino acids at positions 14 and 16. There is a high 
probability of a hydrophobic amino acid, followed by arginine in most cases. By contrast, 
the CT segment, also unique to cyanobacteria, exhibits poor sequence conservation 
except for arginine and proline at this segment’s seventh and ninth position, respectively.

For further analysis, the Synechocystis iPGAM (Slr1945) structure was predicted using
the SWISS-MODEL and AlphaFold server (Google DeepMind) to get more information on 
Slr1945 and the segments (Fig. 2). The AlphaFold server uses the AlphaFold 3 algorithm. 
Due to the lack of structural prediction of substrate binding by AlphaFold, the SWISS-
MODEL, which shows the bonded substrates, was also used.

The structure predictions of the iPGAM of Synechocystis showed the typical division in 
the phosphatase and transferase sub-domains of iPGAMs. Whereas the AlphaFold
prediction shows the open structure without substrate (AlphaFold prediction, Fig. 2A), 
the SWISS-MODEL in the presence of substrate reveals the closed structure with the 
bonded substrate (SWISS-MODEL, Fig. 2C) in perfect agreement with the proposed 
reaction mechanisms. Both predictions revealed the cyanobacterial-speci�c loop 
structure of the inner segment. The extended CT was only revealed by Alphafold, 
predicting a random coil of the CT segment with local proximity to the loop (Fig. 2A and 
B). The Alphafold prediction was predicted with high accuracy. Most areas have a 
predicted local distance di�erence test (pLDDT, a measure for the local con�dence of the 
prediction) value above 70 and close to 90. Additionally, the predicted template 
modeling (pTM) score of 0.81 and the interface pTM (ipTM) of 0.83 and the predicted 
aligned error (PAE) graph (Fig. 2B) indicate high con�dence in the Alphafold prediction 
(pTM = measure of the con�dence of the whole prediction; ipTM = measure of the 
con�dence of the individual structures within the structure, PAE = graphical presentation 
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of estimated errors between two predicted residues). Only the areas of the exclusive 
cyanobacterial sub-structures show lower con�dence (light areas). Based on SWISS-
MODEL prediction, the amino acid residues contributing to the active site of the 
Synechocystis iPGAM could be elucidated (Fig. 2C). It appears that the loop segment is 
directly connected to the catalytic center, especially to histidine 457 (H457), by 10-
amino-acid-long β-strand (Fig. 2D). A closer view into the loop structure revealed direct 
interaction between the two highly conserved amino acids E468 (glutamine at position 1 
according to the segment position) and K473 (lysine at position 6) (Fig. S2).

Mass photometry indicates the involvement of three PirC monomers in the 

iPGAM interaction

Recombinant strep-tagged iPGAM and PirC proteins were produced in Escherichia coli 

and puri�ed by Strep-Tactin Super�ow a�nity chromatography. The puri�ed proteins 
were analyzed via mass photometry to assess the oligomeric structure of iPGAM, PirC, 
and the iPGAM–PirC complex. The individual protein measurements used iPGAM 
concentrations of 10 nM. In preliminary experiments, we tested the optimal ratios for the 
complex measurement. The iPGAM–PirC ratio of 1:3 showed the most accurate results 
according to the low appearance of additional peaks (monomers of iPGAM and higher 
oligomers of PirC) and signi�cant protein counts.

Mass photometry determined monomeric iPGAM particles with masses between 73 
and 88 kDa compared to a calculated size of iPGAM of 60 kDa. For puri�ed recombinant 

FIG 1 Phylogenetic tree computed with a multiple sequence alignment (MSA) of 338 di�erent iPGAMS (reviewed, according to UniProt). MSA—progressive 

pairwise alignment using Blosum64 scoring matrix. Tree analysis—maximum likelihood with ultrafast bootstrap analysis (1,000 alignments) computed with 

IQ-Tree using a general matrix for proteins with a FreeRate heterogeneity +9 (21).

Research Article mBio

Month XXXX  Volume 0  Issue 0 10.1128/mbio.03378-24 4

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 1

2 
M

ay
 2

02
5 

by
 2

a0
2:

80
70

:8
98

1:
4a

60
:d

1f
4:

64
49

:1
8e

d:
a2

fd
.

https://doi.org/10.1128/mbio.03378-24


PirC, mass photometry determined a maximum of particles between 100 and 114 kDa, 
�tting to a hexameric structure of the PirC protein (strep-PirC = 14,723.35 Da). Further­
more, a shoulder of around 180 to 210 kDa indicates a higher oligomerized species of 
PirC. Analyzing the PirC–iPGAM complex resulted in a maximum peak of 125 kDa 
(replicate 2 = 134 kDa, replicate 3 = 137 kDa). Again, a shoulder appeared at the same 
position as in the PirC graph. With a size of 125 kDa, the peak is about 55 kDa–65 kDa 
larger than that of iPGAM alone, which �ts the size of three PirC monomers. This suggests 

FIG 2 Structure of iPGAM of Synechocystis (Slr1945). (A) AlphaFold prediction of the Slr1945. Prediction 

con�dence is shown by the interface predicted template modeling (ipTM) and pTM values and by 

colorization by the calculated predicted local distance di�erence test (pLDDT) with the color key below. 

The AlphaFold server provided by Google DeepMind, which uses the AlphaFold 3 algorithm, was used. 

(B) Predicted aligned error diagram according to the AlphaFold prediction. (C) SWISS-MODEL prediction 

of the Slr1945 (PDB template: 1o98, iPGAM of Geobacillus stearothermophilus). Prediction con�dence is 

shown by the ipTM and pTM values and by colorization by the calculated pLDDT with the color key below. 

Exclusive domains and sub-domains are labeled with a bracket. (D) Contributing residues in the catalytic 

center of Slr1945 according to the SWISS-MODEL prediction. The numbers are based on the position in 

the Synechocystis sequence, shown in Fig. S1D. (E) Connection of the loop to the catalytic center over the 

β-strand.
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the complex could consist of a monomeric iPGAM to which three PirC subunits are 
bound. According to the results, the structure of the complex was predicted using 
AlphaFold. However, AlphaFold could not predict such a complex with acceptable 
con�dence (Fig. S4). By contrast, the prediction of a complex only with one PirC bound 
gave trustable con�dence (ipTM of 0.63 and pTM of 0.78) (Fig. 3).

The Alphafold prediction revealed a PirC protomer located in the binding cleft of 
the substrate between the phosphatase and transferase domains of iPGAM. There, the 
PirC protomer covers the catalytic center of the phosphatase domain. The con�dence 
of the predicted C-terminus of PirC is low, as indicated by a low pLDDT (Fig. 3A, orange 
coloring) and a high PAE (Fig. 3B, light areas in the graph)

Sub-structure-free variants alter the binding of PirC and inhibitory character­

istics

The exclusive co-occurrence of PirC with the loop and CT segments in cyanobacterial 
iPGAM implied functional relations. To further investigate the functional signi�cance of 
these structures, three variants of the Synechocystis iPGAM, each with an N-terminal 
strep-tag, were constructed. First was variant iPGAM-Δloop, where the entire loop was 
replaced by a �ve amino acid sequence (TKKGI) present at homologous localization in 
Geobacillus stearothermophilus iPGAM. Second, the CT segment was deleted, creating 
variant iPGAM-ΔCT, and third, a combination of both alterations, was iPGAM-ΔloopΔCT. 
In a preliminary experiment, we analyzed the interaction of the various iPGAM variants 
with PirC by pull-down analysis of Strep-Tactin with immobilized strep-iPGAMs as bait 

FIG 3 Mass photometry of strep-iPGAM, strep-PirC, and their complex (A), and structure of the iPGAM–PirC complex (B) and the corresponding PAE graph (C). 

(A) Representative graph of one individual measurement. Triplicates are shown in Fig. S2. (B) Complex of iPGAM and PirC in a ratio of 1:1. Colorized in pLDDT and 

depicted prediction con�dence scores ipTM and pTM. (C) PAE graph based on the complex prediction.

FIG 4 Binding of PirC and iPGAM variants. (A) Principle of BLI measurement with His-PirC and iPGAM variants. In BLI, binding ligands (His-PirC) and analytes 

(strep-PGAM) at the sensor tips alter the surface’s re�ection properties, resulting in a wavelength phase shift. This shift is proportional to the bound molecule. 

It allows real-time detection of binding, from which the kinetic constants can be calculated. (B) Binding kinetics of iPGAM-WT (wild type), iPGAM-Δloop, 

iPGAM-ΔCT, and iPGAM-ΔloopΔCT. Each point represents a mean of technical triplicates. The error bars represent the standard deviation.
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and His-tagged PirC as analyte. Surprisingly, all three variants retained their interaction 
capacity with iPGAM (Fig. S5). To gain more insight into PirC binding, we performed 
biolayer interferometry (BLI) measurements using an Octet K2 system. The His-tagged 
version of PirC was immobilized on the surface of a Ni2+-NTA sensor. The di�erent 
strep-iPGAM variants were then used as analytes in various concentrations for binding 
kinetics (Fig. 4, Table 1).

The BLI experiments revealed signi�cant di�erences between the variants. Deleting 
the loop, CT segment, or both caused an increased a�nity for PirC. The KD was reduced 
by half in the iPGAM-Δloop and iPGAM-ΔloopΔCT compared to the wild-type (WT). The 

FIG 5 Activity of iPGAM variants of Synechocystis sp. PCC 6803 and the e�ect of PirC on activity. (A) 

Michaelis-Menten kinetics of iPGAM variants without PirC. (B) Dose-response curve of PirC on the iPGAM 

variants at 0.75 mM 3-PGA. Each point represents the mean of three independent measured triplicates. 

The error bar depicts the standard deviation of the triplicate. (C) HW kinetic transformation of WT with 

and without PirC (400 nM). (D) HW kinetic transformation of Δloop with and without PirC (400 nM). (E) HW 

kinetic transformation of ΔCT with and without PirC (400 nM). (F) HW kinetic transformation of ΔloopΔCT 

with and without PirC (400 nM). Each point represents the transformed HW value of the mean of the 

triplicates. HW transformation → x-axis = [substrate concentration], y-axis = [substrate]/v.

TABLE 1 Binding kinetic parameters of the di�erent iPGAM variants

Parameter iPGAM-WT iPGAM-Δloop iPGAM-ΔCT iPGAM-ΔloopΔCT

Rmax [nm] 0.872 ± 0.033 1.170 ± 0.063 0.810 ± 0.025 0.9291 ± 0.047

KD [nM] 378.4 ± 50.3 203.2 ± 45.0 113.6 ± 18.3 233.4 ± 45.3
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iPGAM-ΔCT had an even four-times lower KD. The iPGAM-Δloop also had a 35% higher 
binding maximum than the WT.

The BLI experiment proved that the deletion of the loop and CT structures positively 
a�ected the binding of PirC. To reveal any e�ects of these modi�cations on enzyme 
activity, coupled enzymatic assays were carried out to determine the catalytic properties 
of the iPGAM variants and the inhibitory e�ects exerted by PirC. First, the e�ect of the 
co-factor Mn2+ was tested to �nd the optimal manganese concentrations for each iPGAM 
variant (Fig. S6). The iPGAM-Δloop and the iPGAM-ΔloopΔCT required 20 times more 
manganese to achieve maximum activity. Therefore, a concentration of 50 µM MnCl2 was 
used in further experiments to achieve the maximum activity with all variants. First, the 
variants were tested in the absence of PirC (Fig. 5A). Next, the experiments were repeated 
in the presence of 50 nM, 100 nM, 200 nM, 400 nM, 800 nM, or 1,600 nM PirC to gain 
information on the inhibition mechanism (Fig. 5 and Table 2). In Fig. 5C through F and 
Table 2, only the results in the presence or absence of 400 nM PirC are shown for clarity 
(the full data set is shown in Fig. S7 and S8; kinetic parameters of all concentrations are 
shown in Table S1). In addition, a dose-response curve of the inhibitory e�ect of PirC on 
each iPGAM variant was plotted to calculate the half maximal inhibitory concentration 
(IC50) of PirC, by taking the value at 0.75 mM 3-PGA for each iPGAM assay at the various 
PirC concentrations (Fig. 5B; Table 3). Moreover, the coupling enzymes were tested with 
2-PGA as a substrate to ensure that PirC does not a�ect the coupling reactions (Fig. S7E). 
To analyze the inhibition of PirC on the di�erent variants, the Michaelis-Menten (MM) 
kinetics were transformed to Hanes-Woolf kinetics (HW). The HW transformation of MM 
kinetics can show the strength and type of inhibition. The steeper the inhibition lines 
compared to the non-inhibited line, the more potent the inhibition. The convergence 
of the two lines without crossing before the y-axis indicates a non-competitive mode of 
inhibition (Fig. 5). We observed this for iPGAM-WT (Fig. 5C). Additionally, the increased 
Km of the iPGAM-WT–PirC complex indicates competitive inhibiting properties, whereas 
the decreased vmax again showed non-competitive inhibition. This implies a type of 
mixed inhibition by PirC (Table 2).

Compared to iPGAM-WT, the iPGAM-Δloop variant had three times lower activity 
but was still inhibited by PirC. Interestingly, inhibition was less e�cient, with a twofold
increase in IC50 for PirC compared to inhibiting the iPGAM-WT (IC50, iPGAM-WT = ~120 nM, 

TABLE 2 Kinetic parameters of iPGAM-WT, -Δloop, -ΔCT, and -ΔloopΔCTa

Sample iPGAM PirC Km

(mM)

vmax

(nkat · mg−1)

kcat

(s−1)

kcat · Km
−1

(s−1· M−1)

WT − 0.265 ± 0.013 310.6 ± 4.5 18.6 ± 0.3 70,241.7 ± 3,588.3

+ 1.018 ± 0.070 154.4 ± 4.5 9.3 ± 0.3 9,096.3 ± 681.0

Δloop − 1.087 ± 0.141 114.3 ± 6.4 6.7 ± 0.4 6,189.5 ± 873.9

+ 0.750 ± 0.132 32.1 ± 2.2 1.9 ± 0.1 2,522.3 ± 475.9

ΔCT − 0.242 ± 0.019 617.9 ± 13.7 35.9 ± 0.8 148,468.5 ± 11,979.3

+ 0.482 ± 0.056 521.4 ± 20.7 30.3 ± 1.2 62,813.9 ± 7,711.8

ΔloopΔCT − 0.547 ± 0.059 112.8 ± 4.3 6.4 ± 0.2 11,760.0 ± 1,355.4

+ 0.961 ± 0.182 65.7 ± 5.2 3.7 ± 0.3 3,900.7 ± 802.5
aValues represent the mean of triplicates with (+) and without (−) the addition of 400 nM PirC . The error range of Km, vmax, and kcat represents the standard error calculated 
by GraphPad Prism. The error of kcat · Km

-1 was calculated using error propagation.

TABLE 3 IC50 of PirC with the di�erent iPGAM variantsa

Sample IC50 (nM)

iPGAM-WT 120.1 ± 1.06

iPGAM-Δloop 217.0 ± 1.14

iPGAM-ΔCT 1,069 ± 1.07

iPGAM-ΔloopΔCT 163.5 ± 1.25
aThe IC50 was detected at 0.75 mM 3-PGA. Values represent the mean of triplicate. The error range represents the 
standard error calculated by GraphPad Prism.
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IC50, iPGAM-Δloop = ~220 nM). More striking di�erences were observed for the iPGAM-ΔCT 
variant. First, the catalytic e�ciency (CE) of iPGAM-ΔCT was severely enhanced with a 
CE value of 150,000 s−1· M−1 compared to ~70,000 s−1· M−1 for WT. Furthermore, the 
inhibitory e�ect of PirC on iPGAM-ΔCT was almost completely lost, as shown by the 
small di�erence in slope between the non-inhibited and inhibited states (Fig. 5E). The 
inhibited iPGAM-ΔCT still had a CE of 63,000 s−1 · M−1, which is close to the activity of 
non-inhibited iPGAM-WT (Table 2). The dose-response curves of PirC and the calculated 
IC50 demonstrated a 10-fold decreased e�ciency of PirC to inhibit iPGAM-ΔCT compared 
to iPGAM-WT (IC50, iPGAM-WT = ~120 nM, IC50, iPGAM-ΔCT = ~1070 nM, see Table 3). The 
iPGAM-ΔloopΔCT variant combined properties of the two single mutations: deleting the 
C-terminus in the iPGAM-Δloop variant increased its catalytic e�ciency and partially 
decreased the inhibitory e�ect of PirC compared to the Δloop variant (Table 2).

Sub-domain-free variants in�uence the physiology during chlorosis

To investigate the e�ect of the above-described alterations of the iPGAM variants on the 
physiology of Synechocystis, mutant strains were generated by homologous recombina­
tion of native iPGAM with the iPGAM variants followed by spectinomycin (Δloop) or 
chloramphenicol (ΔCT and ΔloopΔCT) as selection markers. As controls, the WT was used 
as a reference for the standard interaction between iPGAM and PirC and a PirC deletion 
mutant (ΔPirC) for native iPGAM without PirC regulation.

Since the PirC–iPGAM interaction a�ects physiology during nitrogen limitation, we 
tested the e�ect in nitrogen deprivation experiments, in which we analyzed the OD750, 
the glycogen amount, and the PHB levels after 14 days. As control experiments, we also 
tested the e�ect of nitrogen-rich conditions with nitrate or ammonia (Fig. 6).

All Synechocystis variants showed similar growth in the standard BG11 medium and 
reached a comparable maximal optical density (OD750) after 7 days of cultivation. Also, 
when ammonium was used as a nitrogen source, no di�erences between the strains 

FIG 6 E�ect of iPGAM-Δloop, -ΔCT, and -ΔloopΔCT on the physiology of Synechocystis sp. PCC 6803. (A) Growth curves of iPGAM variants with 17 mM NaNO3. 

(B) Growth curves of iPGAM variants with 5 mM NH4Cl. (C) OD750 of iPGAM variants during nitrogen depletion. (D) Glycogen content in iPGAM variant strains 

during nitrogen depletion. Each point represents the mean, and the error bars represent the standard deviation of independent triplicates. (E) PHB content after 

14 days of nitrogen depletion in the iPGAM variants. Each bar and error bar represent the mean of biological triplicates. Statistical analysis was performed using a 

one-way analysis of variance. Each column was compared to the WT control. Dunnett’s multiple comparisons test was used (P < 0.05).
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showed up. However, upon nitrogen step-down, phenotypic di�erences to the wild-type 
became apparent. Upon nitrogen depletion, the wild-type carries out a �nal cell division 
before arresting the cell cycle, which is evidenced by an increase in OD750 until reaching 
a stationary value, which is double the initial OD750 (8, 10, 22). The ΔPirC strain, by 
contrast, was unable to carry out the doubling of OD750. In contrast to the ΔPirC strain, 
the iPGAM variants exhibited the �nal increase in OD750 like the wild-type. The ΔPirC 
accumulated less glycogen and had twice as high levels of PHB compared to the WT. 
The iPGAM-Δloop mutant accumulated glycogen at similar levels as the WT but required 
more time to reach its maximum level. The iPGAM-ΔCT and -ΔloopΔCT strains showed 
intermediary phenotypes between ΔPirC and WT for glycogen accumulation. A hallmark 
of the pirC mutation was the strongly increased accumulation of PHB. In this respect, 
the iPGAM-ΔCT and -ΔloopΔCT strains resembled the ΔPirC strain. After 14 days of 
chlorosis, the PHB level per cell dry weight (CDW) of iPGAM-ΔCT (18.2 ± 0.4 mg · CDW−1 ) 
and ΔloopΔCT (19.4 ± 0.3 mg · CDW−1) strains reached PHB levels similar to the high 
PHB-producer ΔPirC (20.1 ± 1.0 mg · CDW−1), whereas those of the iPGAM-Δloop strain 
were similar to the WT (12.9 ± 0.5 mg · CDW−1 compared to 1.5 ± 1.5 mg · CDW−1).

DISCUSSION

This research unveils a unique insight into the pivotal role of the iPGAM in regulat­
ing carbon �ux in cyanobacteria. Our bioinformatics analysis revealed two structural 
elements exclusively in cyanobacterial iPGAM, indicating a unique functional connec­
tion with PirC. The phylogenetic analysis showed that cyanobacterial iPGAMs diverged 
early from iPGAMs of other species. Notably, the iPGAMs of red algae show a phyloge­
netic relation to cyanobacterial iPGAM despite lacking the two characteristic segments. 
The chloroplasts of red algae have retained several features from the early endosym­
biont, which were later lost in the evolution of green plants, such as components 
of the light-harvesting system. Furthermore, red algae exhibit PII signaling features 
that resemble cyanobacteria, such as N-acetyl-L-glutamate kinase regulation by PII 

(23). The phylogenetic tree of cyanobacterial iPGAM corresponds strikingly well with 
a recent whole-genome phylogeny of cyanobacteria (24), which considers many more 
genes than the usually used 120 housekeeping genes (25). If this re�ned phylogenetic 
tree accurately re�ects the evolution of cyanobacteria, it suggests that the character­
istic features of iPGAM and their regulation by PirC emerged early in cyanobacterial 
evolution. Alternatively, the prominent divergence of iPGAM homology between α- and 
β-cyanobacteria would indicate a di�erent trend in protein evolution in these cyanobac­
terial groups. In red algae, the evolutionary loss of PirC led to the disappearance of 
the CT and loop segments, but other features of iPGAM were conserved, maintaining 
the phylogenetic clustering. In contrast, the evolution toward green plants involved 
signi�cantly streamlining the PII signaling system along with metabolic rearrangements. 
The endosymbiont’s iPGAM was replaced by an unrelated enzyme, not associated with 
PII signaling, along with the translocation of the glnB gene to the nucleus and the 
reorganization of the PII signaling system (such as the acquisition of the glutamine-sens­
ing C-terminal domain).

Detailed kinetic analysis of iPGAM now shows characteristics of both competitive and 
non-competitive inhibition by PirC. The enzyme has a lowered a�nity to the substrate 
in the presence of PirC, as demonstrated by a lowered Km. Furthermore, the iPGAM also 
has a reduced maximal activity in the presence of PirC (shown by vmax and kcat). The 
PirC peptide, which AlphaFold predicted to be localized in the phosphatase-transferase 
interdomain cleft, possibly hinders the cleft closure, which is required to perform the 
reaction. Thereby, the catalytic reaction is inhibited.

The replacement of the loop reduced the activity of the iPGAM, reaching only 
one-third of the maximal activity as the iPGAM-WT, and the increased Km evidence four 
times decreased substrate a�nity. Residue H457 in the catalytic center in Synechocystis 

iPGAM, equivalent to H462 from the G. stearothermophilus iPGAM, is connected via a 
β-strand to the loop. This histidine residue contributes to the binding of manganese (Fig. 
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2D) (26). In agreement, the iPGAM-Δloop variant has a reduced a�nity to Mn2+ (Khalf, 

WT(Mn2+) = ~1.3 µM; Khalf, Δloop(Mn2+) = ~10.5 µM), and the enzyme requires much higher 
Mn2+ concentrations to reach its maximal activity. The AlphaFold prediction of the iPGAM 
structure revealed an H-bond between K473 and E468 within the loop. This interaction 
possibly stabilizes the β-strand connection to the catalytic center, favoring the manga­
nese binding. The iPGAM of G. stearothermophilus, which does not possess this loop, 
requires manganese concentrations that are 1,000-fold higher than the Khalf(Mn2+) of 
Synechocystis iPGAM for maximal activity (27). The low activity of the iPGAM-Δloop 
indicates that the lowered manganese a�nity consequently a�ects the whole reaction. 
Hence, the H457 residue contributes to the coordination of the bond Mn2+, which is 
essential in the phosphatase reaction of the enzyme. The H-bond K473-E468 within the 
loop structure keeps the H457 in an optimal position, and Mn2+ binds with higher a�nity. 
Furthermore, the Mn2+ coordinates the phosphoester bond of 2- or 3-PGA and thus 
enables the hydrolyzation of the phosphate. In the iPGAM-Δloop variant, the K473-E468 
interaction does not exist, and H457 could be in another orientation within the catalytic 
center, resulting in a lowered Km. Intriguingly, the iPGAM-Δloop variant has a higher 
a�nity for PirC, indicating a conformational change imposed by the loop deletion that 
facilitates PirC interaction.

In contrast to the iPGAM-Δloop, the iPGAM-ΔCT has a twofold increased vmax 

compared to iPGAM-WT, whereas the Km is not altered. At the same time, the a�nity 
toward PirC is strongly enhanced, but PirC only weakly inhibits the iPGAM reaction: the 
inhibitory e�ect of PirC on iPGAM-ΔCT activity is 10-fold lower than on iPGAM-WT (IC50, 

PirC(iPGAM-WT) = ~120 nM, IC50, PirC(iPGAM-ΔCT) = ~1,070 nM). This directly implies 
that the C-terminal �exible extension plays a crucial role in modulating the activity 
of iPGAM and transmits the inhibitory e�ect of PirC binding to the catalytic center. 
Possibly, this C-terminal extension lowers the vmax of the reaction by interfering with 
the domain closure. By removing this tail, the enzyme can work at its maximum pace. 
In agreement, the binding of PirC would place the C-terminal tail in a position where 
the inhibitory e�ect is augmented. Without the C-terminal extension, the binding of 
PirC cannot exert this inhibitory function but facilitates its binding to the iPGAM body. 
This can be explained by the assumption that the binding of the CT extension by 
PirC is thermodynamically unfavorable. Residual inhibition of the iPGAM-ΔCT variant 
requires 10-fold higher concentrations of PirC, although the a�nity of these partners 
has increased, which appears counterintuitive. It suggests that additional binding of PirC 
protomers to low-a�nity binding sites of iPGAM-ΔCT is required to achieve inhibition. 
These additional binding events may impair the catalytically driven domain closure of 
iPGAM. Additional binding sites also agree with the experimentally observed size of 
the iPGAM–PirC complex, suggesting that more than one protomer of PirC can bind to 
iPGAM.

Concerning the iPGAM-Δloop-ΔCT variant, it shows a similar increased Km for Mn2+ 

as the single iPGAM-Δloop, which agrees with the obvious role of the loop segment in 
high Mn2+ a�nity. Surprisingly, however, the combined removal of both the loop and 
the CT segments gave rise to compensatory e�ects concerning its catalytic properties, 
as the catalytic e�ciency is in between that of iPGAM-Δloop and iPGAM-WT variants. 
The inhibition of iPGAM-Δloop-ΔCT variant activity by PirC a�ects the Km in a similar 
way as iPGAM-ΔCT. Overall, the binding of PirC to di�erent sites of iPGAM, sites near the 
unique loop structure, and the CT segment is likely the structural basis of the observed 
mixed-type inhibition. Although we showed that the substructures play an important 
role in iPGAM inhibition, PirC still inhibits all enzyme variants to some extent. This �ts 
with the prediction of the PirC protomer within the binding cleft of iPGAM, which is 
independent of the sub-structures. To elucidate the details of the mechanism and how 
the loop and the C-terminus in�uence the inhibitory e�ect of PirC on iPGAM activity, it is 
necessary to solve the actual structure of the PirC–iPGAM complex.

Under nitrogen-replete conditions, all the iPGAM variant strains grow similarly to 
the WT. This shows that during nutrient-replete vegetative growth, the low activities 
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of the iPGAM-Δloop and iPGAM-ΔloopΔCT variants are su�cient to maintain meta­
bolic homeostasis. Conversely, the excessive activity of the iPGAM-ΔCT variant during 
vegetative growth has neither a positive nor a negative e�ect on Synechocystis growth. 
However, a distinct phenotype of iPGAM variant strains appeared during nitrogen 
starvation. Unlike the ΔPirC strain, the iPGAM-Δloop, -ΔCT, and -ΔloopΔCT strains could 
carry out the �nal doubling of OD750 upon shifting to a nitrogen-depleted medium. 
Furthermore, all iPGAM strains formed similar amounts of glycogen, whereas the 
ΔPirC strain is strongly a�ected by glycogen accumulation, in agreement with earlier 
observations (7). During prolonged chlorosis, the iPGAM-Δloop, -ΔCT, and -ΔloopΔCT 
strains showed slightly increased glycogen degradation compared to the WT. Previously, 
we showed (7) that the levels of 3-PGA, a key activator of glycogen formation, in both the 
WT and the ΔPirC mutant doubled within the �rst 6 hours after N depletion, indicating 
that this initial 3-PGA accumulation does not require iPGAM inhibition by PirC. This 
also explains the initial glycogen increase in ΔPirC. During further nitrogen starvation, 
expression of PirC is strongly induced (28). This leads to a pronounced inhibition of 
iPGAM and, consequently, a further increase of 3-PGA levels in the wild-type, which 
is no longer observed in the ΔPirC. Consequently, glycogen synthesis continues in the 
WT to reach its maximal levels after approximately 2 days, whereas glycogen synthesis 
prematurely slows down in ΔPirC.

During prolonged nitrogen starvation, glycogen is slowly converted into PHB (9). In 
the ΔPirC strain, lack of iPGAM inhibition during chlorosis leads to accelerated carbon 
�ow into lower glycolysis, �nally resulting in PHB formation. Both strains expressing the 
CT-truncated iPGAM (iPGAM-ΔCT and iPGAM-ΔloopΔCT) show almost the same amount 
of PHB accumulation after 14 days of nitrogen starvation as the ΔPirC. This can very 
likely be attributed to the reduced inhibition of these variants by PirC, whereas the 
iPGAM-Δloop strain shows similar levels to the WT, in agreement with the low activity of 
the iPGAM-Δloop–PirC complex.

Although the iPGAM-ΔCT-expressing strains produce similar amounts of PHB during 
prolonged chlorosis as the PirC-de�cient strain, they still are able to respond to nitrogen 
starvation in a similar way to the WT by accumulating glycogen and performing 
a �nal cell division, whereas, in the absence of PirC, the cells go immediately into
growth arrest. This could indicate additional roles of PirC beyond iPGAM inhibition for 
the acclimation toward nitrogen starvation. However, concerning the e�ect on PHB 
accumulation, inhibition of iPGAM seems to be the most important function. Previously, 
Koch et al. (29) achieved higher PHB levels with the ΔPirC strain by introducing additional 
phaA (acetyl-CoA acetyltransferase) and phaB (acetoacetyl-CoA reductase) genes, whose 
products catalyze the initial steps of PHB synthesis. A similar approach should also 
increase the PHB amounts in iPGAM-ΔCT or the iPGAM-ΔloopΔCT. In contrast to ΔPirC, 
these strains do not have the disadvantage of biomass loss during nitrogen starvation, 
which seems bene�cial for biotechnological applications.

MATERIALS AND METHODS

Detailed descriptions of the methods are shown in the supplemental methods.

Multiple alignments and phylogenetic tree calculation of phosphoglycerate 

mutases

The alignments were done with Matlab and the tree was computed with IQ-Tree (21). The 
resulting tree was visualized with iTol (30).
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Structure predictions

The structure of the iPGAM was predicted using the SWISS-MODEL workspace and 
AlphaFold server (31–33). AlphaFold was also used to predict the structure of the 
complex.

Molecular cloning and mutagenesis

Gibson assembly (GA) and mutagenesis PCR were used to create the plasmids. The GA 
was done according to the manufacturer protocol (NEB E2611S/L, E5510S).

According to the manufacturer protocol, iPGAM was mutated with the Q5 Site-Direc­
ted Mutagenesis Kit (NEB, E0554).

Plasmid and strains

The physiological experiments on cyanobacteria were carried out with the unicellular 
non-diazotrophic Synechocystis sp. PCC 6803 wild-type glucose sensitive strain, which is 
based on the Kazusa strain. All created mutants are also based on the above-described 
background strain.

Plasmids and all other strains created and used in this study are listed in Table S1 and 
Table S2.

Cultivation of cyanobacteria

Growth experiments and precultures of Synechocystis were cultivated in BG11, and the 
composition was explained by Mager et al. (34). Standard cultivation was performed at 
28°C with continuous shaking at 125 rpm at constant illumination (24 h · d–1, ∼50 μE m–2· 
s–1). The BG11 was adjusted for di�erent experiments, as explained in the supplemental 
material.

For nitrogen de�ciency experiments, precultures of Synechocystis at an OD750 of 0.6–1 
were washed with and resuspended in BG11,0 medium, and the nitrogen-free culture 
was inoculated to an OD750 of 0.4.

Escherichia coli cultures were grown on lysogenic broth (LB) medium and agar.

Expression and puri�cation of proteins

E. coli Lemo21(DE3) was used to overexpress proteins induced depending on the vector 
either by 400 mM isopropyl-β-D-thiogalactopyranoside (IPTG) or 200 µg anhydrotetracy­
cline. The His-tagged proteins were puri�ed using HisTrap HP columns (Cytiva, Marlbor­
ough, USA) and strep-tagged protein using the Strep-Tactin Super�ow columns (IBA 
Lifescience, Göttingen, Germany) by a�nity chromatography.

Mass photometry using the Refeyn OneMP

A mass photometry experiment was used to study the variants’ oligomerization and the 
stoichiometry of the iPGAM–PirC complex. For this purpose, the Refeyn OneMP was used. 
The data were analyzed using the DiscoverMP software.

BLI using the Octet K2 system

In vitro binding studies were done using BLI using the Octet K2 system (Sartorius, 
Göttingen, Germany) according to the Bio-Protocol (35).

Phosphoglycerate mutase assay

The iPGAM activity was determined by a coupled enzyme assay as adapted as described 
previously (7). The release of the product 2-PGA, by iPGAM, is coupled to enolase, 
pyruvate kinase, and lactate dehydrogenase (LDH). LDH transforms NADH to NAD+ by its 
reaction, and the NADH decrease was measured spectrophotometrically at 340 nm.
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Glycogen measurement

The glycogen content was quanti�ed according to previous studies from 2 mL Synecho­

cystis culture samples (36). Samples of 2 mL cell culture were lysed by boiling at 95°C in 
30% (wt/wt) KOH. The released glycogen was washed, accumulated, and enzymatically 
cleaved to glucose and detected via reaction with o-toluidine and measurement of the 
resulting compound spectrophotometrically at 635 nm.

PHB quanti�cation

PHB was detected using high-performance liquid chromatography as described 
previously (7, 29, 37).
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